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Abstract

When dealing with particle accelerators, especially in systems with travelling wave
structures and low beam loading, a substantial amount of RF power is dissipated in
50Q2 termination loads. For the Super Proton Synchrotron (SPS) at Cern this is 69 %
of the incident RF power or about 1 MW. Different ideas, making use of that otherwise
dissipated power, are presented and their feasibility is reviewed. The most feasible one,
utilizing an array of semiconductor based RF/DC modules, is used to create a design
concept for energy recovery in the SPS. The modules are required to operate at high
power, high efficiency and with low harmonic radiation. Besides the actual RF rectifier,
they contain additional components to ensure a graceful degradation of the overall sys-
tem. Different rectifier architectures and semiconductor devices are compared and the
most suitable ones are chosen. Two prototype devices were built and operated with up
to 400 W of pulsed RF power. Broadband measurements — capturing all harmonics up
to 1 GHz — were done in the time domain with a fast sampling oscilloscope. The data
was processed by a Matlab script, which allowed to extract the efficiency, the reflected
power spectrum and the complex reflection coefficient, all dependent on input power
level. Systematic errors were compensated by an open-, short-, load- calibration and
the reflection coefficient was plotted in a smith chart, making the measurement setup
equivalent to a single port, large signal vector network analyzer, operating with high
power RF pulses. The RF/DC converter prototype with two Schottky diodes reached

88.7% efficiency at an input power level of 284 W.



Eidesstattliche Erklarung

Hiermit versichere ich, die vorliegende Masterthesis ohne unzuldssige fremde Hilfe
selbstdndig verfasst und keine anderen als die angegebenen Quellen und Hilfsmittel

benutzt zu haben.

Genf, den 24.09.10




Acknowledgments

I would like to thank Dr. Fritz Caspers, for having the initial idea to this work and his
considerate supervision. For placing all the equipment at my disposal and for being a
never vanishing source of ideas (and jokes) — always providing an open minded atmo-
sphere for discussion and encouraging me to think outside the box — making this work
an awesome learning experience.

Many thanks towards Professor Hans A. Sapotta, who sparked my interest in RE from
whose long experience as an engineer i benefited and who instantly agreed to super-
vise this Thesis from the academical side.

Special thanks go to Veli Yildiz, for helping me in the laboratory while constructing and
measuring the prototypes, for interesting discussions about physics and football and
for cooking the best Crépe ever.

I would like to thank Edmond Ciapala and Roland Garoby for supporting this project.
I am very grateful for the practical hints and helpful assistance from Daniel Valuch, Jo-
hannes Broere, Reinier Louwerse, Eric Montesinos, Thomas Bohl, Joachim Tuckman-
tel, Heiko Damerau, Alexej Grudiev and Hans-Joachim Wiirfl.

Many thanks to the colleagues from my section and coffee table, whose cheerfulness
contributed to the familiar and ease working atmosphere. In no particular order: Geor-
gios Konstantinou, Luca Ficcadenti, Theodoros Argyropoulos, Petri Leinonen, Tom
Levens, Matias Hernandez, Gerd Kotzian, and Krishna Bhattacharyya. Not to forget
our section leader Elena Chapochnikova.

Thanks to my friends, flatmates and everyone I forgot, for making my stay in Geneva a
truly unforgettable experience.

Am meisten mochte ich meinen Eltern danken, die mich wihrend meiner gesamten
Studienlaufbahn — ohne Kompromisse und in jeder Hinsicht — unterstiitzt haben und
immer hinter mir stehen.



Contents

Introduction

11 Cern. . . e e

1.2 Brief introduction to particle accelerators . . . . . ... ... ... ......
1.2.1 How to accelerate particleswithRF . . ... ... ... ........
1.2.2 Poweringacavity . . . . . . . . oot v ittt i e

1.3 Motivation for energy recovery . . . . . . . . . o i i i e e
1.3.1 Potential fortheSPS . . ... ... .. ... . ... .. oo L.

Possible methods for energy recovery

2.1 Directfeedback . ... ... ... . ... ..
2.2 Hightemperatureloads . . ... ... . ... ... .. ... ... ... ...
2.3 Energystoringcavities . . . . .. ... ... .. o e e
2.4 CyclotronWave CONVerter . . . . . . . . v v v v i v i it e et e e
25 Rectennas . ... ... .. e
2.6 Radio frequency DC/DCconverters . . .. ... ... .....ouou....

Overview of the system concept

3.1 RF-Powersplitter . .. ... ... ... ...
3.2 RF/DCmodules . . . . ... . ..
3.3 DCpowercombining. . . .. .. .. ... . .. ...,

Rectifiers

4.1 General analysisofarectifier . ... ... .. ... ... .. ... .. ...

4.2 Realliferectifiers . ... ... ... .. . . .
4.2.1 Static characteristicrpand Rs . . . . .. .. ... ... ... ...,
4.2.2 Junctioncapacitance c; . . . .. ... ... e
4.2.3 Packageinductance Lp . .. ... ... ... ... ... ..

4.3 Resonant operation . . . . . . . . . . v v v v v v it e
4.3.1 Circuitanalysis . .. .. ... ... .. ... .. .
4.3.2 Characteristics of therectifier. . . . . ... .. ... . ... ......
4.3.3 Inputimpedance . . ... ... .. ... ...
434 Simulation . . . ... ... ..
4.3.5 Radiated harmonics . ... ... ... ... . ... . . ... . . ...

4.4 Tmpedancematch. . .. ... .. ... ... . . . .. ..
4.4.1 Quarterwave transformer . . . . .. .. ... ... .. ... ...
4.4.2 Twolinetransformer . . . . .. .. ... ... ... ... ... . ...,

4.5 Comparison of rectifier architectures . .. ... ... ... ... .......
4.5.1 Simulationenvironment. . . ... ... .. ... ...
4.5.2 Figuresofmerit . . .. .. ... ... . ... ..

14
14
15
17



Contents

4.5.3 a) Voltage output full waverectifier . ... ... ... ......... 45
4.5.4 b) Current output full waverectifier . . . ... ... .. ... ..... 46
4.5.5 c¢) Voltage output series resonant rectifier . . . . . ... ... ... .. 46
4.5.6 d) Current output series resonant rectifier . . ... .......... 47
4.5.7 e) Current output class E resonant rectifier . . . . . ... ....... 48
4.5.8 f) Voltage output class F resonant rectifier . ... ... .. ... ... 48
459 Conclusion. . ... ... . . .. e 49
4.6 Synchronousrectifiers . . ... ... ... ... .. ... . o ... 50
Semiconductors 53
5.1 PNjunctions . . . . . . . . e e e 53
5.1.1 Basicoperation . .. .. ... ... ... .. 53
5.1.2 Origin of the junction capacitance . . . . . .. ... .......... 55
5.1.3 Origin of the reverse recoverytime . . . . . .. ... .......... 57
5.2 Schottkyjunctions . .. ... ... ... .. .. ... o 59
5.2.1 Basicoperation . .. ... ... ... ... 59
5.2.2 Comparison between PN and Schottky junctions . . . ... ... .. 61
5.3 WideBand Gapmaterials . ... ....... ... .. . ... ... . ... 62
5.4 Comparison of availablediodes . . ... ... ... .............. 64
5.5 Alternativedevices . . . . . . . . . . . e e e 66
5.5.1 IDDO4SGE0C . . . . . e 66
5.5.2 BeMiTeccustomdiode . .. .. ...................... 67
Measurement Setup 69
6.1 Laboratory setup for pulsed power measurements . ... .......... 69
6.2 Measurementmethods . . ... ... . ... .. ... ... ... . ... 70
6.2.1 Efficiency. ... ... .. ... 70
6.2.2 Reflection coefficient . . . . ... ... ... ... ... ... .. . ... 72
6.2.3 X-Parameters . ... .. ... ... . ... e 77
Prototypes and measurement results 80
7.1 Prototype 0) Simple full waverectifier . . . . . ... ... .. ......... 80
7.1.1 Construction . . . . .. ... e 80
7.1.2 Simulation . . . .. ... e e 82
7.1.3 Measurements . . . . . . . ...t e e e e e e e e e e 82
714 Conclusion. . . . ... ... . L 82
7.2 Prototype 1) Current output series resonant rectifier . . ... ... ... .. 83
7.2.1 Construction . . . .. ... .. e 83
7.2.2 Measurements . . . . ... i e e e e e e e e e 84
7.2.3 Improved impedancematch ... .................... 85
724 Conclusion. . . . ... ... . 86
7.3 Prototype 2) Improved construction . . . . .. ... ... L 86
7.3.1 Construction . . . . .. ... ... e 87
7.3.2 Measurements . . . . .. ... Lo e e e e e e e 87
7.3.3 Conclusion. . . . ... ... ... . e 90
Conclusions and Outlook 91
8.1 Conclusion . . ... ... ... .. . 91

8.2 Outlook . . . . . . e e e e 92



Engineering is not merely knowing and being knowledgeable, like a walking
encyclopedia; engineering is not merely analysis; engineering is not merely the
possession of the capacity to get elegant solutions to non-existent engineering

problems; engineering is practicing the art of the organized forcing of technological
change... Engineers operate at the interface between science and society...

Gordon Stanley Brown




1. Introduction

1.1 Cern

At a time, just after the second world war, nuclear physics in Europe was in a very bad
state. In this period, a handful of scientists — amongst others Niels Bohr — had the vision
of a collective, European, nuclear research laboratory, spanning the borders, bringing
the countries closer together and sharing the equipment costs. Thus the “Conseil Eu-
ropéen pour la Recherche Nucléaire” (Cern) was founded in 1954 by 11 different Eu-
ropean governments. Nowadays it has grown to the largest center for particle physics
research in the world.

Cern is financed by 20 European member states and has an annual budget of around
720 million Euro, but it also collaborates with many non member states all over the
world. At the moment around 2500 people are employed by Cern to design, built and
operate the experiments. Over 8000 scientists visit Cern regularly, among them half of
the worlds particle physicists.

Currently the most powerful particle accelerator of the world, the large hadron collider
(LHC) went into operation. It will clash lead ions or protons with a final energy of 7
TeV each, which allows to reconstruct the conditions very close to the big bang in a
laboratory environment. The objective of the LHC is — amongst others — to prove the
existence of the Higgs boson, one of the last standard model particles, that have not yet
been observed in nature.

To realize the particle physic experiments, Cern has already pushed the technological
boundaries of its age many times, resulting in spinoff technologies that entered every-
day life. The most prominent example is the World Wide Web, initially developed in
1990 to have a distributed platform for the documentation of experiments. Parallels
can be drawn, as the research of radio frequency to DC conversion - like discussed in
this work — has a potential to be useful outside the world of particle accelerators too.
Wireless powered sensor networks or even consumer products are imaginable.

1.2 Briefintroduction to particle accelerators

1.2.1 How to accelerate particles with RF

How a charged particle is influenced by an electric or magnetic field is given by the
Lorentz equation.

F=qE+7xB), (1.1)

Only the electric field can be used for accelerating, as the force resulting from the mag-
netic Field is always perpendicular to the velocity ¥ and the magnetic field vector B.
Thus there is no energy gain possible by magnetic field alone. However, it is still useful
in changing the particles trajectory.
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Simple low energy accelerators can be built by using a static electric field E. Oppositely
charged electrodes exert a force on the particles and accelerate them. This principle
has been used in the early 1920s by the accelerator pioneers John Cockcroft and Robert
J. Van de Graaff which both became famous for their invention of very high voltage
generators. The DC principle is still widely in use today: The Cathode Ray Tube in
televisions or X-Rays tubes are essentially low energy electron accelerators utilizing
an electrostatic field. The maximum achievable static voltage is the limiting factor on
particle energy for those devices.

It was Rolf Wider6e — a PHD student of Karlsruhe university — who was the first to get
beneath this limitation. In 1927 he constructed the first linear accelerator based on a
time varying electrical field. A cylindrical electrode first attracts, and after its crossing,
repels the particle bunch. This way the particles get a kick in velocity while crossing
each electrode (from now on called drift tube) and can ultimately obtain an energy
higher than the maximum voltage difference. The general principle can be compared
to alinear synchronous motor. The phase of the driving voltage has to be synchronized
to the position of the particle bunch, which means that with increasing velocity of the
particles, either the frequency or the spacing of the drift tubes has to increase. The
later, with increasing distance along the accelerators length, is usually done for linacs.
The drift tubes of Cerns linacl can be seen in Figure 1.1.

Figure 1.1: Drift tubes of linacl at Cern.

Practical structures are only possible if the driving frequency reaches the Radio Fre-
quency (RF) range. As the particles reach relativistic velocities, they do not gain much
more speed. The velocity stays constant — very close to the speed of light — while the
energy gain through acceleration increases the mass of the particles. As a consequence
the accelerators can operate at a fixed frequency, the RF system can have a very small
bandwidth. To minimize electromagnetic radiation losses, resonant RF cavities are
built around the drift tubes. Depending if there is a reflected wave present in the cav-
ity, two accelerating structures are distinguished: Travelling wave (TW) and Standing
wave (SW) cavities. They differ substantially in their operation, although both need
termination resistors that convert a big amount of the input RF power to heat.

1.2.2 Powering a cavity

The two cavity types distinguished in this work can be seen in Figure 1.2.
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Figure 1.2: RF Architecture of a travelling (a) and standing wave cavity (b)

In a travelling wave structure, only the forward wave is present. The cavity behaves like
a matched transmission line. The particles travel with the phase velocity on the crest
of the forward wave. To ensure the travelling wave operation and inhibit any reflected
power, the cavity has to be terminated by a matched resistor. The RF generator always
sees the same load impedance and never any reflected power, regardless if there is a
beam present or not. So additional amplifier protection features like circulators are
not strictly necessary. Basically the power not ending up accelerating the beam is con-
verted to heat in the termination resistor. As this fraction — depending on what kind
of particles are accelerated — can reach 70 % and the cavities are energized nearly con-
tinuously, there is a enormous potential for energy recovery. The biggest TW based
accelerator at Cern is the Super Proton Synchrotron (SPS) with an RF power of 2.6 MW
[1].

A standing wave cavity operates by a different principle. RF power is coupled into the
cavity at one side and reflected by the walls on the other side. The superposition of inci-
dent and reflected wave generates a standing wave pattern in the cavity. This standing
wave creates the voltage gradient in the gaps between the drift tubes. To prevent decel-
eration after the gap, the drift tubes shield the particle from the wrong polarity part of
the wave. In this architecture there are operating conditions in which the RF amplifier
sees a short circuit. So generally a circulator is used to protect it against the reflected
power. Reflection to the amplifier happens on the transient phase at RF power on,
when the cavity starts to ring up (called the filling period) and during ringdown, when
the RF power is cut. Between those transients, the cavity reaches a steady state, where
no power is reflected. A potential for energy recovery can be seen especially during the
transients. Accelerators with normal conducting sw. cavities suffer from large losses in
the walls and often operate in pulsed mode. That means RF is only switched on when
a particle bunch is about to enter the cavity. This way the cavity might be filled and
left ringing down several thousand times a second. One solution to conserve energy,
especially in this application is shown in Chapter 2.3. The LHC is based on SW cavities
and operates with a maximum RF power of 3.5 MW [2].

1.3 Motivation for energy recovery

The motivation for this work is not to design and realize a working energy recovery
system for the SPS, this would exceed the boundaries of this Thesis by far. It is rather
meant as a feasibility study, giving a solid foundation for further work on the subject.
The author expects the first semiconductor based recovery system deployed in 3 - 5
years.

After an overview on different methods of energy recovery is carried out in Chapter 2,
this work focuses on the most feasible one, utilizing Schottky diodes. The problems
arising with those devices in the RF band - particularly their parasitic capacitance —
is shown and reviewed in Chapter 4. Resonant rectifiers can be built to compensate
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this parasitic to some degree (Chapter 4.3). However, there are limits to this approach
and although Schottky diodes with reverse voltages in the kilovolt range and forward
currents in the tenths of amperes are now available!, they would perform poorly in an
RF rectifier at higher frequencies. The utilized semiconductor rather has to be care-
fully chosen by means of its power handling capability in relation to its capacitance
and switching time (Chapter 5.4). To reach the design power, an array of those recti-
fier modules must be deployed, the number of modules depends on their individual
power handling ability. The main driving force behind this research work is the fact,
that semiconductor materials improved steadily over recent years, state of the art de-
vices are nowadays powerful enough to make the rectifier array become economic and
energy recovery feasible.

In this work, a conceptual design of an energy recovery system is presented. The design
is tailored to the SPS, as this machine works on a relatively low frequency of 200 MHz
and provides a big amount of energy that could be recovered. However the SPS is just
used as an example, to show which engineering challenges will arise and how they
could be solved.

1.3.1 Potential for the SPS

The SPS is a high energy proton accelerator and the pre injector for the LHC at Cern. It
was designed as a highly flexible machine, accelerating lead ions, protons, antiprotons,
electrons and positrons. Heavier particles need a bigger frequency swing to accelerate
to the same energy?, thus the SPS cavities must have a wide bandwidth. At reasonable
power levels, regular SW cavities would necessity a variable tuning mechanism, while
TW cavities can provide this bandwidth easily. For this reason and for the fact, that
they always appear as a matched load and so can be connected by long transmission
lines to the amplifiers, four TW cavities were deployed in the SPS [1]. Its main technical
data is shown in Table 1.1.

The SPS [1] One SPS Cavity

Circumference 6.9km | Min. operating frequency 199.526 MHz
Max. Particle Energy =~ 450 GeV | Max. operating frequency 200.396 MHz
Average Beam Current 70 mA | Peak Voltage Gradient® 1.8 MV
Number of Cavities 4 Energy gain for one turn  1.27 MeV

RF Architecture TW. Power dissipation in walls 13 kW

Table 1.1: Technical data of the SPS

Each Cavity is driven with up to 650 kW RF [3] at 200 MHz, produced by four Tetrode
tube amplifiers. The amplifiers are located on the surface. A large diameter transmis-
sion line brings the RF power down to the tunnel, 60 m underground, where the accel-
erator is located. To permit the travelling wave operation, the cavity is terminated by
two water cooled 50Q2 power loads, each capable of dissipating 500 kW continuously.

IThird generation Silicon Carbide Schottky diodes from infineon: http://www.infineon.com/
cms/en/product/channel . html?channel=ff£80808112ab681d0112ab6a50b304a0

2As lighter particles like electrons are already a lot closer to relativistic velocities with their injection
energy. During acceleration they gain energy in the form of mass and hardly increase velocity.

3For one complete cavity with multiple accelerating structures.


http://www.infineon.com/cms/en/product/channel.html?channel=ff80808112ab681d0112ab6a50b304a0
http://www.infineon.com/cms/en/product/channel.html?channel=ff80808112ab681d0112ab6a50b304a0
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The loads are located in the tunnel, directly above the cavity and can be seen in Figure
1.3.

Figure 1.3: SPS Cavity and Termination Load assembled in the tunnel.

The power to the termination loads Py can be estimated by taking the known amplifier
output power P4)/p and subtracting the losses from the transmission lines, cavity walls
and the beam. For one cavity this is:

Pr=Papmp—Prr—Pcav — Ppeam (1.2)

Payvp The output power of the RF amplifier is controlled, depending on the active
machine cycle. The most used one in the years 2009 and 2010 was “Cycle 2009,
which lasts 42 seconds, then it repeats. The peak power reaches 650 kW per cav-
ity. The average power over one cycle is used for the calculations which is 254
kw.

Pyp The air filled transmission lines to the tunnel have a diameter of 35 cm and a
length of 110 m. The transmission loss is given by 0.132dB/100m so 8.4 kW of
power in dissipated.

Pcay The cavity walls are not superconducting, so they will suffer from resistive losses.
At full power, 13 kW is dissipated in the watercooled cavity walls [1].

Pppam The actual power going to the beam can be calculated from the particles en-
ergy gain per turn and the average beam current: 1.27MeV * 70mA = 88.9kW.
In the mentioned machine cycle, the beam is present for 47.4% of the time. In
conclusion, in one cavity an average power of 42.1 kW is converted to an rise of
particles energy.

Summing it all up, the average power to the termination load for one cavity and a typ-
ical machine cycle is Pr = 190.5kW which is 75% of the input RF power. This power is
converted to heat directly in the tunnel. Water cooling is used to move the heat out of
the tunnel and dissiapate it on the surface.

Just to show the potential and the motivation of this research work, it shall be assumed
that 75% of Pr from all 4 cavities can be recovered and fed back to the utility grid (which
is a feasible estimation, shown in Chapter 8) the results are:
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e Cern saves an annual 5 million kWh in electricity.

* Cern saves over 335 000 €* in electricity costs each year.

Investing in the development of an energy recovery device would certainly pay off, help
to protect the environment and also advance knowledge on RF/DC conversion, which
is an expertise, many fellow operators of particle accelerators will be strongly interested
in the future.

Another potential candidate of interest is the European Spalation Source, which is a
linear accelerator currently built. Its construction is estimated to be finished in 2018.
By incorporating energy recovery in the design, power consumption could be reduced
and the plumbing in the klystron gallery simplified. The overall RF power is 3.8 MW.
There are multiple RF systems at 352.2 MHz and 704.4 MHz [4]. Those frequencies are
well within reach of an energy recovery system with semiconductors.

4Assuming 0.067€/ kW h, which is the statistical electricity price for industry in France for November
2009. Source: http://www.energy.eu/#industrial


http://www.energy.eu/#industrial

2. Possible methods for energy recovery

Technologies, suitable for making particle accelerators more efficient can be separated
in two categories. Ultra high vacuum and semiconductor devices.

The first category is mainly found at institutions working with particle accelerators.
Cavity resonators or electron beams can be used for energy conversion and storage.

The second category can also be found in more commercial areas of technology. Nowa-
days switched mode power supplies — operating at RF frequencies — and wireless pow-
ered devices like RFID pose a need for efficient RF/DC converters. Besides that a lot
of fundamental research has been done on wireless power transfer, contributing to a
design of a solar power plant, located in a lower orbit around the earth.

Part of this chapter was presented as a poster on the International Particle Accelerator
Conference (IPAC) 2010. The results are summarized in the publication [5].

2.1 Direct feedback

One idea to recover energy in a travelling wave cavity is to get rid of the termination
loads and directly feed the RF signal — with the right phase — back to its input. The
phase of the fed back signal is adjusted so constructive interference happens and the
cavity partly powers itself by its wasted power. This is done by using cables with an
electrical length of 1/2. A microwave power combiner is used to sum up both signals.

