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Abstract

Cutting down energy consumption in electronic systems is required to increase operating
time in battery-powered products, to reduce size and weight by alleviating cooling require-
ments and is essential to reduce carbon dioxide emissions. Since power amplifiers are among
the power hungriest components in an RF transmitting system, improving their efficiency
is essential to reduce overall power consumption.

This thesis studies the class-E power amplifier, a high-efficiency amplifying concept, in
which the active device behaves like a switching element. Applications like RF heating
in which linearity is not a demanding requirement, can resort to this kind of concept.
It has been shown that excessive transistor output capacitance degrades performance in
this amplifier class, reducing efficiency and limiting its highest frequency of operation.
In this thesis, a new circuit topology is proposed to accommodate devices with excessive
output capacitance, thereby improving efficiency and extending maximum frequency of
operation. The proposed topology, composed of an inductor in series with sub-harmonic
resonators, replaces the DC feed inductor in the classical finite-feed class-E amplifier circuit.
In this way, output capacitance compensation is achieved. The corresponding theory and
design equations are developed in this work. To validate the proposed concepts, a circuit
demonstrator has been designed, built and measured.

This compensating approach, which is called Frequency-Dependent Inductive Compen-
sation (FDIC) in this thesis, is further evaluated to understand its validity at microwaves.
After extracting a simplified large-signal model of a GaN HEMT, extensive simulations
are used to evaluate the impact of excessive transistor output capacitance on class-E. This
approach removes the main idealization when analyzing this amplifier class, i.e., the switch
is replaced by a voltage-controlled current source. Using the extracted model instead of the
ideal switch, allows us to evaluate the effects of non-ideal switching, intrinsic capacitance
voltage-dependency, feedback capacitance and saturation resistance. The effect of the FDIC
on the transistor drain voltage and current waveforms in the class-E topology is studied
and the limitations of this approach are discussed. Once more, a circuit demonstrator is
designed and built to validate the study.

The final part of the thesis addresses power amplifiers for hyperthermia systems. A 250 W
amplifier prototype operating at 70 MHz for regional hyperthemia is designed and built. In
this case, two design approaches are studied, namely, using the conventional class-E design
method based on existing equations, and secondly, by performing load-pull simulations
using the available large-signal model of the LDMOS device. The intrinsic drain current
and voltage waveforms are used to guide the design process and to optimize efficiency.
Finally, RF heating experiments using an agar phantom are performed to evaluate the
amplifier when delivering power under close-to-real conditions.






Abstrakt

Snizeni spotieby energie v elektronickych systémech je nutné ke zvyseni provozni doby u
produkti napajenych bateriemi, ke snizeni velikosti a hmotnosti snizenim pozadavki na
chlazeni a je nezbytné pro sniZzeni emisi oxidu uhli¢itého. Vzhledem k tomu, ze vykonové
zesilovace patii mezi energeticky nejnaroénéjsi komponenty ve vysokofrekvenénim vysilacim
systému, zlepSeni jejich U¢innosti je zdsadni pro snizeni celkové spotieby energie.

Tato prace studuje vykonovy zesilova¢ tiidy E, koncept vysoce uc¢inného zesilovace, ve
kterém se aktivni zafizeni chova jako spinaci prvek. Tento druh konceptu mohou vyuzit
aplikace, jako je vysokofrekvenéni ohfev, pro kterou linearita nepatii mezi kritické parame-
trem. Bylo prokdzano, ze nadmérnd vystupni kapacita tranzistoru snizuje vykon v této
ttidé zesilovacu, snizuje u¢innost a omezuje jeho nejvyssi provozni frekvenci.

V této praci je navrzena nova obvodova topologie pro umisténi zafizeni s nadmérnou
vystupni kapacitou, ¢imz se zvysi u¢innost a prodlouzi maximélni frekvence provozu. Navrho-
vana topologie, slozena z induktoru v sérii se subharmonickymi rezonatory, nahrazuje ste-
jnosmérny napdjeci induktor v klasickém obvodu zesilovace tiidy E.

Timto zpusobem je dosazeno kompenzace vystupni kapacity. V této praci jsou vyvin-
uty odpovidajici teorie a ndvrhové rovnice. Pro ovéfeni navrzenych konceptii byl navrzen,
postaven a zméren obvodovy demonstrator. Tento kompenzacni pfistup, ktery se v této
praci nazyva frekvenéné zavisld indukéni kompenzace - FDIC (Frequency-Dependent In-
ductive Compensation), je ddle hodnocen, tak aby byla pochopena jeho platnost ve spodni
¢asti mikrovlnného spektra.