AANA
©®

Figure 2.1: Unfeasible direct RF feedback.

The first problem is that the operation frequency and thus A changes slightly while
the particles gain energy. This change happens on a timescale of several seconds and
might be easily compensated by a closed loop system that keeps the phase shift ¢ zero.

However, another fundamental problem arises from this approach. The proposal im-
plicitly assumes, that the cavity behaves as a linear, time invariant system. The output
signal must have the same frequency as the input and might be changed by a constant
factor in phase or amplitude. Once a beam is present, this can not be assumed any-
more. In fact the interaction of a relativistic particle bunch with the electromagnetic
field creates certain transient responses at the cavities output. In fact, the cavities volt-
age is the convolution of the cavities impulse response with a rectangular function de-
scribing the bunch distribution over time [6]. During normal operation of the SPS, the
spacing between two bunches is around 25ns, changing phase and amplitude response
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on that timescale. This makes it impossible to feed the power back, always “with the
right phase”, causing all kinds of interferences on the cavities input signal.

In this approach, the power combiner would have to be highly asymmetric, almost 70
% of the cavities input power would be delivered by the feedback loop. This means the
actual RF source looses influence on the cavity voltage. Instead of strongly determining
it, the RF source is now rather weakly coupled to a resonance structure. The voltage in
the cavity is especially delicate, as three control loops - for amplitude, frequency and
phase —are influencing the RF source to keep the beam stable. Adding another physical
kind of feedback loop to this — causing all kind of distortions by transient phase errors
—and coupling the actively controlled source weakly to it, adds a whole new dimension
in system complexity and makes it simply impossible to keep the beam under control
in real life.

That is the reason why a solution, converting the outgoing RF to another form of en-
ergy, not changing the behavior of the system, is preferred.

2.2 High temperature loads

The problem with classical termination loads is, that the temperature of the cooling
water is only several Kelvin above ambient. This makes it very difficult to use the ther-
mal energy technically. A solution would be to deploy special high temperature loads
that operate with less flow rate but dissipate heat at > 100 °C.

This way the thermal energy could be used to provide heating to the building or even
to convert it back to electricity by a stirling engine or steam turbine. The later is often
used in solar power plants. Water or even molten salt at temperatures of > 200°C and
pressures > 50 bar is used as heat storage and exchange medium [7].

For small scale solar plants with power levels < 5 MW, a thermal to electrical efficiency
0f 19 % can be reached with a turbine setup and 200 °C water temperature [8]. At higher
temperatures the turbine will operate more efficient [7].

Advantages of this approach are the minimum changes that have to be done to the ac-
tual RF system of the cavity in the tunnel. There are no problems with RF reflections
or harmonics as the load resistor stays in place. The disadvantage is the quite low effi-
ciency but high complexity and space requirements of the steam turbine and generator
system. Also high temperature RF load resistors are not available on the market yet.

2.3 Energy storing cavities

In most non superconducting cavities, the energy losses are too big for CW operation.
One solution for this, is to switch the RF on, just before the particle bunch arrives.
Unfortunately standing wave cavities have a certain transient response and it is this
filling time, where most of the power is lost in termination loads. So especially if the
time between particle bunches is short in relation to the filling time, CW operation is
the only option. A new particle bunch would arrive even before the transient response
could decay.

For exactly this reason, the predecessor of the LHC, the Large Electron-Positron Col-
lider (LEP) was equipped with special energy storing cavities. Those were normal,
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Storage cavity

) Bunch °
t— Accelerating cavity \g
(a) Coupled resonance (b) Commissioned LEP cavity

Figure 2.2: The LEP energy storage cavity

standing wave types, but utilized a special, high Q, low loss storage cavity, which cached!
the electromagnetic energy in between bunches [9]. The concept can be seen in Figure
2.2.

The main and storage Cavity have the same resonant frequency and form a system of
2 coupled resonators. Energy swings back and forth between the two cavities. Just as a
bunch of particles enters the accelerating cavity, the electromagnetic field is at a max-
imum. The beat frequency of the system is adjusted to the bunch repetition rate. The
advantage of this is, that the dissipation in the accelerating cavity, where the losses are
high, is halved. The accelerating cavity is periodically filled and emptied but as the am-
plifier sees the whole system, it operates in CW mode. There are no transient responses
coming from the cavity like in a traditional pulsed system and so considerable less re-
flected power needs to be dumped in resistors. Unfortunately accelerators equipped
with energy storage cavities loose their flexibility. Also the system can not be easily
retrofitted to existing systems. Energy recovery with an intermediate DC voltage is pre-
ferred as it does not change the systems operational behaviour, so doesn’t cut back on
the accelerators flexibility and can be easily retrofitted.

2.4 Cyclotron Wave Converter

The Cyclotron Wave Converter (CWC) is a new kind of RF to DC converter, patented by
V.A. Vanke in 2003 [10]. Its basic idea is to use RF to accelerate a high current electron
beam, then capture the electrons which will generate a DC voltage that can be used
technically.

The schematic of a CWC device can be seen in Figure 2.3. An electron gun on the left
provides a continuous, high current beam of electrons. They enter a classical cyclotron
structure which is excited by the RF input power. The electrons move perpendicular to

IThe relation, of storing electromagnetic waves in a cavity, to the german tale of the “Schildbiirger” -
trying to catch light in buckets to illuminate their windowless city hall — shall be pointed out.
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Figure 2.3: The Cyclotron Wave Converter

the uniform magnetic field By and accelerate on a spiral path. A cyclotron is essentially
a simple kind of particle accelerator, the RF energy is converted to rotational energy of
the electrons.

The conversion region, in the middle of the device, shows a reversal of the magnetic
field. The rotational energy of the electrons is converted into an increase in longitu-
dinal velocity. A “depressed collector” catches the electrons and converts their kinetic
energy to a large DC voltage at the load resistance.

The feasibility as an energy recovery device for the SPS is summarized in Tab. 2.1. A
positive aspect is the large input power per unit as well as the ability of the device to
stand large peak powers. The wasted power of the SPS could be recovered with only a
few devices, keeping the system complexity low and preventing losses through exces-
sive deployment of RF power splitters. The device shows high power ratings while still
converting RF to DC with good efficiencies, making it suitable for the application.

However, the main disadvantage of the CWC - for this application —is its need for a res-
onant cyclotron RF-Cavity. At the operating frequency of the SPS, which is 200 MHz,
this would yield an exceptionally large device. The creation of the required magnetic
field gradient on this scale would be quite an engineering challenge. The other disad-
vantages are the need for an ultra high vacuum, the maintenance requirements and
the warm-up time.

Property Value  Suitability
Power range [kW] 0.5...50 v
Achieved efficiency [%] 83 v
Output voltage [kV] 10 ... 100 A
Operating frequency [GHz] 1...50 A
Usable Bandwidth [%] 05...5 v

Table 2.1: Positive and negative aspects of the CWC

In [10] the CWC device has been implemented and tested for the recovery of RF Energy
in a particle accelerator. In a simulation the authors were able to predict an overall RF
to DC efficiency of 73% in the S-Band at an input power of 1 MW. This could not be
confirmed in measurements because the electron collector broke down as the output
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voltage reached 125 kV. At these voltages, considerable engineering effort is needed to
prevent losses through corona discharge, breakdown or even danger by the generation
of X-Rays.

This shows that the CWC device is not easily scaled to higher power levels, as the high
electron energy and the consequent high output voltage poses a limitation.

2.5 Rectennas

The idea of using semiconductors to convert RF-Power to DC has been around since
1964 when W. C. Brown invented the rectenna. He was able — with this combination
of antenna and diode-rectifier — to transmit a substantial amount of power wirelessly.
One of the first prototypes operated at 2.5 GHz and used an array of 4480 small signal
point contact diodes. The DC output power was 270 W, enough to build a demonstra-
tion helicopter — shown in Figure 2.4a — which held itself in the air by RF-Power only
[11].

(a) Mr. Brown & his helicopter. (b) The Goldstone experiment.

Figure 2.4: Microwave power transmission

At this point, Nasa got involved in the project, aiming for a solution to transmit large
amounts of solar power from space to earth. For this undertaking, the name Solar
Power Satellite (SPS?) is well known in Literature.

With the financial support from Nasa, a second demonstration of this technology was
done in 1975 at the Goldstone Complex in the Mojave Dessert. The setup can be seen
in Figure 2.4b. A large scale rectenna produced over 30 kW of DC power with an RF/DC
efficiency of 84% at 2.45 GHz. The microwave power was transmitted over a distance
of 1 mile. The rectenna was constructed as thin film etched circuit. Each element
consisted of an input filter to keep internally produced harmonics from being radiated,
a small signal Schottky diode and a DC output filter. The elements are connected in
series strings which in turn are connected in parallel to power the load [11].

2Not to be confused with the Super Proton Synchrotron (SPS) at Cern.
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The main drawback of rectenna like devices is the very low power handling capability
of the single elements. The most powerful element found in literature could handle 6 W
[12], this is adequate for microwave power transmission — big rectenna arrays receive
microwaves with low power density and their individual DC outputs are combined.
However, this is not suitable for an SPS termination load, where RF power levels of
several hundreds of kW need to be rectified in a small space. The rectenna concept
needs to be improved and at least 200 W must be processed by a single device, else the
recovery system would not be economical. Especially the power splitter would be too
lossy and would occupy too much space.

Working with modern semiconductors and a much lower operating frequency will al-
low to build an RF/DC converter — based on an improved rectenna — that reaches these
power levels.

2.6 Radio frequency DC/DC converters

Research on DC/DC converters is especially interesting, as each device also contains a
rectifier, contributing strongly to the overall system efficiency. Contemporary research
in DC/DC converters is mainly motivated in increasing the devices power density. This
is achieved by extensive integration and miniaturization of components. The only way
to reach this for passive components is to increase the operating frequency. With a
higher frequency, less energy storage is needed and smaller inductors and capacitors
can be used. Also the step response of the converter is much faster, which is important
for fast output voltage regulation. Nowadays commercial DC/DC converters already
operate in the MHz range and research has been done on high frequency converters
operating in the hundreds of MHZ3. Fast rectifiers are also needed for RFID - like tech-
nologies, that are powered by electromagnetic radiation.

Year Reference Frequency Power Efficiency

1980 [13] 10 MHz 5W > 68 %
1988 [14] 22MHz  50W 88 %
1988 [15] 22MHz 50W >78 %
1993 [16] 100 MHz  40W 38 %
2002 [17] 100 MHz 3W 80 %
2006 [18] 30 MHz 200W >87 %
2006 [19] 100 MHz 10W >75%

Table 2.2: Literature on RF/DC converters.

An overview of the published results from interesting rectifiers built in laboratories can
be seen in Table 2.2. Some papers only mention the overall efficiency of the whole
DC/DC converter, the rectifier itself is surely more efficient. Those are indicated by a >
symbol.

Taking advantage of the know how from rectennas and RF switch mode power supplies,
it is possible to build an RF/DC converter, which can handle power levels in the 100 W

3The potential misleading terms “VHF” or “UHF” are sometimes used in literature about power con-
verters. Only some of those devices do operate in the very high frequency (30 MHz - 300 MHz) — and
usually none in the ultra high frequency (300 MHz - 3 GHz) band. The authors of those publication
merely want to emphasize the increased operating frequency compared to ordinary power converters.
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range, avoids excessive losses through power splitters and the drawbacks of ultra high
vacuum devices. This provides the foundation for the energy recovery concept, which
is presented in the following sections.



3. Overview of the system concept

The energy recovery system is intended to replace a matched high power, RF termina-
tion resistor, meaning it should behave as such.

e Its input impedance must be purely resistive, constant, independent of power
and have a value of 50Q2. No significant amount of power — at any frequency — is
allowed to be radiated on its input.

* It must be reliable and fail safe under all operating conditions. If there is no de-
mand, the recovered energy has to be dumped in resistors to allow classical, lossy
operation.

* Adefectin one component must not lead to a failure of the whole system, instead
a graceful degradation behavior must be achieved. Damaged parts must be easily
exchangeable.

e The recovered energy must be available in a form, easily fed back to the 50 Hz
utility grid or used on the DC rails of the RF amplifiers.

e Its recovery efficiency must be as high as today’s technical limits allow it to be.

e The modules should be as simple and cheap to manufacture as possible. This is
especially important as several hundred modules will be needed and the prob-
ability of a failing module is directly related to its complexity and component
count.

* Preferably it should fit in the available space in the tunnel, also the cooling re-
quirements must then be fulfilled there.

To meet all these requirements, the recovery system is proposed as shown in Figure 3.1.
In this chapter, each element will be introduced, its purpose and technical difficulties
explained.

3.1 RF - Power splitter

It has been shown in Chapter 1.3.1, that an typical average power of 191 kW goes to
the two termination loads. However, the recovery system needs to be designed to han-
dle the peak power of up to 650 kW. As no single semiconductor device can handle
those power levels, both of the termination loads are replaced by coaxial power di-
viders. They spread their input power of 325 kW into several hundreds of channels
of 1 kW each. One divider consists of a modified 502 transmission line with inserted
coupling pins. Those act like an antenna, providing a small part of the input power,
depending on its length and geometry. As the field density in the transmission line
will diminish along its length, the coupling of subsequent antennas has to increase for
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Figure 3.1: Architecture of the RF - Recovery device.
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Figure 3.2: The coaxial power divider.

constant output, shown in Figure 3.2a. For economical reasons, the transmission lines
are terminated by a resistor R; at its end where 10 % of the input power is absorbed.

The coupling values have been obtained and the feasibility checked by an electromag-
netic field simulation [5], the results are shown in Figure 3.2b. An air filled transmission
line with an inner conductor diameter of 100 mm has been chosen. A capacitive cou-
pling geometry turned out to be the most feasible’.

In this case 325 kW is coupled out to the rectifier circuits in 33 stages. Each stage,
except the last, has 10 coupling antennas distributed around the circumference of the
outer conductor of the coaxial line. As the antennas need to have a bigger size towards
the end, the last stage consists only of 5 antennas. The overall length is about 3.3 m.
Further investigations are ongoing to reduce the length of the system.

Each antenna is optimized to couple out 1kw of RF power into a 50 Ohms impedance.
They are connected by a short coaxial cable to the RF/DC Modules.

3.2 RF/DC modules

The RF/DC modules are the heart of the recovery system. Besides performing the con-
version in the most efficient way, they contain additional components to ensure a fail

ICredit for designing the power divider and accomplishing the EM simulations goes to Alexj Grudiev.



16 3. Overview of the system concept

safe and low reflection operation. They are designed for an input power of 1 kW, com-
ing from the power divider. This number has been chosen as it gives a good compro-
mise between losses in the coaxial power divider, system complexity, space require-
ments and price of the RF components.

Worst case, the modules will dissipate up to 1 kW of power. Deployed in a large array, a
vast amount of heat will be produced in a small space. To simplify cooling, the RF/DC
modules should be built with all power components (diodes, RF loads) on a common
copper plate. Deployed in a large array, the modules will be mounted on metal struc-
tures with integrated cooling water pipes. Heat can be efficiently removed while the
internal construction of the module stays simple. This method is well-proven and has
been used in the solid state amplifier of the Soleil synchrotron [20].

from

Antenna Circulator

<<

4 way
splitter

RF

DC

Matching
Network

(Resonant)
Rectifier

DC output
filter

Figure 3.3: The proposed RF/DC Module

Circulator The rectifier itself is a nonlinear device and will show a differing amount
of reflections for different input powers. As power is determined by the active
machine cycle and changing over time, reflected power can not totally be pre-
vented. Also if the rectifier fails, it is likely to show a short circuit on its input [21]
and reflect all of the incident power.

For those cases, the circulator directs the reflected power into the backup resistor
R;. It needs to be rated for the full nominal module power of 1 kW and might be
cooled by the already existing water plumbing in the tunnel. This way, the recti-
fier modules become fail safe, under every possible operating condition. Even for
an rectifier failure, no RF is reflected on the module’s input. The overall energy
recovery system will show a graceful degradation, the recovery efficiency might
degrade with each failure, but the cavity is still terminated correctly.

For cost reasons, only a narrow band circulator is economical. Power on har-
monic frequencies — radiated from the rectifier — might be able to pass the circu-
lator and would be transmitted towards the Cavity. This needs to be prevented
and is the reason why much effort is done, designing a resonant rectifier, which
does not radiate substantial power on harmonic frequencies.

4 way splitter It showed in Chapter 7, that a single rectifier can not handle the full 1
kW RF power, supplied by the coaxial power divider. One rectifier is rated for a
nominal power of 250 W, so four of them are needed.

One solution would be three microwave hybrids, cascaded in two stages. The 1
kW input power will be split to 2 x 500 W with the first hybrid and its outputs
will be split to 4 x 250 W with the second and third one. To tolerate one rectifier
failure, every hybrid needs a load resistor on the isolated port, rated for at least
quarter of its input power. In the event of a failed rectifier, a quarter of the hybrids
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input power will be reflected, a quarter will be dissipated in the isolation load and
the remaining half will be converted to DC by the other rectifier. Heat dissipation
is not a problem, as the modules will be water cooled, thus the isolation loads
can be made relatively small in size. The circulator on the module’s input is still
needed to terminate the remaining reflected power.

More powerful semiconductors are expected to be available in the near future. As
a single rectifier with 1 kW nominal power will become feasible, the 4 way splitter
can be omitted, considerably reducing module complexity.

Matching Network It provides an optimum power transfer, while not exceeding the
maximum voltage or current ratings of the diode. The small bandwidth of the in-
put signal allows the use of standard resonant matching techniques utilizing LC
circuits or transmission lines. Care must be taken with the design and simulation
procedure, as the rectifier is a nonlinear device and its input impedance (in the
range of 15Q) is likely to change with different input power levels. A solution for
impedace matching is found in Chapter 4.4.

Rectifier It converts RF to DC in the most efficient way, at the highest power possible
with available semiconductors. Different rectifier architectures exist, dependent
on number of diodes, diode stress, input / output impedance and harmonic ra-
diation. They are compared in simulations (Chapter 4), the most suitable ones
are chosen for a prototype. By exploiting resonance with the diodes junction ca-
pacitance, many advantages are obtained Chapter 4.3. Also the most suitable
diode has to be found, device parameters like material, band gap and geometry
of the diode chip have to be considered. Also active rectification with mosfets or
Schottky drain transistors might be considered Chapter 4.6.

DC - Output The output filter provides a clean, RF free, DC output. Depending on
the filter, the rectifier behaves as a current or voltage source. At RF frequencies,
parasitic components of the passives present a major design challenge (Chapter
7). It should be noted, that the optimum efficiency is only reached if the DC load
resistance has a specific value, depending on the RF input power level.

3.3 DC power combining

The DC output from a large number of sources has to be collected and combined to an
intermediate DC power rail. In doing so, the rectifiers should see a certain optimum
load resistance — which is variable and depends on the RF input power — otherwise the
RE/DC efficiency will suffer. Commercial solutions already exist to solve this exact kind
of problem, namely power converters for large photovoltaic arrays.

As the RF/DC modules essentially behave like a current source, they are especially
suited for series parallel connection. Modules are connected in series strings to reach
a usable voltage level (300 V - 1000 V), those strings are connected in parallel to sum
up the current and provide redundancy in the case of device failure.

It is more likely for the modules to fail with the output shorted [21]. In this case the
current in the series string can still flow and the overall system operation is — despite
the slightly decreased recovery efficiency — not affected.
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As the design of the RF power divider makes sure, that every RF/DC module provides
the same amount of output power, very little power is lost in the combination through
mismatch of a single module. This is a major problem in rectenna and solar cell arrays
with a large number of series devices. The overall power drops considerably, if only
one element performs weak or is not illuminated [22].

The combined DC power is fed to a commercial photovoltaic power converter. Thus
two technical challenges are solved with minimum effort:

* The power can be fed back to the 50 Hz utility grid. Those devices are approved
by power companies, contain the necessary safety interlocks and are designed
for reliability and energy efficiency.

* The RF/DC module shows the best recovery efficiency with a specific load resis-
tance, which in turn depends on the input RF power. Solar power converters are
able to change this load resistance dynamically and incorporate algorithms to al-
ways operate at the maximum power point (MPP). This way, the rectifiers always
reflect a minimum of RE independent of power level and a maximum recovery
efficiency is reached.

Alternatively, the recovered power could be fed directly to the DC - link voltage of the
Tetrode power amplifiers that provide the RF for the SPS cavities. They operate at 8.5
kV and 10 kV DC [23], so a custom power converter, to step up the voltage and to pro-
vide safety features is necessary. This way the recovered power would be routed to
the consumer more directly, avoiding unnecessary transformation stages in between,
straightforwardly increasing the overall operating efficiency of the SPS.



4. Rectifiers

Most of the requirements, defined in Chapter 3 can directly be applied to the actual
rectifier circuit. Its power rating determines the number of rectifiers that have to be
used for the given input power, thus the complexity and size of the overall array and in
the end, if the energy recovery system can be realized in an economic way.

In Chapter 4.1, a simple rectifier circuit is analyzed analytically. Different diode par-
asitics are shown and introduced in the circuit, one at a time in Chapter 4.2. This
changes the circuits operation considerably at RF frequencies, the waveforms barely
resemble those of the simple ideal rectifier.

Subsequently solutions are found to compensate some of those unwanted elements,
resulting in resonant operation Chapter 4.3. Its advantages — among them the sinu-
soidal input current — are shown. Then ways are found, to transform the rectifiers input
impedance to 50Q2 (Chapter 4.4).

To answer the question, if a more suitable rectifier architecture than the analyzed one
exists, different circuits from literature are compared, figures of merit are derived from
PSpice simulations and the most suitable rectifier is chosen (Chapter 4.5).

4.1 General analysis of a rectifier
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Figure 4.1: Schematic of a simple current output half wave rectifier.

A simple half wave rectifier [24], with a constant current output is shown in Figure 4.1.
Itis driven by an sinusoidal alternating voltage source v;, with an amplitude of Vin and
a frequency of w.

Vin = Vin-sin(wt) 4.1)
the voltage and current waveforms are shown in Figure 4.2.