Po extrahovani zjednoduseného modelu GaN HEMT pro velké signaly jsou vyuzity
rozsahlé simulace k vyhodnoceni dopadu nadmérné vystupni kapacity tranzistoru na tiidu
E. Tento piistup odstranuje hlavni idealizaci pii analyze této tiidy zesilovacu, tedy, ze
piepinaé¢ je nahrazen napétové fizenym zdrojem proudu. Pouziti extrahovaného modelu
misto idedlniho spinace nam umoziuje vyhodnotit G¢inky neidedlniho spinéni, vlastni ka-
pacitni zavislost na napéti, zpétnovazebni kapacity a saturacniho odporu. Je studovan
vliv FDIC na prubéhy napéti a proudu tranzistoru v topologii tfidy E a jsou diskutovéna
omezeni tohoto pfistupu. Jesté jednou je navrzen a postaven demonstrator obvodu pro
ovéreni studie.

Zavérecnd cast prace se zabyva vykonovymi zesilovaci pro hypertermické systémy. Je
navrzen a postaven prototyp 250 W zesilovace pracujiciho na frekvenci 70 MHz pro re-
gionalni hypertemii. V tomto piipadé jsou studovany dva piistupy k navrhu, a to pomoci
konvenéni metody navrhu tiidy E zalozené na existujicich rovnicich a za druhé pomoci
load-pull simulaci s vyuzitim dostupného modelu zafizeni LDMOS pro velky signdl. Vlastni
prubéhy proudu a napéti se pouzivaji k vedeni procesu navrhu a k optimalizaci G¢innosti.

Nakonec se provadéji experimenty s vysokofrekvenénim ohfevem s pouzitim agarového
fantomu, aby se vyhodnotil zesilova¢ pii doddvani energie za podminek blizkych realnym.
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1 Introduction

1.1 Motivation

High-efficiency power amplifiers are not new to the industrial and medical fields being used
in applications such as:

¢ RF welding of plastic materials [2]
e RF tumor ablation [16]
e Drivers for CO2 lasers [17]

Those applications mostly use the ISM frequencies with power levels ranging from ap-

proximately 200 W to as high as 40 kW [2] - [I7]. Figure depicts two applications
in which high RF power is used in medicine and industry, namely, RF welding of plastics
and in tumor ablation. The powering of biomedical implants (e.g. by means of WPTED,
biotelemetry and portable diagnostics are areas in which energy-efficient circuitry is re-
quired as revealed by the use of high-efficiency power amplifiers in those applications (see
amplifier examples in figure . WPT for implants uses very low frequencies (< 1 MHz)
[3] whereas biotelemetry might operate in the microwave range (e.g. 2.4 GHz) [4]. In both
cases very low power levels (< 1 W) are required.
Among the high-efficiency power amplifier classes, the so-called switching-mode power am-
plifiers are widely used in industrial applications requiring high RF power (see examples
in [I8] [19]). The class-E power amplifier belongs to this category and is a very attractive
solution, due to its high efficiency, simplicity of the load network at the same time that
keeps its performance even under non-optimum driving conditions [20].

Although the use of higly-efficient power amplifiers in industrial and medical applications
seems to be a subject which does not require major justification, having an idea of its impact
is important. Therefore, few illustrative examples are given here. In order to do so, let’s
start by introducing the conventional definition of power amplifier efficiency:

o Pout
1(%) = p 100 (1.1)

in which P,,; represents the RF power delivered to the load and P,. the DC power taken
from the power supplyﬂ Using this expression countours of constant RF output power can

be generated.
Figure |1.3[shows the isopower lines for the range P,,; = (10 —100) W and n = (10 — 50) %.

'"Wireless Power Transmission
2this efficiency is referred to as drain or collector efficiency. If RF input power is taken into account the
Power-Added-Efficiency (PAE) is obtained
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(a) (b)

Figure 1.1: RF power applied in a) welding of plastics like blood bags [I] and in b) tumor
ablation [2]

Connect to
Power Source

(a) (b)

Figure 1.2: a) Example of discrete class-E PA (n = 91 %) for WPT in capsule endoscopic
system [3] and b) PA in CMOS technology (1 ~ 35 %) for biotelemetry [4]

This selected range fits well power amplifiers used in wireless communications, which
are operated into so-called back-off, i.e. well below their saturated output power. This is
required to comply with the high linearity requirements resulting from the operation with
multi-carrier signals. This kind of operation on the other hand, causes the amplifiers to
have very low efficiencies, all well below the 50 % mark. Experience shows that (10 —20) %
are not unusual. Values reaching (30 —40) % are possible using for instance Doherty power
ampliﬁersEl

3 Author’s note
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Figure 1.3: Isopower lines for P,,; = 10 — 100 W

An amplifier designed to deliver for instance 20 W and having an efficiency of 10 %, will
consume 200 W from the power supply (see figure . Being able to double its efficiency
(i.e. 20 %) would allow now to reduce the power comsumption to just 100 W. In other
words, the power lost as heat on the PA is reduced from 180 W to 80 W. Power ampli-
fiers are among the energy hungriest components in a cellular base station and aming at
increasing their efficiency is a must to reduce the carbon footprint of mobile stations.
Power amplifiers used in industrial and medical applications on the other hand need to
meet different requirements depending on the application. For Magnetic Resonance Imag-
ing (MRI) for instance, power amplifiers are optimized for pulse operation (accurate and
faithful pulse replication required throughout the amplification process [21]), must comply
with certain level of linearity and are required to deliver high power. A 1 to 3-Tesla MRI
system for extremities (arms, legs) might require between 500 W and 2 kW but for whole
body scanners amplifiers up to 35 kW have been used [22].

For hyperthermia applications modern commercial systems exist with different power lev-
els and operating frequencies depending on the location of the tumor to be treated. For
superficial hyperthermia, i.e. tumors within 1 inch of the skin surface, an 8-channel sys-
tems might deliver up to 480 W (60 W /channel) operating at 915 MHz [23]. For deep
regional hyperthermia (e.g. to treat pelvic or abdominal tumors) systems operate at
around (75 — 140) MHz for higher penetration and use totaﬁ power levels in the order
of (1.3 —1.8) kW [24]. These systems require an adequate control of the power per channel
and phase of the signals sent to the applicators.

Figure now shows the isopower lines for the range P,,; = (100 — 1000) W and n =
(50 — 100) %, a range that would better suit amplifiers used in industrial and medical ap-
plications.

A 2 — kW power amplifier for 3T MRI might have an efficiency slighly above 60 % [25],

4The power can be delivered through a single channel or distributed among several channels
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Figure 1.4: Isopower lines for P,,; = 100 — 1000 W

requiring around 3.3 kW from the power supply (see figure , i.e. 1.3 kW remain within
the PA as heat. Some vendors offer power amplifiers for hyperthermia having efficiencies
below 50 % [23]. For RF cooking RF power amplifier modules using solid-state devices have
been developed operating at 2.45 GHz and with power levels of 250 W. This development
systems offer typical efficiencies around 57 % [26]. A different situation holds for systems
used in plasma excitation, in which switch-mode amplifiers are used, obtaining efficiencies
in the order of 80 % [I8].

As illustrated by these few examples, there is a real need for improving energy efficiency
in RF medical systems. The advantages offered by highly-efficient power amplifiers in this
case are:

e Reduced operational costs

e Reduced cooling requirements

e Usage of smaller power supplies

e Overall reduction of carbon footprint

In the case of hyperthermia systems, these advantages translate into compact and lighter
systems, in agreement with the trend of having the RF sources closer to the pacient (e.g.
by embedding RF generators into treatment bed). This allows on the other hand to use
shorter cables between sources and the applicators to reduce RF losses and thus further
improve the system overall efficiency.
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The classification of power amplifiers (PA) seems to obey historical reasons. Although
different amplifier working principles have been developed in subsequent years, the use of
the alphabetical classification is still adopted throughout the PA community, regardeless
of the underlying principle of operation. In this section an overview of the existing high-
efficiency power amplifier architechtures will be presented, starting with a short introduction
of the so-called conventional amplifier classes.

2.1 Conventional Power Amplifiers

Conventional power amplifiers are classified in four mayor classes, namely Class A, Class
AB, Class B and Class C as depicted in figure [2.1al This classification is made based
on either their biasing condition (quiscient point) or in terms of the conduction angle ® of
the current at the output terminals of the device, i.e. the fraction of the radio frequency
signal (wihtin a period) where a non-zero current is flowing [27]. Since the the current
conduction angle (CCA) might change with the input drive level, this classification criteria
is somehow misleading, therefore the classification based on the quiscient point will be used
here. A more detailed treatment on amplifier classes and their characteristics can fe found
in [28, 29, 30].

The generic topology of a conventional power amplifier is shown in For the class-A
amplifier, the quiscient point is selected such that a constant DC current of approximately
half the maximum drain current (I,,,4,) is circulating through the device. The conduction
angle is ® = 360° and the amplifier operates in the linear portion of its characteristic and
hence minimum signal distortion is obtained. Although in theory the parallel-tuned circuit

i lps (A)
| A
S AB
87 A B
3 s AN/
- : AN\
S t(s)
C Vos (V) )
(a) Quiscent point (b) Current conduction angle

Figure 2.1: Amplifier class according to a) biasing condition and b) current conduction
angle (CCA)
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can be omitted, non-ideal devices being not completely linear generate harmonics that must
be prevented from reaching the load.