Loyt and Coyr form a second order low pass filter. Its time constant is assumed to
be so large, that the output current Ioy appears constant (shown with a small ripple!
in Figure 4.2). That means Loyt forces a continuous output current through the load
resistor, which flows through D1 on the positive cycle and through D2 on the negative
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Figure 4.2: Waveforms of a current output half wave rectifier.

cycle of the input voltage. As input current is only flowing — and power is only delivered
to the storage inductor Loy —when D1 conducts, this type of rectifier is referred to as
half wave rectifier.

The diodes are assumed to be ideal switches, that means they do not have any voltage
drop, reverse current or junction capacitance. To get a formula, relating in and output
voltage, we follow the voltage loop of the output filter.

Vin-sinwt) 0<wt<n

0 T<WE<27 (4.2)

=Vpa+ Vi + Vour =0 VDZZ{

As the circuit is assumed to be in steady state, the average voltage across the inductor
Loy needs to be zero,

1 2n
—f Vi(wt) dwt =0 4.3)
27 Jo

Inserting Equation 4.2 into Equation 4.3 and solving gives an expression for the output
voltage:

v
Vour = —2 (4.4)
m

This means the DC output voltage is directly proportional to the input RF amplitude.

I The waveform of the current ripple can be calculated by considering the voltage across the inductor.
In the first half cycle it is V; = v;,, — Vou:r, having a sinusoidal shape. The current through the inductor
calculates as I, = [ Vi/L dwt resulting in an inverted cosine like waveform. During the second half cy-
cle, there is a constant voltage across the inductor, resulting in a linear current decrease. As the inductor
is assumed very large, in the following sections the waveform is assumed to be a flat square wave.
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The input current to the rectifier is the same as Ip,. It is a rectangular waveform with a
DC offset. Its amplitude is I,,;/2. A rectangular waveform contains a lot of harmonics,
which will be radiated towards the source. This poses a particular problem to the rec-
tifier which will be treated in Chapter 4.3.5. Using the Fourier series, Ip; can be split
into its frequency components. Each one can easily be denoted by using the harmonic
index, which equals zero for the dc contribution, one for the fundamental, and two for
the second harmonic.

Ip10) = Iozut (4.5)
Ipiy = %%sin(wt) (4.6)
Ipi) = I‘;ut%sin(?)wt) 4.7)
Ipis) = Izut%sin(Swt) (4.8)

As the input voltage is sinusoidal and has no overtones nor DC offset, effective power
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Figure 4.3: Frequency components of the input current Ip;

is only transferred by Ip;() (for every other frequency, including DC, the average of
voltage times current over one period is zero). The loss through overtones is described
by the Power Factor as a ratio of real power by apparent power of the harmonics:

PE= Preat RMS(vin)- RMS(Ipi(1y)
o Papparent RMS(vin) - RMS(Ip1)

(4.9)

As vy and Ip(1)) are shaped sinusoidal, their RMS value is obtained by division with
V2, the RMS value of Ip; is

1 (7 I
RMS(IDI):\/E fo Iy dot= =5 (4.10)

So this gives a power factor of

_ (Zlout)/(”\/i) _
 Lwl2

PF. 0.9 (4.11)

This means, the maximum efficiency can not exceed 90%, limited by the non sinu-
soidal input current. 10 % of the input power is lost through harmonic radiation. In
Chapter 4.3 ways are shown to avoid this limitation.

Another important measure — which will be used as a figure of merit to compare rec-
tifier architectures in Chapter 4.5.2 — is the total harmonic distortion (T.H.D.). It gives
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a hint, how closely the input current resembles a sine wave. It is defined as factor of
power on harmonic frequencies to the power of the fundamental and related to the
(distortion) power factor by

) S T 1
THD.=, 2 P20 = — _1=0483 (4.12)
IDl(l) PF.

The input resistance is important for matching the rectifier to the source, which - in
the real system — will be the power divider with a generator resistance of 50Q2. As the
source only transfers power on the fundamental frequency, the input resistance at this
particular frequency is of interest:

Vi _Vin'ﬂ_Vout'ﬂ2

Imay lTour2  Tour-2

72
Rinq) = =Ry- > (4.13)

It shows that the input resistance of the rectifier is directly proportional to the load

resistance Rj.

The power capability factor (CPF) is an important measure, estimating how much power
the rectifier can provide for given diodes. It is the maximum output power of the recti-
fier divided by the peak stress on the diodes. The maximum reverse voltage is

VD = ‘7171 =Vour'm (4.14)
the maximum forward current is
jD = lour (4.15)

So the power capability factor can be determined by

P Vour+1 1
rect — out out S 0.32 (4.16)

PCF = ——
Pgiode Ip-Vp T

It will show in Chapter 4.3 that resonant operation will make the output power capa-
bility even worse.

4.2 Real life rectifiers

Unfortunately there is no such thing as an ideal diode and the parasitic elements of
real diodes change the rectifiers operation considerably at RF frequencies. This section
gives an overview of the most important parasitics and their impact on the rectifier.

Summing it all up, 4 different modes of operation — depending on which of the parasitic
elements are considered — can be distinguished:

L, =0, c; =0 The ideal case has been analyzed in the beginning of Chapter 4.1 and
results in pure square waves for the diode current.

Ly, =0, ¢; =big The analysis with consideration of the junction capacitance can be
found in Chapter 4.2.2. The capacitors are charged and discharged 2 times each
cycle. The diode current is overlaid by the differentiated input voltage.
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Ly, = small, ¢; =small What happens when a small package inductance is introduced
is explained in Chapter 4.2.3. The circuit is operating the same as in the previous
case, only now the square diode current is overlaid by high frequency ringing
from the LC circuit. Characteristic for this case is that the time constants of the
LC circuits are much smaller than half of a period of the input RF voltage.

L, =big, c; =big As the time constant of the LC circuits approaches half a period
time, we can not talk of ringing anymore. Rather the resonant frequency of the
LC circuit is synchronized to the rectifiers input voltage. This results in many ad-
vantages: Current flow becomes sinusoidal, high frequency currents are limited
and energy from the parasitics is recovered by the class E resembling resonant
operation. It is explained in Chapter 4.3.

The main parasitics of a diode are shown in Figure 4.4.

Figure 4.4: Simple equivalent circuit of a real Schottky diode.

The static parasitics Rs and Lp are caused by the bonding wire, the package pins and
the circuit traces going to the diode. In addition the resistance of the semiconductors
crystal lattice is not zero, especially for Schottky diodes, increasing Rs. The junction
capacitance c; in combination with the package inductance Lp is especially trouble-
some. Lp does not allow a quick change of current, which is needed to recharge c; as
the diode goes from forward to reverse operation. Lp can be up to 30 nH for standard
packages like TO-254 or TO-3 and around 3 nH [25] for special RF packages like those
shown in Figure 5.10a.

4.2.1 Static characteristic rp and Rg

Any diode is a component with an inherently nonlinear relationship between voltage
and current. In the equivalent circuit, the V/I characteristic of the diode junction is rep-
resented by rp. This resistance depends on the voltage Vp across the junction, models
the actual rectifying character of the diode and can be described by Equation 4.17, dis-
covered by William Bradford Shockley. This equation is valid for forward and reverse
operation, as long as avalanche breakdown effects of the semiconductor are not con-
sidered.

z ) Vb (4.17)

In(Vp)=Ig|le™r —1 rp=
p(Vp) s( D (Vo)

In most datasheets, the forward voltage is drawn in a diagram over the forward current
(like in Figure 4.5). Then rp can be seen as the inverse of the tangent in one point on
the curve and can be determined graphically.
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Parameter Description

Ig Reverse bias saturation current. Defines the current that flows be-
cause of minority carrier recombination, when the diode is in reverse
condition. It is nearly constant over voltage and heavily dependent
on temperature.

n Ideality factor, varies between 1 and 2, depending on the kind of con-
duction process in the semiconductor device. For n=1, the device
conducts current only by minority carrier diffusion (like in a Schottky
diode). For n=2, the device conducts current only by recombination
of holes and electrons in the junction. Values in between are possible
(like for PN diodes).

Vr Thermal voltage. V7 = k- T/e where k is the Boltzmann constant, T
the absolute temperature in Kelvin and e the elementary charge. Vr =
26mV atroom temperature (300 K).

Table 4.1: Parameters of the diode equation.

The parameters for a GS150TC25110 Schottky diode can be found in Table 4.2. Its static
forward characteristic can be seen in Figure 4.5. For the blue trace, only rp has been
considered, ignoring the static series resistance. The red trace also considers Rs and
shows that this parasitic needs to be taken into account for Schottky diodes, it changes
the devices characteristic considerably.
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Figure 4.5: Static characteristic for a GS250TI25110 Schottky diode

Power is dissipated in the diode by rp and Rg, the amount can be determined by mea-
suring the area under the curves in Figure 4.5. Schottky diodes have — compared to PN
devices — a lower forward voltage but higher series resistance (see Chapter 5.2). Thus
at higher current levels, the losses in Rg dominate. If the diode is used in a resonant
rectifier at RF frequencies, there will be a vast amount of purely reactive currents flow-
ing through the junction capacitance. They will cause power dissipation in Rg but not
in rp.

For a Schottky diode the forward and reverse losses are determined by the barrier
height. Higher barriers mean bigger forward resistance Rs but also less reverse leakage
Is [26].



4.2. Real life rectifiers 25

It is the nonlinear characteristic of the diode that makes it rectifying but also radiating
on a whole bunch of harmonic frequencies. This can be shown by performing a Taylor
approximation of the diodes characteristic, resulting in a third order equation:

Ip=a-Vp+B-Vi+y- V) (4.18)

Als 2

B

/ VD

Figure 4.6: The 3 terms of the Tailor approximation of the diodes characteristic.

The diode is driven by a sinusoidal voltage source
Vp = Vi, - sin(wt) (4.19)

Vp is inserted in Equation 4.18. It can be simplified by addition theorems and the
resulting parts of the equation can be sorted by its frequency components:

DC: B-V2-05 (4.20)
w: a-17in+y-\7i3n-0.75

2w : —ﬁ-Vizn-O.S

3w: —y-V2-0.25

It can be seen that the waveform of Iy now contains new harmonics, not emitted by
the voltage source but created by the diode itself. This behavior can only be observed
in nonlinear systems. In fact the DC part and thereby the rectification property of
the diode depends only on S, thus on how much the diode characteristic resembles
a parabola.

The frequency parts 2w and 3w are the harmonics. When a sinusoidal voltage is ap-
plied to the diode, it no longer stays sinusoidal but is changed to a half wave rectified
sine waveform. Looking at the signal in the frequency domain, we see those additional
spectral lines appearing at harmonic frequencies. The diode will turn to a source, radi-
ating power on these frequencies. It depends now on the surrounding circuit, the diode
is embedded in, if those harmonics are suppressed or if they can excite unintentional
circuit resonances.

The nonlinear characteristics of the diode are also responsible for the dependence of
in- and output impedance of the rectifier on power level. With a higher power level,
bigger voltages across the diode are produced and more moderate parts of the charac-
teristic curve are reached, effectively modulating the average rp with power level.
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Figure 4.7: ¢y over Vp for an IXYS GS250TI25110 Schottky diode

4.2.2 Junction capacitance c;

The diode junction suffers from a shunt capacity, whose value strongly depends on Vp
in anonlinear fashion. The origin and behavior of this parasitic is described in Chapter
5.1.2. The theoretical derivations in this chapter were only possible by assuming c;
to be constant. As long the stored energy stays the same, macroscopical operation
is preserved to some degree (see Chapter 5.1.2). The waveforms with constant and
voltage dependent c; in Chapter 4.3 are very similar.

For a real diode the measured c; is shown in a diagram in Figure 4.7. The junction
capacitance is the main reason, why Schottky diodes for high power applications can
not be used at RF frequencies. c; has to be charged and discharged each cycle, resulting
in huge imaginary currents.

Introducing c¢; in the rectifier circuit, as shown in Figure 4.8a, changes the current
waveform of the diodes considerably. The circuit operation can be explained in two
half periods, looking at the current flowing in the first diode, which is the sum of Ip,
and I¢; and shown in the second diagram in Figure 4.8b.

0 < ¢t <m: The input voltage is positive, C1 and C2 are completely discharged. As v;,
starts rising, D1 starts conducting and C1 can be ignored because it is shorted.
The diode has to supply the constant output current Ipy7r and additionally the
charging current of C2. This results in an overlay of 2 waveforms for Ip;: A con-
stant term arising from Ipy7 and a cosine shaped term arising from C2 differ-
entiating the input voltage. At wt = /2, C2 has been charged to its maximum
voltage and starts discharging again until it is at OV at the end of the half cycle.

Vin
dt
Ipp=0  Iop=——"".C2

Ipy=Ioyr+ -C2 Ic1=0 (4.21)
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Figure 4.8: Analysis of a half wave rectifier, considering c;

7 <t <2m: Exactly the same sequence occurs as in the first half cycle, only the com-
ponent names D1 and C1 are exchanged with D2 and C2. That means C1 is now
differentiating the input voltage and its charging current flows through Ip;.

dvip
Ip1 =0 Ici =— -C1 4.22
D1 C1 ar (4.22)
Ipz = lour + Cl Ic2=0

dt

As it can be seen, there is a certain symmetry present. The waveforms I, and Ip; are
exactly the same but have a phase shift of one half cycle to each other.

In each half cycle, one of the parasitic C1 or C2 gets excited. Its current in response to
the sinusoidal waveform can be seen 2 times each half cycle: through the conducting
diode, overlaid by the output current and through the parasitic itself. This is important
as this circuit behaviour stays the same when additional parasitic elements are intro-
duced: the response waveform of the parasitics will still appear 2 times each half cycle
although its waveform is considerably changed.

To prove this behaviour and show quantified values, a PSpice simulation has been done
of the circuit. D1 and D2 are ideal switches, Ry = 20Q, Iy = 1.55A, Vi, =100V, V,,; =
31.8V2. The currents trough the diodes and capacitors as well as the input voltage is
shown in Figure 4.9.

4.2.3 Package inductance Lp

Adding a small package inductance results in a resonant LC circuit between Lp and c;.
It is formed by Lp and C2 in the first and by Lp and C1 in the second half cycle. One

2The relation V,,,; = V;,, /7 still holds true.
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Figure 4.9: PSpice simulation of the rectifier

capacitance is always shorted by the conducting diode. The impulse response of the
LC circuit is convoluted with the square wave shaped diode current from Chapter 4.1.
The LC circuits impulse response is sinusoidal, its self resonant frequency is

Frogm — (4.23)
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Figure 4.10: Analysis of a half wave rectifier, considering ¢y and Lp

The time constants of the LC circuits are much smaller than half a circuit period, so
ringing happens with many cycles per period. This causes a high frequency current
to flow in a loop through the other (conducting) diode and can be observed there too.
The loops can be seen in Figure 4.10a.
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This ringing is traditionally a problem in many non resonant rectifier and power con-
verter circuits in the sub MHz range. Most of the passive components suffer from in-
creased losses versus frequency. The high frequency AC current causes excessive heat-
ing of those components. Attempts to reduce ringing involve minimizing ¢y and Lp,
which in turn increases the ringing frequency and lowers the Q factor of the parasitic
RLC circuit. The average junction capacitance is an inherent part of the diode. It de-
pends on its power handling capability and is hardly under the engineers control. On
the other hand, the loops which carry the high frequency currents can be minimized
to a certain extend. Also the package can be optimized. After all there is a lower limit
for Lp at about 1 nH which is simply dictated by component size.

A method often used in low frequency devices is to suppress the ringing by dissipative
snubber circuits. Those devices have increasing losses with frequency. They dampen
any higher frequencies and convert this energy to heat. The resulting loss decreases
the efficiency of the overall rectifier. The energy stored in the parasitic LC circuit is lost.
This can not be accepted in high frequency, high power applications, as diodes with big
c; have to be used. High efficiencies can not be reached without recovering the stored
energy there.

4.3 Resonant operation

A solution to this problem is resonant operation [14]. The junction capacitance to-
gether with the package and a series inductance form a LC circuit, which limits the
flow of high frequency currents. This results in a sinusoidal current flow through the
rectifier. Harmonic radiation on the input is substantially reduced. The junction ca-
pacitance of the diodes is exploited as integral part of the circuit. The reverse voltage
across the diodes rises slowly, allowing them to have some reverse recovery time (if PN
devices are used).

In principle the ringing encountered in the previous section is exploited. An induc-
tance, put in series with the diode lowers f;.;, until there is no visible ringing anymore.
The LC circuits oscillation is synchronized to the operating frequency.

4.3.1 Circuit analysis

Two equivalent circuits for each half cycle are given in Figure 4.11a. It is assumed that
the diodes are ideal switches, the circuit is tuned, I} is sinusoidal without any signifi-
cant harmonic content and the output choke is big enough to not allow any significant
change of Ipy7 during one cycle.

During the first half cycle, D1 conducts and the upper equivalent circuit is valid. Look-
ing at the currents of the circuit gives

I = Icg + IOUT (4.24)

The current flowing into C2 during this half cycle is I, = I1 — Ipy T, meaning its wave-
form will be the input current offset by the output current. It can be seen in Figure
4.11b in the second diagram. At t=0 the capacitors current I is zero, meaning all the
input current flows into the output (I = Ipy7). As I; increases above and decreases
below IpyT, a charging and discharging current flows into C2. At t=0 the voltage across
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Figure 4.11: Equivalent circuits and waveforms of the resonant rectifier.

C2 is zero. V(3 is the integral of I¢» (see Equation 4.25), so will be at a maximum at
t=ty,when I =0o0r I; = IoyT.

1 =t
Ve (1) = afrzo Ico(v)dt (4.25)

It is important to note that the average value of Vi, equals the output voltage Voyr.
This is the same relationship as derived in Equation 4.3 and will later be used to define
the Q value of the LC circuit.

After t = t4, until t = g, the capacitor discharges again. The positive and negative
areas under the curve (marked in gray) are the same, so the in- and outgoing charge
equals and the capacitors voltage at ¢ = 5, will be zero again. the component val-
ues have been chosen so that V¢, and I are zero at the switchover time t = tg,,. This
way the on and off time of the diodes are symmetric, the duty cycle is 50 % and ad-
ditional switching states — were both or neither diode conducts — are avoided. The
current through C2 equals —Ipyr in that instance.

After the switchover point ¢ = £y, the current through C2, commutates to D2 as the
diode starts conducting. This commutation happens almost instantly with very high
current rise times. Fast current changes are usually a source of trouble in classical
power converter circuits. However in this case, the commutation happens entirely in-
side the diodes package, the current changes over from the junction capacitance to the



4.3. Resonant operation 31

actual junction and this change is not visible at the terminal pins of the device. Rather
a smooth sinusoidal waveform, made up of the I, + Ip, can be observed.

Now the second equivalent circuit becomes valid and the same charge and discharge
cycle happens with C1. From ¢ = g, to t = 1, C1 charges to its maximum voltage and
discharges again completely as t = 21, is reached. As the area under the positive and
negative part of the I¢; waveform is the same (marked in gray) the voltage is zero at the
end of the cycle. The component values of C1 and L. have been chosen, so that the
ringing transient — charging and discharging C1 once — takes exactly the time of one half
cycle. At the end of the cycle (¢ = 2t,,,), the voltage of both capacitors is zero and the
inductor current I} = Ipy7. As this current commutates to D1, the initial conditions
from ¢ = 0 are once again reached and a new cycle can start from the beginning.

4.3.2 Characteristics of the rectifier

It can be seen, that L, forms a series LC tank circuit with C2 in the first, and with C1
in the second half cycle. Both are charged and discharged in smooth alternation by
the ringing transient that happens when one switch opens. L, literally transports the
junction capacitance’s charge from one diode to the other. A purely reactive current
loop is formed through V;;, L., and C2 in the first half and C1 in the second half cycle.
The current is named Ic,. To tune the rectifier into resonance, all the components
from the current loop must form a LC circuit which is resonant on the input frequency.
The condition for tuning is

1

fin P o (4.26)
One very useful property of the resonant operation is, that any additional inductance
in the I¢, loop - originating from the diodes package pins or from circuit traces — can
be absorbed by Lg.,. The parasitic capacitance of the output choke Loyt can be ab-
sorbed by C2 in the same fashion. This is possible as the DC side of the choke is shorted
to ground for RF signals by the output capacitor. The rectifier is exploiting both, the
parasitic capacitance® and inductance of the diode.

During each cycle, some of the stored energy is transferred to the load resistor by Ipyr.
This dampens the LC circuit and gives it a certain Q factor. Q is defined as the ratio of
energy stored in the resonator by the power absorbed trough Ipyr in each cycle. As
the entire energy of the resonant tank is at a specific time throughout the cycle, stored
in one of the 3 passive elements, the Q factor can be determined by looking at the real
and imaginary power flowing through C2.

The real power, extracted from the LC circuit is given by

Prear = Iout - Ve2 4.27)

31t shall be noted that it is not advisable to put any additional, external capacitor across the diode as
this will cause high frequency ringing with the diodes package inductance as the diode turns on and the
fast current commutation happens [27]. A device with a bigger chip area should be used instead which
also results naturally in a higher power capability.
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The circulating, imaginary power in C2 can be calculated by

2

Pinag = s = VEy 0 C2 (420
S (Ze2)
So the Q factor is
p; Vi avg (V, Vi
Q= imag _ Vez  on 8(VCd) on VOUT [ oh_p o (4.29)
Prear  lour lour Tour

The average of V¢, equals the output voltage, this is shown in Equation 4.3. Thus the
resonant LC circuit is dampened by Ry which is effectively connected in parallel to C2
—the output inductor has no influence, as its average voltage over one cycle is zero. In
fact, the equivalent circuit Figure 4.12 of the resonant tank can be derived from this
assumption.

LS@T’
IouT
—>
Vour = avg(Vea)
C1 Ry — avg(Vea)
= (2 L TouT

Figure 4.12: Equivalent circuit of the resonant tank.

Choosing a small R; results in a low Q factor, increases Ipy7 and lowers the reactive
current Icy, resulting in more efficient power extraction, a higher input bandwidth
but also a high harmonic content in the rectifiers waveforms. Higher Q operation is
obtained by bigger load resistances, resulting in less harmonic content, but also more
voltage and current stress on the rectifier and more resistive losses through big reactive
currents. This behavior can be recognized in the simulations from Chapter 5.5.1.