Vcc

io

—>
LO lco?ra

Figure 2.2: Conventional amplifier topology

Some authors use the term Tuned-Load (TL) to refer to the operating mode obtained by
conventional power amplifiers (e.g. class-AB) using the topology in figure in which the
ideal output tank present a short circuit at all harmonics [27]. Although a pure resistive
termination could be assumed, the circuit topology shown above not only is widely use in
the classical literature [31], 30, 32] but also simplifies the analysis, due to the assumption of
sinusoidal output volatge.

2.1.1 Generalized Analysis of Conventional Power Amplifiers

The general class-AB waveforms shown in figure [2.3| will be used as the starting point for the
analysis. The device is biased at the gate side with a dc voltage Vizs¢g producing a quiscient
current Ipgg at the drain side, this causes the transistor to have a CCA ® between m and
27 for input drives high enough to allow the drain current to reach Ippu.. As done in
the classical literature and in order to facilitate the notation, a cosine function has been
selected to represent the truncated sinewave seen in figure [33].

The the drain current is composed of the quiscient current Ipsg and a cosinusoidal wave
of peak amplitude Igspeqr, and can be written as follows

(2.1)

ia(6) = 4 TP5@  Laspear cos(0) 16] < @/2
" 0 otherwise

for § = ®/2 the current is zero, i.e. i45(®/2) = IpsqQ + Lispeak - c0s(®/2) = 0 and the
following equation results

Ipsqg

cos(®/2) = ~7
dspeak

(2.2)

for = 0 the current is at its maximum, i.e. i45(0) = Ipsg + ldspeak = IDmax- This
equation can be rewritten as follows
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A Ibs A Ips

IDmax

Figure 2.3: General waveform of class-B amplifier

Ipsg

Ipmaz = Idspeak : <1 + ) = Idspeak : [1 - COS((I)/2)] (2'3)

dspeak

and by using expressions [2.2] and [2.3]into equation [2.T] the truncated waveform as a function
of ® and Ipme, and for |§] < ®/2 can be determined

iqs(0) = 1_1—0D07;(a£/2) - [cost — cos(P/2)] (2.4)

The Fourier decomposition of an even function as the one described by is given by

ias(0) = Io+ Y _ In - cos(n- ) (2.5)
n=1
with
1 /2 IDmax

o= 5 T cos(@/ay) " €080 —cos(@/2)]- 2.
‘ 2 /_q>/21—cos(<I>/2) [cost — cos(®/2)] - db (2.6)
I 1 /2 IDmaz 0 &/ 0o ,
v = g Tty leosh —cos(8/2)]costn-0). 1)

Evaluating these integrals results in the expressions to [27], where the normal-
ization constant a = Ipqa,/27 has been introduced
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Figure 2.4: Fourier components of drain current

2 5in(®/2) — P - cos(®/2)

Io = a 1— cos(®/2) (28)

O — sin(P)
Il a - Ts(@ﬂ) (29)
Loy = 4a- sin(n-®/2) - cos(®/2) —n - sin(®/2) - cos(n - ®/2) (2.10)

n-(n?—=1)-[1—cos(®/2)]

The DC, fundamental, second and third harmonic drain current components as function
of @ are shown in figure with I,, = I,/a. As the CCA is reduced the drain/collector
waveform goes through a shaping process, starting with a pure sinusoidal signal at ® = 27
and approaching a current pulse as the CCA get smaller. Furthermore, the duty cycle starts
decreasing causing a reduction of the DC component as exposed in figure At the same
time, the narrowing of the waveform increases the harmonic content present in the signal.
For instance, the class-B power amplifier exhibits not only a DC component but also the
fundamental as well as the even harmonics, allowing the current waveform to adopt a half-
sinusoidal shapeﬂ Remarcable is the fact that the class-B power amplifier draws less DC
current from the power supply (by a factor of 2/7) compared to the class A case, whereas
the the fundamental component for both amplifier classes is equal to If1 B 7 Dmaz/2
(giving an indication of efficiency boosting by a factor of /2 when moving from ® = 27 to
o =7).

As it was mentioned at beginning of this section, all harmonics of the load are shorted
by the output resonator and consequently the drain voltage is a sinewave whose amplitude
will be defined by the fundamental component I; and by the load resistor R (see figure
. Therefore, the drain voltage can be expressed as follow

! Although only the 2nd and 3rd harmonics are depicted here, in theory an infinite number of harmonics
is present
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Vias(0) = Vpsg — Vi - cos(0)

where Vpgg is the quiscient drain voltage and Vi the amplitude of the drain voltage
swing, assumed to be given by the difference of the drain bias and the knee voltage of the
device as depicted in figure thus

(2.11)

Vi = VDSQ — Vi = VDSQ . (1 — k) (2.12)

By using the values of V; and I; it is possible to find the relations for the optimum
resistance, output power and efficiency as a function of the CCA as follows

Rop(®) = IX;) P VDS;?D' "El k). 1(1)—_6(25;1()4) ? (2.13)

Poc(®) = Iy-Vpsg = 1252 Tomaz 2 5Tn(0] 2)00;(2./;)8@/ 2

Pe(®) = gti-1y = e L) Tbes | DO (2.15)
 Prp(®)  (1—k) & — sin(®)

M) = po@) T 2 2 sin(@)2) — @ cos(®)2) (2.16)

As an example the specific values for the class-A and B power amplifiers are presented
in table The general expressions [2.13], [2.15] and [2.16] can be used to display the relation
between the drain efficiency 1 and output power Prp taking into account the changes in
Ropt for all values of ® as can be seen in figure In this case the knee voltage has been
assumed to be zero (k = 0) and the output power has been normalized by using the Prp
of the class A in table 211

Table 2.1: Equations for class-A and B amplifiers

Variable Class A (D =2m) Class B (=)
1% (1—k 1% (1-k
Fo 9) ) Lol 0 > Vgl h
Ppc (W) 2 Vpsq * Ipmas L Vbso  Ipmas
PRF (W) %'VDSQ'(l_k)'IDmax %'VDSQ'(I_k)'[Dmax
n 3 (1—k) 71—k

In figure two relations are displayed. The solid line presents the efficiency n as a

function of output power Prp , whereas the dotted line shows the efficiency 7 as a function
of the optimum load resistor Rop(norm) = Ropt(®)/ Ropt(QW)ﬂ The efficiency of the amplifier
can be increased by reducing the CCA, theoretically reaching 100 %, but this would imply
zero output power (this can be also seen in figure Where the current and its harmonics go

2The scale of the horizontal axis is used for both Prr(norm) and Ropt(norm)
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Ropt(norm) 0.9319

c Class B(d=1)
0.7
—— 71 Vs PRF(norm)
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Figure 2.5: Relation between n(®) and Prp(P)

to zero), in addition to this Ry — ocﬂ The maximum power is obtained with the class-AB
configuration, being approximately 7.3% higher than the power of the class A and B. This
increase in the output power is accomplished by reducing R,,: by 6.8% and the efficiency
in this case is equal to ~ 65%. Although certain idealizations have been considered here
(zero knee voltage, constant transconductance, high gate breakdown voltage, infine number
of harmonis, etc), these results represent a good approximation in terms of what could be
expected from a device operating under certain biasing conditions and using a very specific
topology. Nevertheless, later on in the study of high-efficiency amplification techniques, it
will be shown that unexpected results can be obtained from conventional amplifier classes
by releasing some of these idealizations.

2.2 High Efficiency Amplifier Concepts

This section presents an overview of the most common high-efficiency amplification tech-
niques. Although there is not a straightforward way of classifying those amplifier conceptsﬂ
three mayor groups are used in this section to categorize them, namely polyharmonic, over-
driven and switched-mode. The first category is more easily understood when described
from the cronological point of view, from here that a short review of early concepts is
presented.

2.2.1 Polyharmonic Approaches and Early Concepts

One of the first reports dealing with the efficiency of power amplifiers and RF generators
corresponds to the analysis by Latour and Chireix back to 1923 [5]. At that time the authors
indicated that the anode-circuit efficiency of three-electrode tubes (triodes)ﬂ operating as
radio frequency generators, could attain values in excess of 70 % to 80 % overcoming the

3In the graph the highest value of the abscissa es 1.4 but it extends to infinity to the right

4Colantonio et al. [27] propose a classification based on current-mode and switched-mode operation

5Triode: 3-terminal active device. The Cathode emits electrons (when heated by a filament) towards the
Anode or Plate (biased positively), while the Grid (input) constrols the electron flow between Anode
and Cathode

10
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50% value reported then in the literature. In order to understand how this efficiency
increase is achieved consider the basic amplifier topology shown in fig.