The circuit operation is very closely related to that of an class E amplifier. Load and
source on in- and output are exchanged, the switch is replaced by a diode. Exactly
the same waveforms can be observed, they are only reversed in time [14, 27, 28]. The
biggest difference is, that in a class E amplifier, the duty cycle is externally controlled
by the mosfet’s driving circuit. In the rectifier, the diodes turn on as soon as there is
a positive voltage across them, making the diodes conduction duty cycle dependent
on input voltage, load resistor and the L and C values [29]. The theoretical maximum
power — for given diodes — is reached when both diodes conduct 50% of the time. For
other duty cycles, there will be times were both or none of the diodes conducts.

One fundamental disadvantage of all class E like resonant circuits is their high voltage
and current stress they put on the actual switch. Especially if the circuit uses high Q
values and a single switch. As the rectifier of this work uses two diodes, it can handle
double the power than a single diode circuit and compensates this disadvantage to
some degree.
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4.3.3 Inputimpedance

As the equivalent circuit from Figure 4.12 is valid for both half cycles?, it can be used to
determine the rectifiers input impedance.

Ry --1- R -
. joC . L-Q R
ZIN= jJWLser + ———— =] [a)L - + (4.30)
ser . 4 ]wLC ser Q2 + 1 Q2 + 1
The phase shift ¢ between input voltage and current is given by:
S(Z1n) Lger 2
tan(y) = =w Q@ +1)- (4.31)
VAR I TR

If Equation 4.23 was used to design the rectifier (and the RLC circuits resonance fre-
quency equals the operating frequency) — Equation 4.31 will show, that it does not have
a purely real impedance on its input.

By setting the series inductance to a smaller or bigger value than Equation 4.23 pre-
dicts, the imaginary part of the input impedance of the rectifier can be compensated.
The phase shift between input current and voltage can be eliminated, making the rec-
tifier look like a resistor from its input. This simplifies the design of the impedance
matching circuit in Chapter 4.4. The price for this is, that the diodes will not operate
with 50% conduction cycle, slightly reducing its power handling capability from the
theoretical maximum.

For the equivalent circuit, where the junction capacities are assumed to be constant,
a real input impedance can be obtained by setting ¢ = 0 in Equation 4.31 and solving
for Lger. This gives Equation 4.32, a condition for the series inductance, to make the
rectifier behave like a resistor.

L

= —Q2 — (4.32)

Lser

In the real circuit, this condition will not hold true anymore. The junction capacities
are heavily dependent - in a nonlinear way — on the diodes instantaneous reverse volt-
age. Considering this leads to nonlinear differential equations that do not have a closed
form solution [30]. To tune the circuit anyway, it can be simulated in PSpice. All the
parasitics are considered in their full nonlinear form by the PSpice diode model. In a
series of transient simulations, the optimum value of L., can be found, giving a purely
real input impedance. This was done in Chapter 4.3.4.

4.3.4 Simulation

To show the advantages of resonant operation, the circuit has been simulated in PSpice,
the schematic can be seen in Figure 4.13. The diode GS150TA25110 from IXYS is mod-
elled, including its non linear junction capacitance and all other non idealities. The
package and trace inductance is provided through Lp1 - Lp4. The circuit is simulated
at 200 MHz at an output power level of around 200 W.

“In the real rectifier, the reactive current Ic, flows alternately through C1 and C2 for each half cycle.
As both have the same value and the same initial conditions at the switchover point, they are replaced
by a single capacitor. This way the same reactive current can be observed. The DC power extraction
is modelled by the resistor R;. The resulting equivalent circuit is a resonant tank, without rectifying
properties — but with the same electrical characteristics as the resonant rectifier.
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Figure 4.13: Schematic of the PSpice simulation of the resonant rectifier

In the first simulation, seen in Figure 4.14a, the top diagram shows the input voltage
after the generator resistor (green) and the input current flowing through the source VO
(red). The current trough VO consists of 2 parts.

¢ The constant DC output current, offsetting the current waveform. This is a prob-
lem for the realization of the circuit which is solved in Chapter 4.3.5.

e The reactive current I¢, flowing in the loop formed by VO, Rg, Lser, D1 and D2.
For the non resonant case, this waveform contains a considerable amount of har-
monics. (See also Figure 4.15)

Also the input voltage waveform has substantial harmonic content. There is a phase
shift between current and voltage, meaning the input reactance of the rectifier is not
zero. The voltage lags current, implying capacitive behavior, which is caused by the
junction capacitance of the 2 diodes.

The second diagram shows the voltage across D2. The green waveform represents the
measurement at the package pins, accounting for the package inductance. The red one
represents the voltage directly at the diode junction. In the green waveform, ringing
can clearly be observed each cycle. The difference between red and green waveform
shows quite dramatically the voltage drop across the small package inductance and
that measurements at terminals of the device can not be used to determine the internal
state of the diode.

In the second simulation, Figure 4.14b, the series inductance L. = 35nH has been
added to the RF current loop. The high frequency currents are now restricted to flow by
all inductors in this loop, resulting in a more sinusoidal waveform for input current and
voltage. L., has been chosen to compensate the capacitive input reactance, resulting
in zero phase shift between the input current and voltage waveform. Also the high
frequency ringing across the diodes is less. The price for these improvements is, that
the voltage stress on the active device has nearly doubled, showing the compromise
that has to be gone with high Q resonant rectifier circuits.

To understand the behaviour of the circuit with a real diode, c; is assumed to depend
on the average voltage across the diodes and so directly on Vpyr. The parameters
of the resonant circuit will change with output voltage, so with R; and input power.
Changing those values impacts conduction time of the diodes and the rectifiers com-
plex input impedance. The dependency of all these values on R} actually allows some
degrees of freedom in circuit design and simplifies circuit operation:
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e 4.14: Resonant operation effectively reduces harmonic radiation on the recti-

fiers input but also causes more voltage stress for the active device.

In the practical realization of the rectifier, Ry can be used to tune its input impe-
dance to a purely real value. To explain this, all component values are assumed
to be constant. If Ry is increased, several things happen. The first thing is the
output voltage rises as the rectifier behaves like a current source. In Equation 4.3
it has been shown that the output voltage equals the average voltage across D2,
which will increase too. More voltage across the diode means that the average
value of ¢y will be smaller (Equation 5.6). This has direct influence on the recti-
fiers LC circuit — which allows the resonant operation — and in the end changes
the input impedance. This is exploited in the prototypes, as it is difficult to make
the values of Lg,, changeable.

On the other hand, assuming the rectifier will be tuned by R;, the series induc-
tance Lgor Will determine, what the optimum value for R; will be. This allows to
set the DC output resistance of the rectifier while designing the circuit.

The reason for this is again the variable c;. To tune the rectifier containing a big-
ger Lg.r, a smaller c; is needed for the same resonant frequency (Equation 4.23).
That means a bigger average voltage across the diode is needed, demanding a
higher valued load resistor and resulting in a higher impedance operation (more
voltage across, less current through the diodes).

This can be used to set R; to an value, where the maximum voltage and current
ratings of the diode are almost reached but never exceeded. This way the maxi-
mum power can be rectified with one particular diode.
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It shall be noted that resonant operation is not a miracle solution to use arbitrarily large
power diodes at RF frequencies. Using higher powered diodes with a bigger junction
capacitance demands for a lower series inductance to keep fi, constant and still meet
the resonant condition from Equation 4.23. As the series inductance can not be made
arbitrarily small, this prohibits the use of very large power diodes with junction capac-
ities in the nano farad range. The minimum realizable inductance from the prototypes
of Chapter 7 - including circuit traces and package pins — showed to be 5 nH, setting
an upper limit of avg(cy) = 130pF to meet the resonance condition at 200 MHz.

The other limiting factor is the reverse voltage of the used diodes. Diodes with higher
Viev can usually handle more power for the same c¢; (Chapter 5.4). Using such diodes
results in a higher impedance operation of the circuit, the output voltage and so the
voltage across the diodes will be bigger. Still, c; has to be charged to the maximum
diode voltage and back to zero in one cycle, which - for higher voltages — can only
be done by higher currents. The energy to charge c; is in principle not lost in a res-
onant circuit — the purely reactive charging current is provided by the series induc-
tance. Problems are rather caused by resistive losses in the passive components and
circuit traces, which increase proportional to the square of the flowing imaginary cur-
rent. This places a limit on the use of high voltage diodes. Simulations showed that
the reactive charging current will exceed the diodes current ratings easily. As it is not
flowing through the actual semiconductor junction®, the datasheet ratings might be
exceeded but Rg and at last the current rating of the bonding wires will place a limit on
maximum charging current and thus on maximum usable diode reverse voltage.

4.3.5 Radiated harmonics

It has been shown in Chapter 4.2.1, that the nonlinear characteristic of the diode (de-
scribing an exponential characteristic) generates new harmonic frequencies. The diode
behaves as an active current source, supplying rather than absorbing power on these
frequencies. For an ideal half wave rectified current waveform in the time domain, the
fundamental and every even harmonic is needed in the frequency domain.

It now depends on the peripherals of the diode, whether those harmonics are trans-
ferred to the input of the rectifier or not. It has been shown in Chapter 4.3 that a care-
fully sized inductance in the RF current loop can attenuate the high frequency compo-
nents substantially and allow a beneficial resonant operation. The improvement can
be seen clearly in Figure 4.15, showing the frequency components of the input current.
Especially the second harmonic at 600 MHz is reduced and more energy is present on
the fundamental.

To provide a path for the DC output current, a shunt LC tank circuit is added to the
input. It prevents DC current to flow through the generator. This is important, as un-
necessary power would be dissipated in the generator resistance. In fact the antennas

5The current through the diode can be split in one part, flowing through the junction when the device
is forward biased and another part flowing through c; when the diode is reverse biased. They can be
seen as Icp and Ipy in Figure 4.11b. I¢» causes power dissipation in Rg (referencing to the equivalent
circuit of the diode in Figure 4.4) while Ip, causes dissipation in Rg and rp. As the diode is for at least
50% of the time in reverse condition, less power is dissipated — compared to operating the device with a
DC current. The maximum forward current ratings in a diodes datasheet are dictated by the maximum
power dissipation with a DC current and so might be exceeded by a purely reactive current causing less
dissipation.
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Figure 4.15: Frequency components of the input current.

of the coaxial power divider are not able to sustain a DC current at all. With the LC
circuit, the line at f=0 disappears from the spectrum, no DC current flows trough the
source. The waveform of the input current gets centered around the horizontal axis.
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Figure 4.16: Rectifier with added LC circuit to form a DC path.

The LC circuit, together with the generator resistance of the input source, forms a par-
allel RLC circuit. It has the positive side effect of acting like an input filter, attenuating
higher frequency harmonics. However, as the generator resistance is low ohmic, the
filter will have a wide bandwidth. How much the filter reduces radiated harmonics, is
investigated in the following section.

The RLC circuits impedance can be calculated analytically (Equation 4.33), it is plotted
in Figure 4.17:
1 1 1 joL

—=—+joC+= Z=R

- +— (4.33)
7 joL R 1-w?LC

Its maximum impedance is at the resonant frequency w,.s = 1/(y/Lpc;) and is defined
by the parallel resistance. Below w,.s the inductor determines the circuits impedance
by Z = jwL. Above w,,s the capacitor does by Z =1/(jw().

Its resonance frequency is designed to equal the input frequency by Equation 4.23. This
way it has a high impedance on the fundamental and low impedance on every other
frequency, shown in Figure 4.17.
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Figure 4.17: Impedance of an RLC circuit over frequency.

The parallel resistance determines the RLC circuits bandwidth. It is defined as the
width of the impedance peak, between the points where the impedance is lowered 3 dB
compared to the peak value. For a RLC circuit it can be calculated by taking Equation
4.33, setting it equal half the peak value (Z = R/2) and solving the equation for w.

1

BWsap = 5=

(4.34)

There is a degree of freedom in defining the L and C values for the same w,.;. Choosing
a big C and small L results in a smaller bandwidth and good rejection of harmonics, as
the capacitors reactance is smaller. It also results in big imaginary currents between
L and C which has to be considered in circuit board layout, thick traces are needed to
avoid excessive losses.

6.0A
I I(Rg)
with LC input
filter
4.0A
2.0A
f
0A
OHz 0.2GHz 0.4GHz 0.6GHz 0.8GHz 1.0GHz

Figure 4.18: With added input filter.

The 3 dB bandwidth of the input filter, after Equation 4.34, with the chosen values is
BW3,5 = 402M Hz. This means the first harmonic at 400 MHz is reduced to half, the
second harmonic to a quarter of its value. Higher frequency components are attenu-
ated by the capacitor and harmonic radiation is reduced on the input of the rectifier.
It can be seen in Figure 4.18 that the biggest harmonic is now 27 dB below the funda-
mental (4 %). If needed, this can be improved by more complex filters — but for this
application the results are satisfactory and the simplicity of the LC tank is a big advan-
tage for the actual realization of the rectifier.

4.4 Impedance match

In this section the input impedance of the rectifier is determined over input power
level and solutions are found to match it to a 50Q2 generator to obtain maximum power
transfer.
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The input impedance of the rectifier — operating in resonant mode — from Chapter 4.3
depends on the values of:

* ¢; because the diodes junction capacitance is compensated by a series induc-
tance, allowing the rectifier to operate in a resonance mode and having a real
input impedance. If ¢; is too big, the input impedance will become capacitive, if
¢y is too small, it will become inductive.

* Vpc because the voltage across the diode changes its junction capacitance. The
average diode voltage equals the DC output voltage.

* Pj, because the output voltage changes with input power.

* R; because the rectifiers output behaves like a DC current source and the output
voltage changes with load resistance.

* L. because the series inductance is set to a specific value, so that the overall
inductance in the RF current loop around the diodes compensates c; at one spe-
cific power level. This value is chosen, so that the phase shift between input
current and input voltage at the nominal input power becomes zero. Hence in
this chapter the assumption S {Z;n} = 0 can be made.

This means a perfect match can only be made at one specific operating point.

To determine the input impedance of a real rectifier, considering all parasitics, the
circuit simulation program PSpice is used. The sinusoidal input current and voltage
waveforms are displayed. The relation of their amplitudes reflects the magnitude Ry,
their phase shift between each other reflects the phase angle ®;y,.

Rin = Ui/ Iin) DPin = @ (Uin)) — P (Iinw) Zin = Ripe/ ¥ (4.35)

A parametric simulation in PSpice, varying the input power from 1 W to 300 W shows
the rectifiers | Z;, | in Figure 4,198,
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Figure 4.19: Input impedance over input power for the resonant half wave rectifier.
Only passive, non adaptive matching circuits are considered. The input impedance is

determined at the nominal power 200 W, obtaining Z;, = 16.5Q + 0jQ. To match this
to the 50Q2 generator, several methods are possible:

SFor technical reasons, the phase relation of fundamental in- and output current could not be ex-
tracted from PSpice. Nonetheless it can be seen in the practical measurements from Chapter 7
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Magnetic transformers Magnetic transformers are common in the frequency range
from 50 Hz up to 1 GHz. The upper frequency limit is dictated by the magnetic
stray field, causing a high input impedance at high frequencies. Also capacitive
parasitics pose a problem. A transformer was not used as the necessary core
materials were not readily available in the laboratory.

Concentrated elements Resonant circuits consisting of 2 or more L and C elements
can be used to transform impedance. They can be designed with a Smith chart
very easily. Their disadvantage is that real inductors and capacitors are lossy and
suffer from parasitics. This poses especially a problem at higher power levels and
frequencies. They are also hard to get in arbitrary values.

TX-line transformers Transmission lines with a specific Zy and length, in series with
the supply lines are used. The general idea is, that the reflections — created from
the impedance step of the TX-line — cancel the reflections from the load by de-
structive interference. The source sees no reflected power whatsoever. This prin-
ciple is also widely used in optical anti reflection coatings.

TX-lines can be used in different ways to facilitate an impedance match, this shall
be examined further in the next section.

4.4.1 Quarter wave transformer

A series section of transmission line with an electrical length of A/4 can be used for
matching an arbitrary (real) load to any other (real) source impedance if its Z is chosen
right [31].

— 1 — — 1 —

Il I2
e 4 Oy

Figure 4.20: Voltages and currents on a TX-line.

In Figure 4.20 we see the voltages and currents at the end of a transmission line, they
are related to each other by Equation 4.36. We assume the lines have no attenuation
and are lossless.

Uy = Uy cos(Bl) + jI, Zp sin(B1) (4.36)

U
I = jsin(Bl) == +cos(BD) L
43

The phase constant  describes the spatial phase change along the transmission line in
radians per meter. For a wave of given frequency or wavelength we get f = w/c =2n/A.

The relation between in and output impedance can be calculated by dividing the 2
equation for voltage and current from Equation 4.36 resulting in Equation 4.37. This re-
sultis very important, as it provides the fundamental rules for transforming impedances
with transmission lines.

7 = Zo +jZLtan(,Bl)

= (4.37)
1+ jZ-tan(Bl)
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Now we consider a line with the length ! = 1/4, inserting this in Equation 4.37 and
solving the function in the limit, we get:

2
ZL

7=k
1 Zz

(4.38)
Thus we need a piece of transmission line with Z; = 28.5Q and [,; = 0.375m to match
the input impedance of 16.3Q2 to the 50Q2 source. The result can be seen in the Smith
chart in Figure 4.21. The main problem with this simple approach is that a transmis-

i
4=0.2500
28.501| 374.7mm (electr)
2
(16.30+0.00)0@200.0MHz

Figure 4.21: A1/4 impedance match.

sion line with an arbitrary value for Z; is needed. For microstrip lines this is not a prob-
lem as the characteristic impedance can be adjusted with the width of the line. Coaxial
TX-lines are generally only available in fixed standard values, meaning a compromise
has to be taken and the next standard value used. This has been done for Prototype 1)
in Chapter 7.2.1.

4.4.2 Two line transformer

To get around this problem, two lines in a series connection, with a given Z; are used.
Both lengths are variable, which gives 2 degrees of freedom, matching the real and
imaginary part of any impedance.

Figure 4.22: Two line transformer.

Again Equation 4.37 is used to calculate how the in and output impedance of the whole
transformer relate to each other.
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7 = Zy+ jZptan(Blh) P Z3+ jZpo tan(Bly)

2
"1+ j & anph) 1+ 2 tan(ply)

(4.39)

Both equations are combined and Z; is eliminated. The result is split in its imaginary
and real part, resulting in 2 equations for the 2 unknowns /; and .

(Zs— 21)(Z12211)
=da
ZEI 23~ Zfzzl
tan(Bly)  (Z1Z3- 27711
tan(Bly)  Zo(Z2 — 21 Z3)

tan(Bly) tan(Bly) =

(4.40)

Solving Equation 4.40 for L; and I, we get two solutions for each line length from the
quadratic functions. To avoid negative line lengths, the property of the tangent func-
tion — to be periodic in 7 — is used. The final formulas for the line length are shown in
Equation 4.41.

= arctan(v ab) li _T- arctan(v ab) 441)
p p
arctan(v a/b) , m—arctan(valb)
I, = T I, = 5

Those equations are used to design the improved impedance match for prototype 1)
and prototype 2) in Chapter 7.2.3. For a given Z; = 50Q, Z3 = 16Q, Z;; = 25Q, Z1» = 50Q
the two solutions I; = 0.222m,l, = 0.0643m, ] = 0.528m, [, = 0.686m are obtained.
They can be seen, visualized in a Smith Chart in Figure 4.23. In this case, the first solu-
tion uses far shorter lines, hence causes less attenuation, saves space and is realized in
the prototypes.

4.5 Comparison of rectifier architectures

The resonant rectifier, analyzed in Chapter 4.1 showed fair characteristics and seems
suitable for energy recovery applications. In this section the question shall be an-
swered, whether other architectures would show superior properties. To find the most
suitable rectifier architecture, six different types from literature are compared against
each other in a simulation, shown in Figure 4.24. A consistent simulation procedure is
used, which is described in Chapter 4.5.1. Different figures of merit are derived from
the simulation data, which are explained in Chapter 4.5.2. Finally each rectifier archi-
tecture is shortly reviewed, in the end the best rectifier is chosen in Chapter 4.5.9.

4.5.1 Simulation environment

To make this possible, the architectures are designed for energy recovery in the SPS,
operating at 200 MHz. For all simulation, the same diode model is used and the rec-
tifier is optimized to convert the maximum power from RF to DC while staying in the
safe area of operation of the diode.
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Figure 4.23: Matching the rectifiers impedance with two TX-lines.
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Figure 4.24: Rectifier architectures considered in the comparison.

The diode GS150TC25110 from IXYS is used. It is a high power GaAs diode in a spe-
cial low inductance package for RF applications. Its main data is I,,4x = 104, Viyax =
250V, c; = 85pF(@1V). Its model is derived from the datasheet. The diagrams are
curve fitted to extract parameters for the generic PSpice diode model. The software
tool “PSpice model editor” is used for this purpose. The data for forward current versus
forward voltage, junction capacitance versus reverse voltage, leakage current versus re-
verse voltage, and its reverse breakdown characteristics are taken from the datasheet
and incorporated in the diode model. Its parameters are shown in Table 4.2. As it
is a Schottky diode, the reverse recovery time by the means of minority carriers is zero
through its intrinsic design. So the PSpice parameter “transit time” is set to a very small
value.

Forward Current Junction Capacitance

IS N RS IKF CcJo M

7.175p4A  1.4083 0.10183Q2 0.68612A 118.1pF 0.40796
Rev. Leakage Rev. Breakdown Transit time

V] ISR NR BV IBV TT

0.67629V 2.4358uA 4.995 260.2V 2519A 1le-016s

Table 4.2: PSpice diode model parameters for GS150TC25110.
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After the modelling, crosschecks have been made, measuring the forward character-
istic and junction capacitance in a simulation and comparing the diagrams with the
datasheet, ensuring the diode model is realistic.

The parasitic package and lead inductances have been modeled by 3nH inductors on
each diode pin. A typical schematic of a simulation can be seen in Figure 4.16.

For each rectifier simulation, 2 parameters are optimized in an unified procedure:

1. First the input voltage and generator resistance are set to the arbitrary values
Vo =200V, Rg = 25Q, giving an available power of P, = 200W (Equation 4.42).
This places the rectifier in an operational area of interest.

VZ
oy = —BMS (4.42)
4Rg

2. Now the load resistance Ry is adjusted to match the impedance of the diode. Ry
and V) is varied and one cycle of the voltage and current of the diodes is plot-
ted. The optimum R; value is reached, when the maximum current and voltage
ratings are approached, but not exceeded during regular operation.