A ia

<
«

IL ir

I_ E
T

Figure 2.6: Amplifier circuit from [5]
The efficiency in this case can be defined as:

-2
. Pr o Zr(rms) T
Pdc idc -E

n (2.17)

The RF choke L can be considered as a short circuit at DC, therefore i;, = iq4. (: % fOT g * dt)

and the current ¢, flowing through the resistor r is given by 4, = i, — i4.. Using the expres-
sion for the root mean square value of the current throught the load results in:

2
(\/% Jo i = ige)? - dt) T [% S (2 = 2 igige + 13,) .dt} o

= ise B - ise B
2 -2
(Za(rms) B ch) T
= 2.18
ige - B ( )

In [5] it is assumed that the anode current reaches a maximum value i,,,, (saturation
current) ocurring at maximum grid potential. In this case, the voltage across the anode
and cathode is given as follows|

€= Vae ‘ia:imax =FE—-r- (imam - Z‘dc) (2'19)

resulting in the following expression for the efficiency

/)7:

tmaz — Udc

fa(rms
(iz(rms>_i30> ( b—e¢ >_ (1_5>w_ (1 5)-K¢ (2.20)

ige - E E (L_l) " E
Ldc

5This anode-catothe voltage is equivalent to the knee voltage in a field effect transistor with r designating
the load line

11
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Figure 2.7: Summary of waveform-dependent efficiency according to [5]

Equation [2.20] suggests that different wave-shapes of the anode current will result in
different levels of efficiency. Three types of waveforms are considered in [5] as examples of
possible anode currents. These results are summarized in figure

Waveform (I) represents the classical class-A case with 50% efficiency, whereas case (I1)
exhibits the same current waveform as the conventional class-B amplifier. On the other
hand, it can be seen that the efficiency in this case is merely 68.5% instead of the 78.5%
expected for this operating class (see ﬁgure. Due to the absence of the output resonator
in Latour’s circuit, this amplifier behaves as a resistive-loaded class-B topology giving rise
to different values of efficiency (calculation of the drain efficiency for this specific case can
be found in .

Figure also indicates that increased efficiency can be obtained by shaping the anode
current towards a square waveform. It is important to remember that the output current i,
will not be sinusoidal and that filtering is required to allow only the fundamental frequency
component to be transmitted to the load. Latour and Chireix proposed an alternative circuit
composed of a shunt L;C; resonator followed by a series LoCy resonator (see figure ,
both tuned to the fundamental and showed that the efficiency values decrease as compared
with those given in figure 2.7 Inspection of this topology reveals that the anode-cathode
voltage will be sinusoidal whereas the anode current might be shaped to a half sinusoidal
(depending on grid biasing) but not to a square waveform, therefore this circuit resembles
the conventional topology shown in figure [2.2

It is interesting to note that Latour and Chireix did not consider the current conduction
angle in their analysis, something done later on by Scott in 1963 [34], who calculated the
efficiency for the three waveforms above as a function of ®.

Prince [6] took a step forward in analyzing the high efficiency operation of radio frequency
oscillators and amplifiers. In the third part of his paper from 1923, he indicated that by
making the load circuit responsive to certain harmonics, it is possible to change the output
power and efficiency of a power oscillator. In order to increase efficiency, it is necessary
to keep the instantaneous anode to cathode voltage drop as small as possible for that
portion of the period in which a non-zero anode current flows. This can be achieved by
using harmonics in proper phase relations to modify the anode-cathode voltage waveform
to obtain a flat topped wave. Prince suggested to use a circuit containing a resonance trap

12
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Figure 2.8: Amplifier circuit with output resonators from [5]

to allow for the harmonic to build up. This circuit is shown in figure [2.9 He suggested to
use a 3rd or a 5th harmonic component and defined the minimum current conduction angle
required to flatten the voltage waveform.

_ {

Figure 2.9: Harmonic trap oscillating circuit from [6]

The concept of anode-voltage flattening was retaken by Tyler in 1958 [7], who indicated
that by using a large number of resonators in the anode circuit, it is possible to shape the
anode-cathode voltage to obtain either a square or a half-rectified sinusoidal signal. In this
case a broader anode current pulsed can be used without degrading efficiency. The circuits
suggested by Tyler are shown in figure whereby the resonators can be made resonant
either at the even or odd harmonics to modify the shaping of the voltage waveform. In
addition to this, the drive waveform is not required to have the same harmonics for which
anode resonators have been provided.

Compared with the most common class-C amplifier, a significant fraction of the power
delivered by the amplifier kind shown in figure 2.10] comes from the interaction of the
harmonic current and the fundamental voltagd’] In this case, the non-linear characteris-
tics of the well-driven active device plays also an important role in how these frequency
components interact with each other.