3. Once Ry is determined, the reactive components (if existent) of the rectifier are
tuned for resonant operation. Like in Chapter 4.3.5, input voltage and current
waveforms are plotted. If there is no phase shift left, the optimum value is reached
and the input impedance is purely resistive.

4. Now the source impedance is matched to the rectifiers input impedance’, with-
out changing the input power level. This is important as the rectifiers behavior is
heavily dependent on power level, so from its point of view, the same input power
should be delivered. This is done by measuring the amplitude of input current
and voltage on the fundamental frequency. The PSpice FFT function is used for
that. Then the generator resistance and source voltage is set to: Rg = U; n)/ I; n(0)
and U, = 20,'”(0).

Eventually steps 2, 3 and 4 have to be repeated until the optimum operating point is
reached. After the circuit is tuned, a parametric transient simulation is run, varying the
available input power from 1W to the maximum possible value. The figures of merit
described in Chapter 4.5.2 are extracted.

4.5.2 Figures of merit

The most suitable rectifier fulfills all of the requirements listed in Chapter 3 in the best
way. Following parameters are extracted from the simulations and used as a figure of
merit to compare the rectifiers:

Max. DC output power How much output power can the rectifier supply, without ex-
ceeding the maximum current or voltage rating of the used diode(s). If one recti-
fier module can handle more power, the overall recovery system gets more eco-
nomic, as the power divider gets less complex, less lossy and less pricey.

"This is possible, as impedance matching techniques are later used in the real circuit to transform the
generators output impedance to any value (4.4)
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RF/DC efficiency Defined as DC output power divided by available RF input power.
Calculated in PSpice by Equation 4.43

and visualized in a diagram over input power level.

T.H.D. Total Harmonic Distortion of the input current. Defined as the ratio of power
on all overtones by the power on the fundamental. Gives a figure of how sinu-
soidal the input current is. A perfect undistorted sine is aspired, it has no over-
tones and a T.H.D. of 0%.

circuit complexity As several hundred rectifier modules are needed, its important for
the circuit to be as simple as possible. The component count, production and
tuning effort as well as reliability issues are evaluated to get a score from 1 (worst)
to 6 (best).

exploited parasitics Does the rectifying architecture exploit the diode parasitics (cy or
Lp) as an integral part of the circuit? 0 means no, 1 means only a single parasitic
is exploited, 2 means both are exploited.

number of diodes How many diodes are needed for the circuit. More diodes mean a
higher price and a higher probability of device failure.

4.5.3 a) Voltage output full wave rectifier

Figure 4.25: a) Voltage output full wave rectifier

For this rectifier, the simplest possible architecture — providing full wave rectification —
has been chosen. It utilizes 2 diodes and a 180 degree phase shifter. The phase shift can
be created by either a transformer with 2 inverted secondary windings (in the simula-
tion), with a specific length of transmission line or with a 180 degree microwave hybrid
(in the practical circuit). The circuit isn’t tuned for resonance and no additional passive
elements are added to allow a resonant operation. It is kept the simplest way possible.
A full wave rectifier with four diodes and without transformer is not chosen, as in this
configuration the effective junction capacitance is doubled, compared to a).

For the simulation, a transformer is used to get the 2 out of phase signals and to provide
a DC path to the output. A capacitor in parallel to the primary is used to adjust for real
input impedance and to dampen harmonic radiation.

The circuit is simulated as described in Chapter 4.5.1. It works best with a load resis-
tance of Ry = 6.1Q). This value is too low for efficient DC power transmission, too much
power will be dissipated in the wires resistance.

The current through the diodes and into the output capacitor is discontinuous, mean-
ing it has large high frequency components and overtones. Those are only dampened
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by the output capacitor, resulting in a critical high current, low inductance loop from
the output capacitor to the diodes. This is hard to realize in an actual circuit and the
cause of the low efficiency value of only 86 % and high T.H.D. of 13.7 %.

A 180 degree microwave hybrid is used in Prototype 0) to get the input voltage phase
shift. The reason is that at 200 MHz, considerable engineering effort is needed to con-
struct a transformer with low parasitic capacitance. The necessary materials were not
readily available in the laboratory.

The DC output current will flow through the microwave hybrid. This has to be consid-
ered as the magnetic material in those devices can saturate, causing signal distortions.
Depending on their internal construction, some hybrids do not provide a DC path at
all.

It is interesting to note that the transformer version of the circuit effectively suppresses
harmonics radiated toward the input. The 2 diodes generate the same harmonic spec-
trum. The diodes can be seen as a source for harmonic currents. Those flow into the
transformer, cause a magnetic field of opposing polarity and cancel each other.

Also it has to be noted that a non resonant circuit generally bears less stress on the
diodes voltage and current ratings. Higher input powers are possible at the cost of a
reduced efficiency.

4.5.4 b) Current output full wave rectifier

Figure 4.26: b) Current output full wave rectifier

The outcome of defusing the critical current loop of a) is this architecture. The output
capacitor is replaced by a storage inductor. The circuit operation changes, now there
is a continuous current flowing to the output at all times. The output current com-
mutates smoothly between the 2 diodes, resulting in less TH.D. of 6.9 % and higher
efficiency of 92 %.

This architecture is based on the continuous current forward converter, which is found
in power electronic literature.

4.5.5 c) Voltage output series resonant rectifier

Figure 4.27: c) Voltage output series resonant rectifier

The series resonant rectifier with voltage output was taken from [18]. In this architec-
ture a series inductance is placed on the diode. It is dimensioned carefully, so that the
junction capacitance can resonate with it at the input frequency.



4.5. Comparison of rectifier architectures 47

It is a common misconception to believe, that input current only flows during a small
portion of the positive half cycle, like expected in a classic low frequency peak voltage
rectifier with a single switch. As the diode with its c¢; together with L., now rather be-
have like a resonant LC tank circuit, the input current of the negative cycle is stored in
the passives and delivered to the output on the next positive cycle. With ideal compo-
nents, 100 % efficiency can be reached in theory. In fact, the diodes conduction length
is independent of the output ripple voltage [24] — unlike in a classical peak rectifier.
Input current is sinusoidal and there are no peak charging currents occurring. This cir-
cuit has the advantage that both parasitics — ¢y and Lp - of the diode are exploited for
its operation, resulting in an excellent efficiency of 96.5 % in the simulation with the
realisitc diode model.

The shunt inductance across the input is needed to provide a path for the DC current.
It can be introduced into the circuit without influencing its operation. Therefore the
series inductor is split into two parts. One of it is converted by “series shunt transfor-
mation®” at the operating frequency to a parallel inductor.

AT - style input filter is used to keep the harmonics at acceptable levels. It consists of
two 12 nH inductors and a shunt capacitor of 81.3 pF in between. The bandpass filter
has been designed for lowest insertion loss at 200 MHz and has a 3 dB cutoff frequency
at 240 MHz. This provides excellent rejection of harmonics but makes the circuit more
complicated, especially as high quality capacitors and inductors at arbitrary values are
needed.

For resonant operation always a compromise between high Q values - meaning high
stress on the diode — or low Q values and high harmonic radiation has to be chosen.
As the circuit uses only one diode, little power can be rectified while still maintaining
areasonable Q value. At the same time it is relatively complex, utilizing many compo-
nents. This is the main disadvantage of the rectifier, as the application demands for
simple high powered converters.

4.5.6 d) Current output series resonant rectifier

Figure 4.28: d) Current output series resonant rectifier

This is the continuous current version of ¢). The storage capacitor has been replaced
by an inductor. A second diode has been added, to allow a continuous current flow
through the circuit and — most importantly — to double the power rating, defusing the
biggest disadvantage of c). The parasitics of both diodes are brought into resonance
by adding a carefully dimensioned series inductance. The circuit operation has been
analyzed in detail in Chapter 4.3.

8The idea of series shunt transformation is based on the fact, that any series combination of pas-
sive elements can be converted to a parallel combination with the same behaviour at one particular
frequency. This can be shown mathematically.
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The circuit shows very little harmonic distortion on its input waveforms by itself, a
simple parallel LC tank circuit on the input is enough to reduce the radiated harmonics
to an acceptable level of TH.D. = 4.6 %.

The inductor at the output allows to connect a capacitor and that way to incorporate a
second order output filter, providing an DC output with very little ripple.

This circuit suits the application very well, mainly because of its simplicity while still
providing a very high output power of 321 W. The input filter is a simple LC resonant
tank, having a minimum in component count and cost. The circuit needs two diodes
but this poses no practical problems as many diode packages already contain two or
more devices, sometimes already internally connected on the cathodes. This way, even
the package inductance between the diodes is avoided.

4.5.7 e) Current output class E resonant rectifier

¢

Figure 4.29: e) Current output class E resonant rectifier

This rectifier can be compared to d), leaving out the series diode but keeping the LC
circuit. This is the 1:1 inverted version of an class E amplifier. Its design procedure and
a theoretical analysis is shown in [28].

Its operation is closely related to d). It also provides a continuous current flowing
through the circuit, but can be built with only one single diode. The finely tuned reso-
nant operation puts the diode softly in its reverse blocking state, allowing the device to
have some reverse recovery time. The distinguishing mark for class E operation is, that
the voltage across the diode, as well as its derivative are zero at the instant of turn off.
The energy stored in c; is recovered by resonance, resulting in an excellent efficiency
0of 97 %. No input filter is needed, as the inherently sinusoidal operation of the rectifier
generates no more than 3.0 % of T.H.D. at the input, which is acceptable.

Disadvantages of the circuit are its complex and restrictive design procedure. If the
shunt capacity across the diode is entirely provided by cj, there are not many degrees
of freedom left to accomplish resonant operation and - for example — match the max-
imum voltage and current ratings of the diode. Also the circuit complexity is high in
comparison to its output power. The package inductance of the diode is not exploited,
it causes an RF ripple into the DC output and should be as small as possible [17].

4.5.8 f) Voltage output class F resonant rectifier

input
filter XZQ:[‘
‘Ir 1,

Figure 4.30: f) Voltage output class F resonant rectifier
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This rectifier was used in some rectenna circuits at RF frequencies and has been taken
from [22]. It consists of an input filter, used to block the radiation of harmonics to the
input. One shunt mounted diode performs the rectification. The output filter accom-
plishes two tasks. It prevents ac components to appear across the load resistor and it
provides a low impedance path for all even harmonic currents to flow. Even harmonics
have the property of an zero average in one period of the fundamental, so they don't
influence the average circuit behavior. An easy to realize output filter is a transmission
line of 1/4 length, which is shorted by an capacitor on the end (this is also the DC out-
put). Even harmonics (2w,4w) are allowed to flow in a short high current loop through
the diode and the transmission line. At odd harmonics (v, 3w, 5w) the transmission line
presents a high impedance, restricting current flow. The DC output can pass without
voltage drop. The circuits operation can be compared to that of an class F amplifier.
Not considering any parasitics, the voltage across the diode will be shaped to a square
wave, only containing the fundamental and odd numbered harmonics. The current
through it will be shaped to a sinusoidal waveform, with one period clipped to zero,
only containing the fundamental and even numbered harmonics.

Unfortunately none of the diodes parasitics is exploited in the circuit and introducing
them in the simulation changes circuit operation considerably. Also the input filter is
complicated to realize, needing at least 3 LC circuits which have to be tuned to the fun-
damental and harmonic frequencies. After all the circuit complexity is not in relation
to the low power rating of only 129 W that could be reached with the rectifier.

4.5.9 Conclusion

In Figure 4.31 the magnitude®of each rectifiers input impedance drawn over the avail-
able input power level can be seen.

The dependence on input power can be explained by the voltage dependent junction
capacitance of the diode. At higher powers, there is a bigger voltage across the diode,
severely reducing its c;. It depends on the rectifiers circuit how the input impedance
magnitude relates to this change. If the diode is shunt mounted the increased reac-
tance also increases |Zj,|. An exception to this is circuit c), where the behaviour is
inverted.

As an optimum match of | Z;,| to the generator can only be achieved at a specific value
of input impedance, a flat curve over a wide frequency range is appreciated. All but the
circuit f) show a reasonable small variation of Z;,, for matching at power levels > 100W.

In Figure 4.32 the RF/DC efficiency of the rectifiers is shown over input power level.
The efficiency should be high over a large range of input powers. The absolute maxi-
mum power level the rectifier can handle is another important aspect. Clearly circuit
d) shows very good efficiency values while also being one of the most powerful recti-
fiers. Circuit e) is the most efficient rectifier and also squeezes the most power out of
one single diode.

In Table 4.33 all important properties of the considered architectures are summarized.
The cell background color shows the suitability from green = best to yellow = worst.

YUnfortunately the imaginary part of z;, could not be extracted from the PSpice simulation. The
complete complex impedance z;, is measured and visualized in a smith chart in Chapter 7 though.
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Figure 4.31: Magnitude of input impedance over input power.

The series resonant rectifier with current output d) has been chosen as most suitable
circuit. It can handle high powers while being relatively simple in component count
and easy to manufacture. Also its harmonic radiation is acceptable and it provides the
second best values in efficiency. A prototype of this rectifier is designed, realized and
measured for its performance in Chapter 7.

4.6 Synchronous rectifiers

In a synchronous rectifier externally controlled active switches like MOSFETs or HEMT
transistors are used. The advantage is that modern mosfets can reach conduction re-
sistances of Rps,on = 1m(2 resulting in minimum forward losses. Just for comparison,
a GS150TC25110 Schottky diode has a forward resistance of around 100mQ.

Another advantage is the controlling aspect. By varying the conduction angle, the out-
put power can be controlled, making those devices very useful in applications like
power managed computer CPUs, where a controllable DC voltage is needed. As we
always want to recover as much power as possible, the advantage is not exploited in
this application.

The 2 major disadvantages are:

* Active switches generally have a higher junction capacitance than diodes. It is
this parasitic component that is limiting the RF/DC efficiency of the rectifier at
RF frequencies. Using active switching devices doesn’t provide any advantage,
they have the same, usually even bigger cjp) between drain and source than
diodes. When using active switches, a second parasitic, the capacity cj) be-
tween gate and source has to be considered. This capacity is the reason, why
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Figure 4.32: RF/DC efficiency over input power.

mosfets need a tremendous amount of gate drive power at RF frequencies in
conventional power converters. There are some approaches, using resonant net-
works incorporating cj) and recovering this power [29] although they result in
complicated circuit architectures.

e Every circuit architecture using active switches will be more complex, less reli-
able and more expensive than one using diodes. This is especially important,
as some kind of resonance scheme can not be avoided in the control and power
node for efficient operation at RF frequencies.

Alternatively, Schottky drain transistors might be considered. They can be operated in
a diode like fashion by appropriately connecting the gate electrode. These devices are
used in high power RF amplifiers at up to 2 GHz and promise a good performance for
this application [32].
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Figure 4.33: Results of the rectifier comparison. Green = best, yellow = worst.
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The first diodes were made out of a silicon lump and a copper needle pointed into
the crystal. This formed a metal semiconductor contact or Schottky diode. Diodes
constructed like this were in use in the early days of radio transmission up to the 90s
with an improved construction and hermetically sealed package. People found out
that the electrical characteristics can be changed permanently by pulsing it with a high
current. In fact part of the metal contact fused with the semiconductor, forming a N
doped region and a proper PN junction. During the second world war, people found
out that rusty razor blades can be used as rectifiers to build simple radio receivers.
Construction methods have severely improved since then, especially Schottky diodes
are in the focus of development and new findings in material research will makes those
devices considerably improve the efficiency of present power converters.

5.1 PN junctions

The advantage of classic PN junction diodes is their high reverse voltage rating. Unfor-
tunately they suffer from a certain reverse recovery time, which makes them unusable
for RF frequencies.

5.1.1 Basic operation

Immobile Charges

[
Py ©.g8 & o ®l2®[c o
o. o ol @
o ol ° o. [ (N 0.,
Depletion Region
® Electron @ Acceptor ion ~—
o Hole @ Donor ion Var

Figure 5.1: PN junction in static condition.

A basic PN junction without an external electric field is shown in Figure 5.1. The neu-
tral (intrinsic) semiconductor material is doped with donor or acceptor ions, forming
the N or P type silicon. Those are impurity’s that are integrated into the silicons crystal
lattice and provide free electrons (donors) or free holes (acceptors) as freely moving
charge carriers. When a N and P type semiconductor is sandwiched' together, a diffu-
sion process starts. The charge carriers around the junction are attracted to each other
and recombine. The depletion region is formed, where all the electrons and holes neu-
tralize each other, only the immobile donor and acceptor ions are left behind. The
charge of those ions creates a voltage potential across the depletion region which is
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called built in potential Vp;. It depends only on temperature and doping concentra-
tion of the silicon and is described by Equation 5.1 [33].

VBI = VTln

5.1
”12 (6.1

NAND)

With V7 = kT/e = 26mV for room temperature, N4 = 10'® holes per cm® and Np =
10'7 electrons per cm?® for the doping concentration and n; = 1.5-10'° which is the
number of free electrons in 1c¢m?® of intrinsic silicon, the built in voltage Vp; = 0.757V
is calculated.

The actual spatial width of the depletion region can be calculated by Equation 5.2.

2(1 1
Wep = \/— (— + —) Vi (5.2)

Where €; = 1.04-10712F/cm is the electrical permittivity of silicon and e = 1.602-10719 As
the elementary charge of an electron. This gives a width of Wy, = 329nm for this ex-
ample.
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Figure 5.2: PN junction in forward condition.

What will happen when we apply an external voltage can be seen in Figure 5.2. The
holes and the electrons are repelled by the external voltage and start moving in the di-
rection of the junction. There they neutralize some of the immobile charges, effectively
compressing the depletion region. As the external voltage rises and approaches Vpj,
the depletion region gets smaller and vanishes entirely, allowing an increasing number
of electrons and holes to recombine in the junction and an exponential rising current
Ip to flow. The relation between voltage and current in forward condition is given by
Equation 5.3, where Vr is the forward voltage across the diode, Is the reverse current
and n the ideality factor. It varies between 1 and 2 and depends on the fabrication
process.

VE
Ip=1Ig (e"VT —1) (5.3)

Reversing the external voltage, exactly the opposite happens. Electrons and holes get
carried away from the junction, exposing more of the immobile charges. The depletion
region gets bigger and the built in potential rises, effectively inhibiting current flow. To
be precise, a small constant reverse current I is still flowing, caused by the minor-
ity carriers. These are charge carriers, randomly created by the non zero temperature

IThere must be one perfectly uniform crystal lattice, so literally putting them together is only a
thought experiment. In real life this is done by taking one uniform intrinsic semiconductor material
and creating the charged zones by a localized diffusion or ion implanting process.
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Figure 5.3: PN junction in reverse condition.
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on the “wrong” side of the junction and recombine instantly. So I is only dependent
on temperature and usually in the order of nA. However, once a certain reverse volt-
age across the diode is reached, electrons from the crystal lattice (not the free charge
carriers) have enough energy to exit their covalent bonds. This causes an avalanche
breakdown effect, rapidly conducting a very high reverse current. For Zener diodes
this effect is cultivated and can be used for (noisy) voltage stabilization.

5.1.2 Origin of the junction capacitance

The depletion region can be seen as the dielectric in a parallel plate capacitor and thus
a parasitic capacitance c; is formed across the diodes junction. One unique property is
that the depletion region changes its width depending on the applied reverse voltage,
making the capacity voltage dependent in a nonlinear fashion.

The capacity of a parallel plate capacitor is defined by Equation 5.4, where A is the
surface area of the plates and d is their distance to each other.

_e-A

C
d

(5.4)
Inserting the depletion regions width for d gives the physical formula for the junction
capacitance of the diode with an reverse voltage. For the example above and a chip
area of 5*5 mm ¢; =79pF at 0.7 V is calculated.

€s-A e;A%e

= W = ) )
dep Z(N—A+N—D)(VBI_VD)

(5.5)

¢

More common in engineering work is the simplified descriptive formula used in PSpice
[34]. It is shown in Equation 5.6 and can be parametrized to result in the same curves
as Equation 5.5.

(5.6)

The distribution of the doping ions in the junction is defined by m (linear m=1, step
function m=0, hyperabrupt m=-1). Cjy is the capacity measured at Vp = 0V. The for-
mula is valid for Vp > 0 too, but as the forward voltage is in the range of a few volts only,
the capacity does not store much energy and is usually neglected. For a real diode the
measured c; is shown in a diagram in Figure 5.4.

The junction capacitance limits the maximum frequency, a Schottky diode can be used.
High power devices have large chip areas, resulting in a c¢; in the nano Farad range. It
has to be charged and discharged each cycle, resulting in enormous imaginary cur-
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Figure 5.4: ¢j over —Vp for an IXYS GS250T125110 diode

rents. In PN diodes, c¢; can be neglected. Not because it is particularly small, but be-
cause the diffusion capacity is larger by an order of magnitude and makes PN diodes
unsuitable for RF applications. The diffusion capacity is explained in Chapter 5.1.3.

It shall be noted that c; can be exploited for a whole lot of practical applications. It
is used as an electrical controllable capacitor — for example to shift the resonant fre-
quency in LC circuits — with a static control voltage. Thus “varicaps" can be found in
every radio receiver as part of an adaptive input filter.

Another interesting property is the generation of harmonic frequencies trough the de-
pendence of ¢; on Vp. This can be shown mathematically by calculating the current
through the capacitor [31]. The current through c;j is its change of electrical charge (Q)
over time and can be calculated by derrivation.

Q=C()- V() I—d—Q (5.7)
B T dT '
I—§V(r)+ﬂcm (5.8)
T dt dt '
I—EQVU)+QC(I) (5.9)
dV dt dt '

By assuming a sinusoidal excitation with DC offset, V (f) = V + Vi cos(wt), we get

dC(V) . v .
I= v —V1V0s1n(wt)—?wsm(2wt) —wC((V)sin(wt) V; (5.10)

While the right part of the equation is the same as for constant capacitors, the left term
shows interesting properties. Even without considering any particular nonlinear de-
pendence between voltage and capacitance we can see, that the current now has a
term on double the frequency of the input voltage.

This can be exploited in the use as an frequency doubler. Even amplifiers can be built
using capacity diodes, exciting the diode with a sum of carrier and input signal. The
input will be mixed to a higher frequency but also amplified. As capacitors don’'t shown
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any noise whatsoever, amplifiers with exceptionally good noise figures can be built.
This is used in helium cooled signal detectors for radio astronomy.