"Effective power resulting from the interaction of two signals having different frequencies is only possible
if the integration is performed over periods shorter than one cycle

13
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Figure 2.10: Amplifier with even-harmonic resonators from [7]

Several authors have applied the concept of harmonic loading to improve efficiency in
power amplifiers [35], [36], but only a few of those have been reported in this section. An
extended literature review concerning early high-efficiency amplifier concepts can be found
in [37].

The approaches presented in this section can be summarized as follows:

e Squaring of anode current (Latour and Chireix): shaping of anode current to obtain
n =~ 100%

e Voltage-Current overlap reduction (Prince): keeping the instantaneous anode to cath-
ode voltage drop as small as possible for that portion of the period in which a non-zero
anode current flows. Requires the use of 3rd or 5th harmonic tank at anode side and
defining appropriate CCA to flatten voltage waveform

e Polyharmonic approach (Tyler): using large number of either even or odd harmonic
resonators in anode circuit to obtain square or half sinusoidal signal

In the next section it will be seen that the concept of waveform shaping (by means of
harmonic resonators) to decrease current and voltage overlap reappears, but this time as the
result of analyzing the conventional power amplifier architectures introduced at the begining
of this chapter. It is especially important to remember that although non-overlapping is
necessary, it is not enough to guarantee best levels of efficiency. This can be exemplified
by considering the squared-shaped voltage and current waveforms in [5], which promise an
efficiency of 100% since no overlap is present. Although this is true, only the fundamental
component is desired, in which case the efficiency reduces to ~ 81% since the rest of the
power is wasted in harmonic generation (see page 151 in [32]).

2.2.2 QOverdriven Power Amplifiers

In his paper from 1967, Snider [38] stated that by appropriate selection of the load impedance
at the fundamental and harmonic frequencies, connected at the output terminal of a tuned
amplifier, it would be possible to exceed the efficiency and output power of the classical
class-B amplifier (see section . Furthermore, a theoretical efficiency of 100% at 1.27
times the output power of class-B is possible. In addition to this, a 46% increase in output
power can be obtained by overdriving the amplifier, achieving in this case an efficiency of

14
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about 88%. The first case (having 100% efficiency) is what he called optimum efficiency
class B amplifier, whereas the latter case is the so-called overdriven class-B RF power
amplifier.

In order to understand how this efficiency enhancement is obtained, consider the wave-
forms in figure The drain current exhibits the classical class-B waveform with CCA
of ® = m, however the drain voltage is allowed to change, showing a rather flat topped
waveform.

lds(®) Vds(0)

A
(1+K)VbD
IMaX [oeeeeeee g 2VpD

VDD

Ny,
>

3/ 2 2T

Figure 2.11: Waveforms for optimum efficicency class B

The Fourier coefficients of the current waveform can be obtained by using equations |2.8

to obtaining

1
1—n+1+n

Imal’ Imax . Imam
iqs(0) = + 5 -sin(6) + o Z [

] -cos(n - 6) (2.21)
T n=2,46...

where it can be seen that the third term at the right side of the equation represents the
even harmonics of the fundamental signal. The DC component of the drain voltage is equal
to the supply voltage, i.e. Vo = Vpp, but determinig the rest of the coefficients requires
integration by parts as followsﬁ

01 m—01 T+61
Vo = 1[ i Vds(H)'sz'n(n'G)Jr/ (VDD)'Sin(n'9)+/ : Vis(0) - sin(n - 0)

s 01 01—
2mw—01 27
+/ (—=Vpp) - sin(n - 0) +/ Vas(0) - sin(n - 9)] (2.22)
T+61 201 —7

with Vys(0) = K - Vpp - sin(f). The integration in can be used to obtain the
coefficients for the fundamental and harmonics as a function of 6, [39, 38]

2.K -6 K - sin(26 4. 0
Vi = Vbp [ - e * o 1)] 22
T T
Vo 2 Voo [ sin(lomy o sin(e ) 2 costnin)]
T 1-n L+mn "

8Since Vs (0) is an odd function, it does not contain cosine terms in its Fourier expansion

15
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with V,, representing the coefficients of the odd harmonics (i.e. n = 3,5,7...). In the
equations above K represents the overdrive factor and is defined as K = 1/sin(6;) [39].

As 0, tends to zero the drain voltage approaches a square wave, so that evaluating
equations and for the case #; — 0 results in

Y
Vi = DD (2.25)
T
Y
V, = Db (2.26)

m™n

and the equation for the voltage can be written as

4-Vpp 4-Vpp sin(nd)

™ n
n=3,5,...