1
Wyar = f V(O I(ndt Weonse = ECCVZ (5.11)
T

In the same fashion, the amount of stored energy can be calculated by Equation 5.11.
W, 4 can be equated with the energy of a constant capacitor, W;,,s; and the resulting
equation solved for C.. This value can be used in simplified simulations, as this con-
stant capacitor stores the same energy and causes the same macroscopic operation of
the circuit.

5.1.3 Origin of the reverse recovery time

The junction capacitance c; is the dominating parasitic for PN or Schottky diodes when
they are operated in reverse condition. If PN diodes are forward biased, there is an
additional significant contribution in stored charge called the diffusion capacitance. It
is the reason why the reverse recovery time f; can be observed in PN diodes.

The typical current response of a reversed PN diode can be seen in Figure 5.5 as the
red trace. An ideal diode would block the current immediately as soon as it reaches the
horizontal axis. In a real diode the current is not altered at all for a certain time after it
gets negative, the diode acts like a short circuit.
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Figure 5.5: Typical reverse recovery characteristic of a diode. [35]

This can be explained by looking at the junction in forward condition (Figure 5.2). If it
is conducting a current, all of the immobile charge carriers are neutralized by electrons
and holes, that are pushed into the junction by the external voltage. A large number of
minority carriers diffuse into and literally flood the respective — oppositely charged —
regions (holes in the N region, electrons in the P region). They do not recombine with
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their partners immediately but have a certain lifetime. The “spatial charge”, stored by
minority carriers is given by

Qait = 7 - Itwd (5.12)

where 7 the statistical lifetime of the minority carriers. With a bigger If,q, the minority
carrier density in the neutral region is higher. If they have a longer lifetime 7 they can
diffuse further into the N-type material. So the stored charge is proportional to both
parameters.

When suddenly reversing the external voltage, the diode can not develop a depletion
layer instantly. Rather the minority carriers have to be removed from the junction first.
This happens mostly by random recombination in the junction. The time it takes for
this process to complete is called the storage time £, it can be estimated by

_ Qait __Itwa

(5.13)

Thev e
where Iy is the average reverse current. f;is dependent on the statistical lifetime of
the carriers and the ratio of forward to reverse current. During t;, the full reverse cur-
rent flows but almost no voltage is measured across the diode, meaning that switching
losses during this period do not occur in the diode itself but in its peripheral circuit
elements. Only after the junction is clear and completely free of minority carriers, a
depletion region can be established again, allowing a reverse voltage to be developed
across the diode.

Now the junction capacitance still has to be charged, this happens during the tranist
time ¢;. During that time, electrons and holes are stripped from the immobile charges,
developing a voltage potential that is in balance with the external voltage. Charging c;
establishes the depletion region and puts the device into reverse state.

The overall time it takes to switch from forward to reverse state is called the reverse
recovery time f,,. For medium powered devices ¢, is generally bigger than 15 ns [36]
and can reach up to 1 ms for high power diodes. As ¢, approaches the period of the
RF signal, the device behaves as a current controlled resistor rather than a rectifier.
The resistance for RF signals can be adjusted by the DC forward current. Indeed this
principle is used in PIN diodes, which show small ¢; but very big ¢, values. They are
used in variable RF attenuators and fast signal routing switches.

For rectifying purposes one is interested to minimize t,,, it depends on 7 which can
be changed by different dopants, manufacturing processes, radiation treatments, etc.
A common way to reduce ¢, is to introduce point defects in the crystal lattice. Those
form spots where the minority carriers can rapidly recombine and so the junction is
cleared faster. Point defects can be introduced by doping the junction with gold atoms,
or exposing it to radiation. This way #,, can be reduced by many orders of magnitude.
The price for this is a higher reverse leakage current, a lower maximum reverse voltage
and a slightly higher forward voltage. Especially the gold impurity’s showed to be un-
stable and tend to age fast with increased temperature, weakening the rectifiers reverse
recovery time with age.
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5.2 Schottky junctions

PN diodes suffer from their reverse recovery time, which sets an upper limit on their
usability in a high frequency rectifier. Schottky diodes get beneath that limitation, they
operate by a different conduction process, have virtually no minority carriers in the
junction and thus practically no reverse recovery time at all (blue trace in Figure 5.5).
This makes them suitable for rectifiers at high frequencies.

5.2.1 Basicoperation

A Schottky junction is formed by depositing metal on a polished n-type semiconductor
surface. Its operation is best explained by an energy band diagram.

Electrons of a single atom can only exist in certain quantum states (or orbitals), de-
pending on their kinetic energy. When bringing many atoms of a semiconductor to-
gether, the discrete states form continuous energy bands. Specifically for semicon-
ductors and insulators at absolute zero temperature, all the bands, up to the valence
band Ey, are completely occupied by electrons and do not contribute to the trans-
port of charge carriers. Those electrons are fixed in place and form the crystal lattice
by covalent bonds between the atoms. On the other hand, the conduction band E¢
is completely empty. Between valence and conduction band is a band gap, where no
electrons can exist. An electron needs to gain enough energy (Ec — Ey) to jump from
the conduction to the valence band (for example through a temperature > 0 K), in order
to move freely through the crystal lattice and act as a free charge carrier.

For metals, the band gap does not exist, valence and conduction bands overlap. Elec-
trons can move freely at any temperature and do not need much external energy to
cross a band gap, making metals excellent conductors. Insulators have a very wide
band gap between valence and conduction band, resulting in a negligible amount of
electrons reaching the conduction band, even at high temperatures. As the conduc-
tion band is empty and no free charge carriers are available, insulators have negligible
conductivity.

The energy band diagrams of metal and a n-type semiconductor can be seen in Figure
5.6a, the x axis describes position, the y axis describes the energy of the electrons.

The Fermi level Er is defined as the highest energy level which is still completely filled
by electrons at a temperature of absolute zero. At higher temperatures, the quantum
state with an energy of the Fermi level is filled to 50 % by electrons. Er shows the
statistical average energy of electrons in the band diagram. For semiconductors and
insulators, the average energy level is between Ey and Ec, within the band gap (only
statistically, as no electrons are allowed to exist there). The Fermi Level moves towards
E¢ with n type doping and towards Ey with p type doping. When a semiconductor
device is in thermal equilibrium and there is no external voltage applied, the Fermi
level will be constant throughout the whole junction.

The vacuum level Ej is the energy of an electron outside the material and used as a
reference for the other energy levels.

The work functions, ®,; for metal and ®g for the semiconductor, define the voltage
potential which is needed to free an electron from the Fermi level into vacuum. Mul-
tiplying the work functions by the elementary charge e gives the respective energies in
electron volts and allows them to be drawn into the energy band diagram.
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(a) Materials seperated. (b) Materials joined in a junction.

Figure 5.6: Energy Band Diagram for a metal semiconductor contact.

The electron affinity ey defines how much energy is needed for an electron to jump
from the conduction band (which is — unlike the Fermi level - independent of doping
level) into vacuum.

When the two materials are brought together (Figure 5.6b), a system with a common,
constant Fermi level is formed. Electrons with higher energy diffuse from the conduc-
tion band of the semiconductor into the metal. The immobile charges from the doping
are exposed and a depletion region builds up in the semiconductor. This happens until
the voltage potential is big enough to neutralize the diffusion force and thermal equi-
librium is reached. A difference to PN junctions is, that the number of free electrons
in metal is so large, that it is not possible to deplete it. The depletion region extends
mostly to the semiconductor and only an insignificant distance into the metal. This
can be compared to the situation with a PN junction, where the p side is doped tremen-
dously. In fact, Equation 5.2 and Equation 5.5, describing Wy, and c;, can be applied
for a Schottky diode, if N4 is set to co.

An important parameter from the band diagram is the barrier height, it is given by
Qpo =Py —x (5.14)

and defines the potential barrier, which electrons from the metal have to overcome, to
flow into the semiconductor. In the idealized case its value is constant and indepen-
dent of an external electric field.

Its counterpart on the semiconductor side is the built in voltage Vp;

_Er—-Ec
e

I Vg =®po— Py (5.15)
It determines the potential barrier, electrons from the conduction band of the semi-
conductor need to overcome, to get into the metal. Just like for a PN junction, Vp;
varies with external voltage and doping level.

Once thermal equilibrium is reached, some higher energy electrons flow from metal
to semiconductor and vice versa. This process is called thermionic emission (it would
stop at 0 K). Both flows are balanced? and opposite to each other, so the net current is
Zero.

2Because both materials have the same Fermi level in thermal equilibrium, thus the electrons have
to pass the same barrier height.
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What happens, when an external voltage Vy is applied to the junction, can be seen in
Figure 5.7.

e(Vpr + Vx)

(a) Forward condition. (b) Reverse condition.

Figure 5.7: Metal semiconductor junction with external voltage.

Forward condition If Vy is positive at the metal, the electrostatic potential difference
across the barrier will be reduced by its magnitude. Many electrons in the con-
duction band of the semiconductor have a high enough energy to move over the
barrier into the metal. Therefore electron emission from semiconductor to metal
isincreased. The flow of electrons in the other direction is small because the bar-
rier @3 remains at its value from thermal equilibrium. This allows a net current
to flow through the diode in forward condition.

Reverse condition If V is negative at the metal, the electrostatic potential difference
across the barrier will be increased by its magnitude. Very few electrons can flow
from semiconductor to metal, as they would need a lot of energy to overcome this
barrier. However, some electrons are still emitted from metal to semiconductor,
as ®po remains at the same value from the equilibrium condition. This results in
the diode’s reverse bias saturation current Is.

5.2.2 Comparison between PN and Schottky junctions

The most important difference of a Schottky, compared to a PN junction is, that no
minority carriers (holes in this case) are needed for its operation. There is no recombi-
nation happening in the junction, electrons flow directly from the N type semiconduc-
tor into the metal. Thus the reverse recovery time ¢, for Schottky diodes is zero. No
minority carriers have to be cleared and switching from forward to reverse operation
happens almost instantly. Almost, because some current has to flow to establish the
space charge region. This results in the junction capacitance cj, the only major par-
asitic which limits high frequency operation. Small signal Schottky diodes with very
small chip areas are used in signal detectors and mixers up to the tenths of GHz.

This process of current flow also allows higher current densities in the forward condi-
tion and allows Schottky diodes to have lower forward voltages Vp; = 0.3V than their
PN counterparts, which results in less conduction loss and makes them attractive as
switches in power electronics or protection devices for transistors.
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However, Schottky devices suffer from an inherently higher series resistance. Its cause
is the need for a low doping concentration in the semiconductor material. At higher
currents, the losses in Schottky diodes are dominated by the series resistance (see
Chapter 4.2.1).

The magnitude of the reverse saturation current Is is higher in Schottky diodes. It is
caused by majority carriers which have enough energy to overcome the metal barrier
height ®p(. Thus I is strongly temperature dependent. In PN diodes, reverse current
results from minority carriers diffusing through the depletion layer and is small enough
to be neglected.

If a metal conductor is attached to a very heavily doped n type semiconductor, the
depletion region will be very small in reverse operation. In fact, if it is small enough,
electrons can tunnel through the junction and an ohmic contact is formed. This is
extensively used in microelectronics to build conductive traces and is important when
building connections to semiconductors.

5.3 Wide Band Gap materials

Fortunately, the reverse leakage of Schottky diodes has been majorly improved in the
recent years by research in Wide Band Gap (WBG) materials and band structure engi-
neering’. State of the art Schottky devices are nowadays starting to be used in high volt-
age, high power applications, where they outperform the previously used PN diodes by
orders of magnitude in switching speed.

Schottky diodes from materials as Gallium Arsenide, Gallium Nitride or Silicon Carbide
can be operated at higher temperatures with way higher reverse voltages [37].

Property Si GaAs  6H-SiC 4H-SiC GaN Diamond
Bandgap, E, (cV) 112 143 3.03 3.26 345 5.45
Dielectric constant, &° 11.9 13.1 9.66 10.1 9 5.5
Electric breakdown field, £, 300 400 2,500 2,200 2,000 10,000
(kV/em)
. 2 500

Electron mobility, 4, (cm”/V s) 1,500 8,500 30 1,000 1,250 2,200
Hole mobility, ,Up(cmz/V s) 600 400 101 115 850 850
Thermal conductivity, A

’ 1. 4 4, 49 1. 22

(W/cm K) 3 0.46 ? 3
Saturated electron drift | | ) ) 22 27

velocity, Vear (X107 c/s)

‘e =€, &, where £=8.85x10"" F/cm.
Figure 5.8: Physical characteristics of Si and the major WBG semiconductors
(Source: [37])

The cause for this is that electrons need more external energy to jump from the valence
to the conduction band, hence need to cross a wider bandgap. The external energy

3The idea of band structure engineering is to produce artificial materials, with certain electronic and
optical properties. The materials characteristics are tailored to specific applications. Techniques used
for this are alloying two or more semiconductors. Building heterostructures out of semiconductors with
different band gaps (that constrain electrons in certain dimensions) or using the built in strain of mis-
matched crystal lattices.
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can be given in the form of light (photons), radiation, a high voltage or by thermal
movement. For GaN — compared to Si — over three times the external energy is needed
to lift an electron to the conduction band (Figure 5.8), resulting in radiation hard, high
temperature devices with a high breakdown voltage.

The higher breakdown voltage is a direct outcome of the wider band gap. This directly
improves the three — on each other depending — parameters: Reverse voltage, forward
current and junction capacitance. Basically it allows to use higher doping intensities,
resulting in a lower barrier height for the same reverse voltage ratings. The “thinner”
junctions have the same reverse leakage but less forward voltage losses. Also wbg ma-
terials show higher saturated drift velocities, which are important for high frequency
operation of bipolar transistors and an important factor for determining the reverse
recovery time of PN diodes.

Another very important factor — especially for this application —is the junction capaci-
tance. It depends proportionally on the square root of the materials dielectric constant
V€, the reverse voltage /1/Vp and the doping intensity v/ Np (Equation 5.5). It also de-
pends proportionally on the chip area A, which is designed by the diode manufacturer
to accomplish a target forward voltage drop at the maximum rated forward current
[38]. With wbg materials, smaller area chips with the same forward voltage thus same
forward current rating — but less ¢; can be designed. Also they are generally operated a
higher voltages, further reducing the effective c¢; during operation.

As some wbg materials show a higher thermal conductivity than silicon, it makes them
more suitable for high power pulsed and CW applications. More thermal energy can be
dissipated in a given amount of time. Together with the higher operating temperatures,
excellent high power devices with higher power dissipation ratings, for a given package,
can be made.

The main disadvantage of these materials is their difficulty in manufacturing and thus
high price of the devices. Looking for example at SiC. Its melting temperature is higher
than 2200 °C, requiring a vapor deposition process to grow the material. This is 50
times slower than manufacturing pure silicon by pulling and makes the material very
expensive. Also different lattice structures — called polytypes — can grow in the crys-
tal. This is sometimes denoted by a prefix in the name like 3C-SiC or 6H-SiC. Which
polytypes will grow is very hard to control, as not all of the influencing parameters of
the process are understood yet [39]. Sometimes so called micropipes (Figure 5.9) form
in the material during the growing process, those are hollow channels with a diameter
in the um range that run through the crystal lattice. What micropipes are, why they
form and exist at all is not yet clear either. Presently a lot of research is done on those
phenomena. The formation of micropipes and non uniform polytypes are the main
problems while growing SiC to date [39]. However, the semiconductor foundries will
further refine their manufacturing process, to obtain higher quality and larger diam-
eter wavers. The price of the material is expected to drop, as the demand in industry
increases.

Another application specific disadvantage is, that WBG devices operate naturally at
higher voltages. Only in this way, advantages from a higher electric breakdown field
strength can be gained. In the resonant rectifier, low voltage and high current devices
are preferred as they keep the reactive currents low (Chapter 4.3).
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Figure 5.9: Micropipe which grew in SiC material. Source: [39]

5.4 Comparison of available diodes

To choose the most suitable diode for the rectifier, 14 different devices from different
manufacturers and with different materials have been compared. The data has been
taken from their datasheets. As the junction capacitance is voltage dependent, the
value at 1 V reverse voltage has been taken (Cjl). Two figures of merit are derived from
the diode’s data. “Pmax” is the maximum forward current (If) times the maximum
reverse voltage (Vr) and gives a hint of how powerful the diode is. Pmax/Cj is the power
normalized to the junction capacitance and the crucial factor in the decision which
diode to choose.

Name Material Vr[V] If[A] Cjl [pF] Pmax[W] Pmax/Cj
BeMiTec custom GaAs 70 1.8 4 126 31.5
GS150TC25110  GaAs 250 10 82 2500 30.5
IDD04SG60C SiC 600 4 80 2400 30.0
IDD10SG60C SiC 600 10 260 6000 23.1
C3D03060A SiC 600 3 90 1800 20.0
DGS20-018A GaAs 180 23 210 4140 19.7
DGS 3-018AS GaAs 180 7 70 1260 18.0
STPSC406D SiC 600 4 137 2400 17.5
STPSC406B SiC 600 4 137 2400 17.5
C3D08060 SiC 600 8 300 4800 16.0
C3D10060A SiC 600 10 500 6000 12.0
CSD01060 SiC 600 1 70 600 8.6
PMEG3020EH Si 30 2 60 60 1.0
BAT160 Si 60 1 80 60 0.8

Table 5.1: Comparison of currently available Schottky diodes.

Diodes with a high Pmax/Cj, a high absolute power and a low forward voltage*are pre-
ferred. This is why the GS150TC25110 device from IXYS appeared to be most suit-
able after Table 5.1. It has the further advantage, that the diode is packaged in a way,
perfectly suited for a series resonant rectifier architecture. The package contains 3
diodes with a common cathode and has special, very wide, metal sheet connectors
(Figure 5.10a). Both are measures to cut the package inductivity L, to a minimum.
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To evaluate the device in a resonant rectifier, its PSpice model was derived from
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Figure 5.10: Simulation of the series resonant rectifier with IXYS GS150TC25110 diodes.
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Figure 5.11: Results of the simulation with GS150TC25110 diodes. Top to bottom: Cur-
rent through Diodes, voltage across the package pins of D10, input voltage and cur-
rent*10 of the rectifier.

the datasheet and additional measurements. The series resonant current output rec-
tifier was designed as described in Chapter 4.5.1. For an input power of P;;, = 333W,
P,y = 320W DC output was produced at the load resistor. Efficiency with ideal pas-
sive elements was ) = 96%. The diodes are operating at lower voltages, so the average
¢y is higher than with a IDD04SG60C diode. This means only a small series inductance
L;.s = 10nH can be placed in the circuit to tune it to resonance. Care has to be taken
when building the circuit as this doesn’t allow much headroom for parasitic trace in-
ductance’s and similar. In fact, a too big inductance in the RF current loop was the
reason prototype 2 didn’t perform as expected. Also high frequency currents are less
dampened by the low series inductance, resulting in current and voltage waveforms
with higher harmonic content, shown in Figure 5.11.

“4Because higher voltage devices result in extensive reactive currents in resonant operation. See Chap-
ter 4.3
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5.5 Alternative devices
5.5.1 IDD04SG60C
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Figure 5.13: Results of the simulation with IDD04SG60C diodes. Top to bottom: Cur-
rent through Diodes, voltage across the package pins of D10, input voltage and cur-
rent*10 of the rectifier.

The device IDD04SG60C from Infineon was evaluated with the rectifier architecture of
choice in a PSpice simulation. It is a SiC device in a common DPAK package. The de-
vice model was obtained from the manufacturers website. The rectifier was designed
as described in Chapter 4.5.1, its power ratings are P;, = 260W, P,,; = 247W, its effi-
ciency with ideal passive components is 7 = 95%. The diode is a higher voltage device
rated at V, = 600V, so for efficient operation a rather high ohmic DC load is needed
(Rr = 150Q2). The high voltage operation results in high reactive currents between the
diode’s c¢; and the series inductance (Figure 5.15 top). As the reactive currents cause
less power dissipation in a diode, they are allowed to slightly exceed the device’s rat-
ings. Input voltage and current were brought in phase (Figure 5.15 bottom) by setting
Lso.r = 62nH. The big series inductance corresponds to a very low average c; of the
diodes, originating from the high voltage operation. It leaves a lot of headroom relat-
ing to parasitic inductance of the circuit board traces and more effectively filters out
harmonic components. Indeed all of the waveforms in Figure 5.15 look very smooth
and free of high frequency components.

The advantages of the WBG material are effectively used in the rectifier. The diode has
a forward voltage drop of only 2V at 4A which is negligible if the rectifier is utilizing the
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full 600V reverse voltage. The high operating voltage minimizes the junction capaci-
tance, allowing a lot of inductivity to be placed in the RF current loop. This also leaves
headroom to meet the resonant condition at higher frequencies. The high operating
voltage also causes large reactive currents which will cause ohmic losses in a real cir-
cuit and will exceed the datasheet’s forward current rating of the diode. This might be
legit but should be reviewed with the manufacturer in detail or investigated in an ex-
perimental setup. In fact by allowing more reactive current to flow, the output power
could be further increased.

As it was not possible to get hold of sample devices®, a prototype was not constructed.
Nonetheless this diode is one of the most promising ones for an energy recovery appli-
cation at 200 MHz and should be considered in future work on this subject.

5.5.2 BeMiTec custom diode

... . R2. A - B Le. D11, . L15 O&n T E
o . YT
A N
e 0En BemiTes - - - )
KK gn ¥
D12

BeMiTec = =

L14 @50 200pF

2.0A

0A

-2.0A

v I(L15) 4 I(L13)

60

30V

SEL>
BV-

40

— —

-40

101.700ns 101.800ns 101.900ns 102.000ns 102.100ns 102.200ns 102.300ns
0 V(R2:2) o I(R2)*10 Time
Figure 5.15: Results of the simulation with BeMiTec diodes. Top to bottom: Current
through Diodes, voltage across the package pins of D10, input voltage and current*10

of the rectifier.

In Table 5.1, the device named “BeMiTec custom” has the best Power / Capacity rat-
ing. It is a GaAs Schottky diode, not yet commercially available, obtained through the
“Ferdinand-Braun-Institut fiir Hochstfrequenztechnik” in Berlin [32]. The diodes were

SInfineon started production of those novel devices in 2009 and the present demand is very high,
especially in the industry of automotive power converters for hybrid cars.
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developed as blocking diodes for integrated switch-mode RF amplifier circuits and
provide a unique combination of power and speed. A PSpice model has been created
by data already available [40] and additional measurements®. All diode parasitics are
considered. As this diode is tailored for higher frequency operation than 200 MHz, it
was simulated and optimized for a microwave rectifier circuit, with the possible appli-
cation in arectenna. The package inductance was reduced to 0.5 nH on each diode pin,
as the devices are small and those values can be reached with advanced microwave cir-
cuit techniques, like flip chip mounting, striplines and printed passive components on
the circuit board. The rectifier was tuned and simulated at a frequency of f =2.5GHz.
Power was P;, = 18.4W, P,,; = 16.4W, its efficiency with ideal passive components is
1 = 89%.

These results were compared to the performance of Rectennas, which were built to
operate in the same frequency range. The biggest single rectenna found in literature
operated at an output power of 6 W with an efficiency of 80 % at the same frequency
[12]. Almost three times the power with one single rectifier could be achieved at very
promising efficiencies in the simulation. Also the rectifier was chosen for its low com-
ponent count and simplicity, making it even more attractive to be used in a rectenna
array for the conversion of microwaves with a high power density to DC.

6Concretely measured was c;(V). This was done with a VNA whose measurement ports were elevated
by an external DC voltage.



6. Measurement Setup

This chapter describes the measurement setup in the laboratory, used to benchmark
and characterize the different rectifier prototypes. The RF to DC efficiency and the
complex reflection coefficient are measured concretely. To get those values, at different
power levels, the raw time domain data from a sampling oscilloscope is processed by a
Matlab script.

6.1 Laboratory setup for pulsed power measurements

Panp
=
1 3
2* *4
Urwb Urgr
Scope | @ @ -
(a) Block diagram (b) Actual setup

Figure 6.1: Laboratory setup for doing peak power measurements.

The setup used for pulsed power measurements can be seen in Figure 6.1a. It consists
of a signal source, a small band pulsed RF power amplifier, a sampling oscilloscope, a
broadband directional coupler and the actual device under test (DUT).

Table 6.1: Technical data of the power amplifier.

The amplifier is a Cern proprietary design and originally used in linac 2, its technical
data is summarized in Table 6.1. It is optimized for pulsed power and small bandwidth
signals, its operating frequency is 202.5 MHz, which fits this application close enough.
It allows output powers up to 56 dBm into a 50Q2 load. The output power depends
linearly on the input power with a nominal gain of 41 dB. The amplifier has been de-
signed with robustness in mind. An internal circulator protects the output transistors
from reflected power and allows the amplifier to operate with its outputs shorted or
open.

The maximum on time of the device is 1 ms and the max. repetition rate 1 burst/s. A
TTLinputis used to trigger the RF burst. An internal control logic protects the amplifier
from overloading. The trigger signal is generated by a Agilent mixed signal generator
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Property [dB]  Calculation Fwdgy)y Refqy Fwdg Refp)
Coupling 20-1og(S71) 20.98 20.97 19.53 19.52
Insertionloss 20-/0g(S31) 0.15 0.15 0.24 0.24
Isolation 20-1og(Sa1) 52.40 56.86 53.09 54.57

Directivity 20-10g(Sa1/821) 31.42 35.92 33.55 35.04

Table 6.2: Characterisitcs of the directional coupler at f(;) and f»)

and distributed to the amplifier and the sampling scope. For all pulsed measurements
a 1us burst with a repetition rate of 1 burst/s is used.

The network analyzer (NA.) is used for practical reasons as the RF signal source with an
adjustable power from Pggpny = —80...17d Bm. Itis operating in continuous wave mode
at 202.5 MHz, providing a single frequency signal as input drive for the amplifier. The
NA is also used to determine the attenuation of the various components, which allows
a calibrated measurement of the absolute input power level.

The sampling scope can acquire waveforms at up to 5 GS/s which allows to view signals
with up to 500 MHz bandwidth. (Assuming at least 10 samples are needed to acquire
one period). This not only allows measurement of the DC output voltage, which will
be pulsed. Also it is fast enough to acquire the waveform of the actual RF voltage. By
having the actual waveform data (and not just the envelope, like in usual time domain
measurements) information about the phase and amplitude relation between forward
and reflected wave can be extracted. Also the true RMS voltage can be calculated for
nonsinusoidal waveforms. The scope has RF compatible inputs!with a characteristic
impedance of 50€).

To measure incident and reflected power to the DUT, a broadband directional coupler
is used. Its characteristics on the fundamental and harmonic frequency have been
measured with the VNA and are shown in Table 6.2. As the device contains 2 separate
3 port couplers with internal termination resistors, all characteristics are measured for
the forward and reverse direction. Using internal termination improves measurement
accuracy, as the manufacturer already made best effort in minimizing reflected power
from the internal isolated port. Table 6.2 shows a directivity of around 33 dB, this limits
the dynamic range of the measurements. For example, if a forward signal of -33 dBm is
observed on a frequency where also a reflected signal of 0 dBm is present, then the ob-
served signal actually does not exist and is caused by the non ideality of the directional
coupler.

6.2 Measurement methods

6.2.1 Efficiency

The efficiency is defined as the rectifiers DC output power Pp¢ divided by its available
RF power Pgpp.

'High impedance probe leads of prevalent scopes are a major source of trouble for RF measurements.
Although the real part of the input impedance might be in the area of 1MQ, the imaginary part is much
lower and causes a intolerable level of capacitive loading on the circuit, severely influencing the mea-
suring result or not allowing circuit operation at all.
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A directional coupler connected to a sampling oscilloscope is used to measure Urw p,
then P4)p is determined from this measurement. A scope is used as the on time of
the amplifier is at most 1ms, a mechanical or thermal RF power meter — measuring
average power — would not respond fast enough for an accurate measurement.

For determining P 4)/p it is critical to know the exact value of G o471 which is the sum of:

Coupling factor of the directional coupler.

Cable attenuation between coupler and scope.

Additional attenuator to protect the scope.

Connection junctions.

If Garr is known, the RF power at Port 1 of the coupler — which is assumed to be the
power going to the DUT - is related to it by Equation 6.1. It showed in measurements,
that a deviance of 0.3 dB translates to a change of over 6% in the resulting efficiency
value. In fact these 0.3 dB can easily be engendered by short laboratory cables. Thats
why special care has been taken in measuring G471 of the whole setup with the NA.
The critical path, forming G477 is highlighted in Figure 6.1a.

2

P, = —RMS 1Garr/10 6.1)
50Q2

To determine the input power, Urp;s must be known, it is the root mean square value
of Urwp and calculated in Matlab by Equation 6.2.

1 N

N Urwp(n)? (6.2)

Urms =
n=1

The scope is set up to sample 100k points at a rate of 5 GS/s which gives a time window
of 20us. The time domain data is exported to a PC and post processed in Matlab. A
typical trace is shown in Figure 6.2. For the calculations, only a slice, from 6us to 7us is
used, where the circuit is in steady state.

Obtaining the DC output power Ppc is straightforward as the output voltage is sampled
by the scope. The load resistance is determined in disconnected state with a multime-
ter for every measurement and entered manually in the Matlab processing script. The
output power and efficiency can be found from Equation 6.3. To get rid of quantiza-
tion errors and residual AC contents, the output voltage is averaged over all samples in
Matlab.

U? P
Ppe = —0UT n= DC 6.3)
Ry Pamp
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Figure 6.2: Typical waveform acquired by the scope.

6.2.2 Reflection coefficient

The complex reflection coefficient I is defined as the ratio of reflected and incident
wave at the input of the DUT. As those waves are known, I' can be determined from
their relative phase and magnitude.

= w (6.4)
UFWD . e]‘PFWD

Visualizing I" in a smith chart for different power levels provides an easy to interpret

insight of the DUT behavior. This measurement setup actually corresponds to a vec-

tor network analyzer operating on a single frequency. It has the advantage over the

VNA that it can measure with short pulses at very high powers, making it suitable for

characterizing nonlinear devices.

Disadvantages — compared to the superhetrodyne concept of a regular VNA — are, that
the oscilloscope needs to sample the input signal at its full RF bandwidth, this is nowa-
days only possible up to a few GHz with high end analog to digital converters. The
broadband acquisition has a worse signal to noise ratio and less dynamic range com-
pared to the narrow band measurements of a VNA.

Another disadvantage is the limited directivity of the used directional coupler, com-
pared to a commercial VNA, where the internal directional couplers are of very high
quality. This further limits the dynamic range of measurements.

Several steps are necessary for this measurement:
1. Forward and reflected wave of the DUT are acquired by the scope at different

power levels. Each measurement consists of 100k samples per channel and is
saved to a file on an USB stick.
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2. The files are imported into Matlab, so that the waveforms Urwp, Urgr and Upc
are available. Each file will give one point in the smith chart. The raw measured
data can be seen in Figure 6.2

3. The transient response of the waveforms is clipped. The data from 3us to 9.6us
(relative to the trigger pulse of the amplifier) is used, which gives around 33k
points.

4. Upwp and Uggr is processed by a fast Fourier transformation (FFT). It is done
over N = 2% points. The sample rate is f; = 5GS/s giving a spectrum consist-
ing of N/2 complex frequency bins and after Equation 6.5 a resolution of Af =
152.6kHz.

_fil2
" NJ/2

Af =fJ/N (6.5)

To alleviate leakage effects in the spectrum, resulting from the finite number
of samples, the time domain waveform is multiplied by a Chebbyshew window.
This means the resulting frequency domain data is convoluted with the windows
spectrum. Spectral leakage is reduced substantially at the price of an reduced
Af. The resulting spectral bins have to be normalized to the average power of
the window, as it introduces an energy loss due to tapering of amplitudes at the
beginning and the end of the samples. The windows phase response is always
linear?, not changing the relative phase relationship of the results.

The final result of the FFT is shown in Figure 6.3a. Note that the noise floors
are determined by quantization noise, the different levels result from different
sensitivity settings of the oscilloscope®.

The forward voltage from the narrow band amplifier shows significant harmon-
ics. They do not originate from the amplifier itself but are actually radiated har-
monics from the rectifier. They travel towards the amplifier and get reflected
on the internal narrow band circulator, which is high ohmic for harmonic fre-
quencies. So they can be seen on the incident power measurement. For future
measurements, this effect can be eliminated by putting a broad band circulator
between amplifier and directional coupler, terminating the reflected power on
harmonics from the rectifier.

5. In this case, only the (linear) reflection coefficient of the fundamental is calcu-
lated, to identify this frequency, a maximum search is done on the magnitude
values of the Ury/p spectrum.

It is also possible to determine the reflection coefficient for any harmonic fre-
quency. In this case the system would have to be excited at those frequencies
and the particular frequency bin of interest needs to be chosen. Going this way

2A FFT window is naturally an even and real function in the time domain. This means it is symmetric
to the y-axis and x(n) = x(—n) holds true. Those kinds of time signals result in “zero phase” spectrums
[41]. To avoid calculating with negative time indices, the window function is delayed so shifted to the
right. Thus the resulting spectrum has a linear phase, its slope corresponding to the delay.

3In fact the forward voltage was measured with a scope setting of 500 mV/div, the reflected voltage
with 50 mV/div. This means the later measurement is only affected by a tenth of the quantization noise
level (assuming the scope samples with the same number of bits) resulting in an offset between the two
noise floors of 20 dB.
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(a) Spectrum of incident and reflected wave. (b) Crosscheck with actual time domain data.

Figure 6.3: Example of the results obtained by the FFT operation.

further, a complete nonlinear model of the DUT can be created, more on this can
be read in Chapter 6.2.3.

6. Magnitude and phase angle for Ury p and Uggr of this particular bin of the spec-
trum is obtained. The FFT function in Matlab is defined as such that the absolute
phase angle is relative to a pure cosine wave without phase shift. To check visu-
ally if the FFT method works and if its results are meaningful, the amplitude and
phase values of the fundamental are taken and the sine wave is plotted over the
actual measured waveform. This crosscheck can be seen in Figure 6.3b.

The raw value of I y(j) is calculated by Equation 6.4, dividing Uggr1) by Urwp()-

7. The previously obtained calibration data and I'y; is used to get the final I'pyr
where systematic errors of the measurement setup are compensated. The method
is explained in detail in Chapter 6.2.2.1.

8. Each point of I'pyy7 is drawn in a smith chart diagram.

Reflection coefficients for harmonic frequencies have not been considered in this work.
Reasons are the mentioned reflections from the amplifiers output, the limited analog
bandwidth of the scope (500 MHz) and the lack of calibration over a wide frequency
range. Those problems can be solved without considerable effort in future work, which
allows to convert the measurement data into a nonlinear x-parameter model, readily
applicable in simulation software (see Chapter 6.2.3.

6.2.2.1 Error Model and Calibration

The calibration is based on a 3-term error model, described in [42]. The error model
can be seen in Figure 6.4.

To get a mathematical model of the measurements error terms, we start looking at the
values from the forward and reflected wave — a; and b; — that we see with the measure-
ment setup. However, those are not the values of the actual DUT - apyr and bpyr —we
are interested in. They are altered by the error network in between. It suits as a model
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Figure 6.4: The adopted error modell. The red values are measured, the green values
are calculated.

for all systematic errors caused by nonidealities of the directional coupler, cables, and
connecting junctions.

If the s-parameters of the error network are known, I'pyr can be calculated from the
measured reflection coefficient I'y;. Equation 6.6 shows the relations between the s-
parameters of the error network and its in- and output waves

apur| _|en ew| |bour (6.6)
by €01  €oo a '
The relation between I'j; and I'pyr can be written as
bl ep1e1ol’
Tas= 2% = o+ o1€10l puT 6.7)
al 1- ellFDUT

The error network is assumed to be reciprocal, this means the gain in forward and
reverse direction is assumed to be equal (ejp = ep1), simplifying the equation. Now
the s-Parameters of the error network can be determined by connecting 3 devices with
known reflection factors to the setup.

I'p, I's and I'); = 0 are the known reflection coefficients of a commercial network an-
alyzer calibration kit*. Only the match is assumed to be ideal, simplifying this calcu-
lation. Measuring each of these standards with the setup we get Mo, Ms and Mj,. By
replacingI' )y and I'py 7 in Equation 6.7 we get a system of 3 equation that can be solved
for the 3 error parameters:

_ To—-T's)(Mo— Mp)(Ms— Mpy)
e = (6.9)
Fol's(Mo — Ms)
_ I's(Mo— M) —To(Ms— M)

I'ol's(Mo — Ms)

€11 (6.10)

“It shall be noted that those devices don't reflect a perfect open or short circuit. Their value (and
thus pride price) lies rather in the fact that their electrical properties are very stable, don’t change over
time and have been accurately measured by the manufacturer for each device. They are delivered with
a printout or a floppy containing the measurements results.
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Having determined the 3 s-parameters by the calibration procedure, those can be used
to compensate the systematic error from any measurement at one frequency. Solv-
ing Equation 6.7 for I'pyr gives Equation 6.11, a formula for the corrected reflection
coefficient.

Ipyr = Mbur — e (6.11)
e1o +e11(Mpur — eoo) '

It shall be noted that this calibration procedure is only valid for one particular fre-
quency, meaning that it has to be processed for the fundamental and all the harmonic
frequencies that are considered in the measurement separately. The actual measure-
ment of the calibration standards has to be done only once, as the FFT function extracts
the considered frequency bins from the time domain response. This rises an important
point, to calibrate the system on harmonic frequencies, it must be excited on those fre-
quencies too. Thus a broadband input signal with enough energy on the frequencies of
interest should be used for the calibration procedure. Good examples test signals are
step or impulse functions, containing energy on a very broad frequency spectrum.

6.2.2.2 Verification and accuracy

To verify that the measurement setup gives meaningful results, several linear test de-
vices have been measured with a conventional VNA and the scope setup. Attenuators,
connected to various length of cables with their ends open or shorted have been used
as test devices to obtain various reflection coefficients, they are shown in Figure 6.5a.
The results are compared in one smith chart shown in Figure 6.5b.

1.0
(a) Verification DUTs (b) Results.

Figure 6.5: Comparison of the scope measurement setup with a commercial VNA.
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6.2.3 X-Parameters

The reflected waves — measured in Chapter 6.2.2 at the fundamental and harmonic
frequencies, at different power levels — can be used to create a one port X-parameters®
model of the DUT.

X-parameters are a superset of classical S-parameters and provide the necessary math-
ematical framework to measure, model and simulate nonlinear systems [43]. Models
can show particular characteristics of nonlinear systems, like the generation of har-
monics or intermodulation distortion, which linearized S-parameters are not able to.
For small input signals they converge to classical small signal S-parameters.

1 @1(n) 1, G2(n)
_ _
1 ouT

lﬂl bl(m) lhl b2(m)

Figure 6.6: Power waves on a two port.

As in S-parameters, power waves are described going in (a) or out (b) from ports of the
DUT. The general definition for a wave going in or out port 1 is

an = V1+Ilzo by = V1—1120
Yovze Y ovZ

and has the unit of vPower. More practically, if a port is internally terminated by an
resistor with the systems characteristic impedance 7, there will only be an incident
wave (a;) and the voltage measured across this resistor U relates to the incident power
wave by a; = Ur/\/Z.

(6.12)

S-Parameters are now simply defined as ratios of one incident and one reflected wave.
Which waves are used is indicated by an subscript, for example the transmission char-
acteristic is defined as S;; = b»/a;. Normalizing by the incident wave makes the S-
Parameter invariant of the probing signal or measurement setup and only dependent
on the DUT.

This way all possible combinations of waves at the DUTs ports are measured one after
the other®. Using linear superposition allows now to calculate the response of the sys-
tem on any port (by) to a sinusoidal excitation on any (or even multiple) other ports
(ay).

The problem is that s-Parameters are nothing more than complex gain factors. While a
wave passes the DUT from one to the other port, its magnitude or phase might change,
but it still needs to be a single sinusoidal wave at the output. S-parameters provide a
linear small signal model of the DUT, that can’t reproduce real life nonlinear effects
like distortion or intermodulation, creating harmonics frequencies. To get around this
problem, X-parameters have been invented.

5X-parameters is a registered trademark of Agilent Technologies.
61t is important to terminate all remaining ports by the systems characteristic impedance to avoid
any reflected waves from ports.
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While S-parameters are a linear describing function in the sense of
by = f (a1, az,...) (6.13)

X-parameters expand this to consider harmonics. A second subscript is introduced,
defining the harmonic index in brackets.

by = f (), @12, .- G201y, A202),---) (6.14)

The involved math simplifies, as the system is assumed to be time invariant, any delay
on the input signal will not change its characteristics. Also only one of the incident
signals is assumed to be a large signal, able to cause distortion. This is the reference
signal A;j(;) which serves as a phase reference for all other measurements. For any
other input signals the principle of superposition is assumed to hold, as they have to
be small enough (they are called tickle signals in the actual measurement). Also all
X-parameters are dependent on input amplitude of the reference signal.

So in the end, the function from Equation 6.13 — giving the definition of S-parameters
—is realized by:

by = ;s,,qaq (6.15)

The function from Equation 6.14 — giving the definition of X-parameters — is realized
by:

bpim = ) Spa,imm (la1]) P~ agim + Y Tpgumm (larw!) P Way ) (6.16)
qn qn

The subscript p is the output port, m the output harmonic index. Both sums go over
each input port q and each input harmonic n.

The first sum contains a classic small signal S-parameter for the link between output
and input ports. It is a function of the input power on port a;(. P is the Phasor and
defined as

P = ¢/®am) (6.17)

It is needed to make the model time invariant and allows ®(a;(;)) to be a phase refer-
ence for all harmonics on all ports. Also it is defined in such a way that the large signal
component does not have an imaginary part, simplifying calculations.

The second sum contains the T term, which actually is a function, depending on am-
plitude and phase difference of the input to the reference signal. It is introduced, as
the modeled system might change its behavior with the phase relation of a(, to the
reference a,(1). This is the first difference to S-parameters, where the absolute phase of
one input signal is not significant.

As we only do measurements on one single port and are only equipped with a single
tone source, the generalized theory shall not be longer exhausted. More on this can be
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found in [43]. For this special case, the generalized theory simplifies a lot, the T term
gets zero and the equation is:

-1
b1om) = S11,0m ) (|al(1)|)P(m) a) (6.18)
Or to measure one actual X-Parameter:

_ bigm o~ J Ol m-1] (6.19)
ara)

Si1,mm (lar!)

That means we get a series of parameters for different harmonic indexes m, each one
has to be measured as a function of input amplitude |a;(|. The factor b,/ a1 re-
lates to the reflection coefficient I" for the fundamental and harmonics calculated in
Chapter 6.2.2 by the Matlab script. The exponential term normalizes the phase of the
harmonics to that of the fundamental. All phases are relative to ® (al(l)).

This shows, that it is easy to create a one port X-Parameter model by the measured
data from the setup in Chapter 6.2.2. The model would describe the complete nonlin-
ear behaviour of the rectifier on its input port. One very interesting use for this model
is to import it into the simulation software Agilent ADS —which supports X-Parameters
innately. This would allow the simulation of a whole array of rectifiers, together with
the characteristics of the RF power divider, circulators and other microwave compo-
nents. There is a potential to simulate the whole energy recovery system and analyze
its impact on the travelling wave cavities in detail.



7. Prototypes and measurement results

Several prototypes of rectifiers have been built in the laboratory. They serve the pur-
pose of relating the theoretical results obtained mathematically and by simulation to
measurements in real life. For this reason one non resonant and two resonant rectifiers
have been designed, built, operated and measured in the laboratory.

Each prototype has been tested for at least 30 minutes with pulse lengths of 1 ms at the
maximum power. This was done to ensure that the rectifiers are operating reliably. No
performance degradation was observed during those tests, making continuous wave
operation only a matter of heat removal.

7.1 Prototype 0) Simple full wave rectifier

—C oD

0° o] TX1 D1
L [
180°Y 0] Txo D2

I‘_EIAA
vV

(a) Circuit diagram (b) Prototype

Figure 7.1: Simple full wave rectifier.

This rectifier is the first prototype which has been built to get a practical grip on the en-
gineering challenges with nonlinear, real life diodes, including their parasitics. It also
helped in understanding nonlinear RF circuits and to develop a suitable measurement
setup.

It consists of 2 diodes that are connected to 2 RF signals with a phase shift of 180 degree.
This corresponds to the classical center tapped transformer coupled full wave rectifier
from Chapter 4.5.3. In this case the phase shift has been obtained by a commercial 180
degree microwave hybrid.

The diodes are STPSC406B silicon carbide schottky diodes, their maximum ratings are

Viev =600V, Ir,q = 4A. Their junction capacitance is specified as c;; = 140pF at 1V.

7.1.1 Construction

No measures for impedance matching or resonant operation have been taken. D1 and
D2 are soldered on a printed circuit board (pcb) and connected to SMA connectors
by controlled impedance microstrip lines. Those are traces with a specified geometry
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over a groundplane and behave like transmission lines. To design them it is essential
to know the effective phase velocity of the line.

The phase velocity for a electromagnetic wave equals the speed of light (c) in vacuum.
If the wave travels in a medium with the dielectric constant €, the phase velocity be-
comes:

Ve=— 7.1
= (7.1)
If the phase velocity, or respectively € is known, a relation between electrical and phys-
ical length of a transmission line can easily be established:

lel
lphy = % (72)
The problem is, in a microstrip line the waves travel partly in the dielectric below and
partly in the air above the circuit trace. Also fringing'effects have to be considered,
which leads to complicated empirical formulas to determine an effective €. which
describes uniformly the entire space.

Equation 7.3 is one of the more accurate ones, it has been taken from [44] and used to
design the microstrip lines. In the equation, u = w/h is the ratio of trace width to the
thickness of the circuit board.

e+1+e—1 (1+10)‘“b 73
€ = — _— N .
eff 2 2 0
1 u* + (ul52)>% 1 u 3
a=1+—In + In|l1+— (7.4)
49 u*+0.432 18.7 18.1
€ —0.9)0-053
b:0.564( : ) (7.5)
€+3

With the e, the electrical length of the transmission line can be calculated. The for-
mula for its characteristic impedance, dependent on w, h and e is given in Equation

7.6.
37682 [fw [ 4
O_Zn\/@ln ot 1+u2 (7.6)
f(u)=6+2r—-6)exp —( ) ] (7.7)

The formulas have been transferred to an Excel spreadsheet which allowed to deter-
mine the trace width w = 3.34mm to get a Z, = 50.01Q impedance for a circuit board
thickness of h = 1.5mm and a relative dielectric constant of € = 3.5.

The traces have been cut out by hand from the circuit board.

The diodes are terminated by Cp which consists of 2 x 470 pF ceramic chip capacitors.
The DC output can be loaded with a variable resistor R; with a range of 0 — 100Q2.

I Fringing fields can be observed when looking at the electric field of a parallel plate capacitor. The
field between the plates is uniform, the field lines are orthogonal to the plates. At the flanges of the
plates, the field lines extend out into open space and form a arcs. These extending field lines are hard to
calculate and called fringing fields.



82 7. Prototypes and measurement results

PavpIlW] Re[Q] ULIV] PLIW] | n(%]

50 38.7 14.0 5.0 | 10.0
100 19.9 22.6 257 | 257
200 19.5 35.5 63.3 | 31.7

Table 7.1: Measured efficency of prototype 0

7.1.2 Simulation

The diode model has been taken from the manufacturers website. Inductor L14 - L17
model the parasitic elements of the diodes, including their package inductance. The
2 out of phase outputs of the microwave hybrid have been modelled by two voltage
sources, each with half the amplitude. Total input voltage is 283 V resulting in an avail-
able power of 200 W. As the DC current flows through the microwave hybrid?, its DC
resistance has been measured and included as R10 in the simulation. The simula-
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Figure 7.2: PSpice simulation of the prototype.

tion resulted in an DC output voltage of Urg = 33V, giving 56 W of DC power. This
corresponds to an efficiency of 28 %.

7.1.3 Measurements

The results of the efficiency measurements of the real device are shown in Table 7.1.
The load resistance has been varied until a minimum of reflected power has been
reached. As there is no impedance matching whatsoever, even after optimization the
reflected power was more than 60% of the incident power.

Harmonic radiation is mostly filtered and dissipated in the small band hybrid and its
termination resistance.

7.1.4 Conclusion

The measurements showed that impedance matching to the diodes is critical for effi-
cient RF operation. Especially as the diode shows a large c;, which lowers its input im-
pedance far beyond 50Q2. Nonetheless the experiment showed that switching diodes —

2t should be noted that not all hybrids are designed to conduct DC current. Some are not conductive
at all. Especially those based on ferrite conduct DC but the magnetic materials can saturate which leads
to distortion and other effects on the RF signals.



7.2. Prototype 1) Current output series resonant rectifier 83

not designed for RF operation - still can be used for an 200 MHz rectifier. The simula-
tion results agree with the measurement, showing that a transient simulation in PSpice
can be used to predict a nonlinear RF circuits behavior.

7.2 Prototype 1) Current output series resonant rectifier

Prototype 1 has been built after the simulation results from Chapter 4.5 suggested it
would be the most suitable design. Also improvements from the first prototype are
incorporated.

o~
TX1 Lser Ell Lou T_]_RL S~
Linp TCINP D2 COUT]_ 1

Figure 7.3: Prototypel: Schematic

(a) Overview. (b) Close up.

Figure 7.4: Prototypel: Series resonant current output rectifier.

7.2.1 Construction

It uses a GS150TA25110 GaAs Schottky Diode from IXYS. The package contains 3 diodes
with a common collector connection. One of them stays unused. For impedance
matching, a simple quarter wave line is used. The output load Ry is an adjustable resis-
tor (potentiometer). Wire wound inductors, SMD capacitors and a copper clad board
—with circuit traces cut by hand — have been used for the construction.

The simulation of the circuit suggested an input impedance of Z;5 = 16.2Q at 200 W
input power (See Chapter 4.4). To get optimum power transfer, this has to be matched
to the 50Q2 output of the power amplifier. A rigid transmission line, with an electrical
length of a quarter wavelength and Z, = 25Q is used. It transforms the rectifiers impe-
dance to Zgl Zin = 38.5Q at 200W. This is a compromise which has been accepted as
no transmission line with a more suitable Z, was available in the laboratory. Looking at
Figure 4.19 it should give the best match at around 40 W input power. The line was cut
to an electrical length of 1/4 = 37.5¢m by connecting it to a calibrated VNA, shortening
the other end and cutting small pieces off. 1/4 is reached as the VNA shows an open
circuit at 200 MHz in the Smith chart.
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The inductivities have first been estimated by an laboratory formula, then wound with
magnet wire and soldered to an SMA receptacle. This allowed measurements with the
calibrated VNA and showed the influence of parasitic capacitance very clearly. This
way different inductor shapes have been tested. In the end it was possible to build the
output inductor L,,; = 143nH - seen in Figure 7.4b — with a self resonant frequency
of 578 MHz. Above this frequency the inductor starts behaving like a capacitor. The
advantages of wire wound air inductors is, that they can be tuned by hand very easily.
By bending the wires and expanding or contracting the coils, their inductance can be
adjusted.

7.2.2 Measurements

The efficiency and reflection coefficient has been measured for a series of different
input power levels, like described in Chapter 6.2. For the first measurement, R; was
left constant, set to an value that gives least reflection at around 200W. For the second
measurement Ry was adjusted for least reflection at each power setting.
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Figure 7.5: Prototypel: Energy conversion efficiency over input power.

The achieved efficiency curves can be seen in Figure 7.5. For both measurements the
curve is reasonably flat. Even with a constant R;, the rectifiers efficiency stays above 80
% for an input power range from 50 to 400 W. Peak efficiency is reached at 165 W with
86.8 %.

Figure 7.6a shows the rectifiers complex reflection coefficient I" for constant Ry. The ef-
fect of the diodes voltage dependent c¢; can be seen clearly. For small input powers the
voltage across the shunt diode D2 is small, c; is big and the input behaves capacitive.
As the power increases c; gets smaller and the input impedance behaves less capaci-
tive, forming a trajectory that resembles the constant conductance circles of the smith
chart and goes upwards.

Figure 7.6b shows I for the case where R; was optimized for each measurement. It can
be seen clearly, how the rectifiers input reactance can be brought to zero by changing
R;. The voltage across the shunt diode D2 is set just big enough that its ¢; is compen-
sated by the inductances in the circuits RF loop. It can also be seen that the reflected
power is zero at around 40 W. This confirms that the impedance match from Chapter
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(a) Constant R;y. (b) Optimized Ry,

Figure 7.6: Prototypel: Reflection coefficient I over input power.

7.2.1 works as expected and the rectifiers input impedance was predicted correctly by
the simulation.

The spectrum of incident and reflected voltage can be seen in Figure 7.7. All values
are normalized to the input amplitude of the fundamental. Even with the simple LC
input filter, all reflected power — on the fundamental and on every harmonic - is below
-20 dB, which is acceptable for the application in the SPS. Note that the forward power
also shows harmonics, they are caused by the small band circulator — built into the
amplifier - reflecting harmonics back towards the DUT.
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Figure 7.7: Spectrum of incident and reflected voltage for prototype 1.

7.2.3 Improved impedance match

Attempts were made to improve the impedance matching of the rectifier at higher pow-
ers. At 200W Z;;,, = 42.1Q0—0.7Q2 was measured. So the bare rectifier — before the 1/4 line
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— shows an input impedance of Zg/ Zin = 14.8Q. To match this, an impedance trans-
former with 2 series transmission lines — having different Z; values — was designed like
described in Chapter 4.4 and used to replace the former 1/4 line.

The first line is defined as: Zy; = 259, I,; =0.1623A = 243.5mm and has been trimmed
to length with the VNA. 50Q2 SMA connectors are soldered to the end which connects
to the second line. The second line is defined as: Z;, = 50Q, I,; = 0.03641 = 54.6mm
and it showed that the 2 50Q2 SMA connectors — connecting the first line to the circuit
board - have already an electrical length in that area. So no explicit second line was
used.
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Figure 7.8: Prototypel: Improved impedance match.

The results can be seen in Figure 7.8. The impedance is matched very well at higher
powers. Also the trajectory in the smith chart is less steep, resulting in a good match
over a wide input power bandwidth. This is a direct result of the second order matching
circuit.

7.2.4 Conclusion

This prototype showed successfully, that high power RF can be converted to DC very
efficiently with currently available diodes. The special low inductance package of the
GS150TA25110 diode allows to tune the rectifier into resonance by a carefully adjusted
Lger. The simulated and real input impedance shows a good concurrence. Advanced
impedance matching allows a very good power transfer at a broad range of input pow-
ers. The load resistance does not have to be adjustable, as the adjustment bears almost
no efficiency advantage for power levels > 50 W. Best match is obtained at 225 W, max-
imum efficiency at 284 W with 88.7%.

It shall also be noted that the material cost for this prototype were < 20 €, making this
architecture very attractive for deploying it in large rectifier arrays.

7.3 Prototype 2) Improved construction

With the results from Prototype 1, a final rectifier has been designed, using a com-
mercially made 2 layer printed circuit board (pcb) and the layout program Eagle. This
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rectifier has been designed for continuous wave (CW) operation, using high quality
low loss components and taking care of heat dissipation.

7.3.1 Construction

The design of the impedance match has been kept the same as in Chapter 7.2.3, al-
though now TX2 has been realized by the SMA connectors and a short trace of 50Q
microstripline (following the same design procedure as in Chapter 7.1).

The inductors were designed as spiral traces on the board, those inductors are very easy
to manufacture, essentially cost nothing and are more repeatable than wire wound
coils. Also they show less losses because of a large surface area®. The empirical design
formulas from [45] have been used to determine the spirals geometry. No groundplane
was used as the induced RF current would introduce losses and lower the Q of the
inductor?. Also this allows to put metal shielding near the inductor afterwards to tune
its value. The spirals were drawn in Eagle, special care has been taken to minimize
coupling between the inductors and ensure there is no overlap (top and bottom side)
between them.

MCM capacitors from Cornell Dubilier, made out of mica material — especially suited
to conduct large RF currents and having minimum losses - are used for the input and
output filters. They can stand the current stress of CW operation.

The PCB has been etched, drilled and electroplated by a professional PCB design house.

~
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(a) Top side. (b) Bottom side.

Figure 7.9: Prototype2: Printed circuit board design.

7.3.2 Measurements

The characteristic impedance and electrical lengths of TX1 and TX2 were checked in
the finished circuit by time domain reflectometry (TDR) with a VNA. The instrument

3At RF frequencies the skin effect always has to be considered in conductors. In fact at 200 MHz, most
of the current flows only in the top 5um of the copper trace. The PCB has a copper thickness of 35um
which is more than enough to support the current flow, increasing the thickness will not increase trace
resistance. On the other hand, the traces have very large surface area compared to the magnet wires
used to form the coils of prototype 1, this promises less resistive losses and also better heat dissiapation
suiting the CW operation well.

4A printed inductor L; with ground plane can actually be seen as transformer with shorted secondary
winding. The current flowing in the groundplane creates a mutual inductance L, = L, coupling nega-
tively to Ly. The result is that the inductance is reduced to L] = L; (1 — k) where k is the coupling factor.
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runs a frequency sweep, obtaining the reflection coefficient of the circuit in the fre-
quency domain. Then it uses inverse Fast Fourier Transformation (iFFT) to calculate
the virtual step response over time of the input. Every change in impedance will reflect
some power and can be seen as a change of reflection coefficient at a specific time.
The electrical length of the transmission line can be calculated by measuring the time
difference between two changes in reflection coefficient. This is the round trip time of
the line and related to its electrical length by:

b€
2

Lo (7.8)
Zy can be determined from the actual value of the reflection coefficient on the y-axis.
Impedance is related to reflection coefficient in a 50Q system by the well known for-
mula

1+T

Z =50Q0—— (7.9)

1-T
The advantage is, that multiple components connected in series can be easily distin-
guished by the corresponding offset on the time axis. Also the circuit is measured in-
cluding all connection junctions, that might add additional electrical length, disturb-
ing the impedance match.

The TDR measurement can be seen in Figure 7.10a. After the VNA has been calibrated
as usual, a reference measurement, with an open test line, has been done. This pro-
duced the top trace, first showing I to be zero, then rising to one at t=0 because of the
reflections from the open line end. To measure any time differences, the point in the
middle of the slope is used as reference. The lower trace represents the actual mea-
surement of the rectifiers input.

First a very short piece of 50Q2 line can be seen, originating from the SMA female to
female adapter used to connect the circuit. Then the reflection coefficient dropsto I' =
—0.333 for f; = 1.598ns, indicating a piece of line with Zy = 25.0Q and [,; = 239.5mm.
This corresponds to TX1, designed for Zy = 25Q, l,; = 243.5mm.

Then I rises again to zero, indicating a short piece of 50Q2 line. It is /,; = 64.5mm long.
This represents the microstrip line TX2 and the 2 SMA connectors connecting it to TX1.
The designed value for perfect match was l,; = 54.6mm so the final value turned out a
bit to long.

At the end T  slightly rises over time. This is caused by the capacitor of the input fil-
ter, it looks like a short circuit in the beginning and then starts charging and slightly
increasing its voltage.

Next the 2 inductors L., and L;;,;, were measured. A SMA receptable was first mea-
sured with a calibrated VNA. Its electrical length was internally compensated, so the
VNA shows only an open circuit. The receptacle was soldered to the circuit board, di-
rectly connecting to one of the inductors. The VNA now measures the reflection coeffi-
cient over frequency. It also shows impedance, calculated internally by Equation 7.9. A
marker is used to read out the reactance at 200 MHz, seen in Figure 7.10b. The results
are summarized in Table 7.2.



7.3. Prototype 2) Improved construction 89
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Figure 7.10: Prototype2: Measuring components.

‘ target measured corrected
Linp | 19.2 nH 248nH -
Ler | 140 nH  31.6 nH 21 nH

Table 7.2: Results of measuring the inductors.

Unfortunately did both inductors turn out bigger than expected. For L;;,, this is not a
problem as the shift in resonance frequency is small compared to the filters transmis-
sion bandwith.

But the abundant L., puts the circuit into a high impedance mode of operation. A
smaller c; is needed to still meet the resonant condition, resulting in a higher output
voltage for the same input power. Assuming R; is adjusted to obtain resonance, it has
to be set to a high ohmic value (see also Chapter 4.3).

Correction attempts for L. have been done by soldering copper sheet over the trace,
increasing its width and also shorting the meander shaped part, which both reduced
inductance to an acceptable but still not optimum value.

The results of the pulsed power measurement can be seen in Figure 7.11. A good im-
pedance match could only be achieved at high powers, this has been already expected
and is a direct result of the oversized Lg.,. Only with a high voltage across the diodes,
their ¢y is small enough for resonance with L, at the operating frequency. Minimum
reflection is achieved at 364W input power.

On the other hand, still very good efficiency values could be obtained. The maximum
is at 224 W input power with 88.0%. The efficiency is lower than in Prototype 1, it is
spoiled by bad input match at lower powers and naturally reduced because of conduc-
tion losses in the diode at higher powers.

The spectrum of the radiated harmonics can be seen in Figure 7.12. As the impedance
match is not optimal, the reflected power on the fundamental exceeds -20 dB. The
harmonics are well suppressed below -40 dB of the incident power.
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Figure 7.11: Prototype2: Printed circuit board design.
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Figure 7.12: Spectrum of incident and reflected voltage for prototype 2.

7.3.3 Conclusion
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Although printed inductors offer many advantages — especially in this application —
their biggest disadvantage showed clearly: The final component is hard to predict.
There are too many factors influencing the inductance value, it is very hard to get it
right on the first try. That is the reason, why usually design samples are built and mea-
sured, adjusting the geometry in multiple design recursions. This was not possible in
the limited available time and neither intended.

Prototype 2 showed well enough - already on its first design recursion — that it is pos-
sible to manufacture the rectifier industrially in large numbers with minimum costs,
while still obtaining RF/DC efficiencies well over 80%. This further emphasizes the

suitability of this rectifier architecture for the energy recovery application.



8. Conclusions and Outlook

8.1 Conclusion

Particle accelerators often dissipate a considerable fraction of their total RF power in
dummy loads. The Cern SPS is an example of such a machine and is used in this report,
to show different ideas regarding the recovery of that power.

The 200 MHz RF is converted to an intermediate DC voltage, to guarantee the least
possible interference with the accelerator system. Solid state diodes were chosen from
the range of available technology, to take advantage of recent semiconductor develop-
ments, and to avoid the many drawbacks of ultra high vacuum devices.

The RF signal is split to many channels comprising of 1 kW RF power each, as no single
diode can withstand the power levels of a SPS termination load. A large array of rectifier
modules converts the RF to DC, which will be combined in a single DC channel again
again. Commercial solar power converters can be used to feed the recovered power
back to the utility grid. Each RF/DC module contains four rectifiers — handling 250
W each - and additional components to ensure a graceful degradation of the overall
system. If one or more rectifiers fail, the modules will dissipate their power thermally.

Several currently available Schottky diodes were compared in terms of their perfor-
mance within a rectifier circuit. Maximum power — normalized to the parasitic junc-
tion capacitance — was the main criterion for choosing a diode. State of the art devices,
built from wide band gap materials, showed the best performance values in that re-
spect. In addition the package and its parasitic inductance play a very important role
in RF applications.

Literature on wireless power transmission and high frequency DC/DC converters was
evaluated and different rectifier architectures were compared. The most suitable ar-
chitecture was found to be a series resonant current output rectifier, this configuration
exploits the reactive parasitic components of the diode to force a sinusoidal current
through the circuit; its operation is closely related to an inverted class E amplifier. The
resonant operation naturally restricts the radiation of higher frequency components,
which allows the use of a very simple input filter.

Two prototypes of this rectifier were built. Impedance matching was done using se-
ries connected transmission lines. The prototypes were evaluated with up to 400 W of
pulsed power. RF/DC efficiency, and the complex reflection coefficient were measured
for varying input powers. An oscilloscope was used to obtain time domain data of the
RF incident and reflected waves. A Matlab script automatically analyses the data, cal-
culates and plots the measurement values of interest. The measurement setup corre-
sponds to an one port, large signal, pulsed, vector network analyzer. In addition it was
shown how to derive a nonlinear x-parameter model from the measurements, allowing
to simulate the input port behaviour of large rectifier arrays.
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The first prototype showed a maximum efficiency of 88.7 % at 284 W. For input powers
> 50 W, efficiency is almost constant, regardless of input power level. The prototype
proved that high power Schottky diodes can be used at RF frequencies. The overall
cost was less than 50 €, making this a very attractive solution for use in large rectifier
arrays.

The second prototype was produced with planar inductors, consisting of circuit board
traces, improving cooling, further lowering its price, reducing component count as well
as making the rectifier circuit more suitable for mass production. The resulting induc-
tances were too big in the first design recursion, nonetheless it showed a maximum
efficieny of 88.0 % at 224 W input power.

Both prototypes showed, that the development of a simple, economic, cost efficient
module for energy recovery is feasible. With current semiconductors, a realistic power
rating of 250 W at RF/DC efficiencies > 80% can be reached. Moreover, the energy
recovery system can be deployed without any impact on accelerator operation.

8.2 Outlook

Simulations indicate that the IDD04SG60C SiC diodes are very promising devices for
powerful RF rectifiers. Unfortunately, no samples could be obtained as of yet. Their
performance should be evaluated in a RF/DC converter prototype also carrying out
continuous wave measurements.

After a complete RF/DC module has been built, the measurement procedure from
Chapter 6.2.2 can be used to acquire a nonlinear model of the module. This allows
to investigate how an array of RF/DC modules influences the SPS cavities in a simula-
tion environment. Characteristics, such as graceful degradation or harmonic radiation
of the entire array can be examined with minimum effort.

The rectifier’s power rating could be extended by using SiC or GaN devices with wider
band gaps. However these devices operate naturally at higher voltages, resulting in
high reactive charging currents into the junction capacitance. Further research can
be focused on the investigation of how far reactive currents are allowed to exceed the
device’s forward current ratings, as they do not flow directly through the junction like
a DC current.

Semiconductor technology is in continuous development, faster and more powerful
devices will be available in the near future. In fact, a prototype of a GaAs Schottky
diode was acquired through the “Ferdinand-Braun-Institut fiir Hochstfrequenztech-
nik”. It was measured, modelled and a rectifier that operates at 2.5 GHz was designed
and simulated. It reached 16.4 W with a RF/DC efficiency of 89 %, which is almost
three times the power rating of the most powerful rectifier found in literature at that
frequency. Those devices are particularly interesting for a rectenna array with very high
power density, low weight and size. Revising the idea of wireless power transmission
and making it suitable for new applications, like wireless powered sensor networks or
home appliances, could be a topic of further research.
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