VdS(G) =Vpp + SZTL(Q) + (2.27)

The Fourier decompositions in and can be used to determined the key figures

of the optimum efficiency tuned amplifier

1
PDC’ = ; . VDD . Imaa: (2'28)
1
Pout - ; : VDD . Imax (229)
8 Vbbb
R = —- 2.30
ot T I ( )
0 neven
7 = 2.31
" {oo n odd ( )

The second approach suggested by Snider [38] is illustrated in figure In this case
not only the voltage but also the drain current is allowed to change, exhibiting again a flat
topped waveform.

lds(©) Vds(0)
A
K-lmax , mKXBB
| max feeeeey ......................................................
VDD
0 (;)‘ ‘ ™ .(-)‘ T ‘ 37_: 2

Figure 2.12: Waveforms for optimum power class B

Fourier decomposition of the current waveform results in [3§]
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Imax
IO = 5 [QK . (1 — 608(91)) +mT— 291] (2.32)
T
I - Imaz [2 K01 K- sin(201) N 4- 003(91)} (2.33)
2 s T s
1 in(l — in(1 2-
[ = Imar g sin( n)6; K. sin(1 4+ n)6y cos(nby) (2.34)
T 1—n 1+n n
with I,, representing the coefficients of the odd harmonics (i.e. n = 3,5,7...). The DC
and output power can be calculated using ecuations [2.23]2.32] and [2.33
Vi ) Imaa:
Ppo = ”27 [2K - (1 — cos(6y)) + 7 — 264 (2.35)
T
: Ima:r .
Pout = VbDT [2 - K- 91 — K- sm(291) +4- 608(01)]2 (236)
T
- 1 [2- K6 — K- sin(261) + 4 - cos(61)]? (2.37)

27 2K - (1 —cos(01)) +m — 264]
The maximum efficiency of the overdriven class-B is n = 88.6% and occurs at an angle

01 = 32.4°. Table summarizes the more general features of the optimum efficiency and
optimum power class-B amplifiers including the conventional case for comparison purposes.

Table 2.2: Summary of class-B amplifiers

Variable Conventional Optimum Eff. Optimum Power
(91 = 7T/2) (01 = 0) (01 =324 D)
Ropt (2) 2% % ] Xfali 2%
PDC (W) % : VDD ' Imaa: % . VDD : Imaa: 0.4125 - VDD : Imaa:
PRF (W) % : VDD : Imax % : VDD : Imax 0.3656 - VDD : Imax
7 % 1 0.886
0 neven 0 neven 0 neven
Zn, v
0 mnodd oo nodd 2% n odd

The optimum efficiency case, having a half-wave rectified drain current and a maximally
flat sinewave drain voltage is nowadays known as class-F power amplifier [33] 31]ﬂ The
topology of this amplifier type is similar to the one showed in figure in which one or
multiple resonators in serie are used to control the harmonics of the voltage and current

9 Additional names are: high-efficiency class C, class C using harmonic injection, class CD, single-ended
class D, biharmonic or polyharmonic class C, etc [40]
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IDS A

Vcc

Figure 2.13: Switched amplifier principle

waveformﬂ In the literatur some categorizations such as class F'1, F2 and F3 are also
encontered in order to designate the number of harmonics taken into account [40]. For in-
stance, in the class-F2 amplifier a quarter-wavelenght transmission line is used together with
a parallel-tuned output circuit to produce the equivalent of an infine number of harmonics
[7, 31].

In addition to the analysis presented here, some authors have determined optimum
Fourier coefficients for the case of a finite number of harmonics, as for instance in [41], 42].
Studies on loading networks for class-F amplifier are reported in [43, [44], whereas several
design examples can be found in [45] 27].

2.2.3 Switched-Mode Power Amplifiers

A switched-mode amplifier is an amplifier in which the transistor operates at either of two
operating points, designated with A and B in figure 2.13] The transistor is assumed to
behave as an ideal switch, in which the transitions between points A and B occur instanta-
neously. The concept of using transistors as switches in amplifiers is not new as evidenced
by the papers of Milnes from 1956 [46] and from Ettinger and Cooper from 1959 [47]. In
the first of them, the author stated that power dissipation in the transistor, causing tem-
perature rise, is the main factor limiting the output power of the device. Therefore, if the
transition between A and B occurs rapidly the heat dissipation is reduced Considerablym
and for instance a device reported as delivering 10 W in class B would deliver 40 W oper-
ating as a switch [46]. Since the devices are capable of handling more output power and
the dissipation is reduced, higher efficiency is obtained achieving levels above 90% at very
low frequencies [47].

An idealized switching amplifier is depicted in figure[2.13] in which a switch is terminated
with R through a coupling capacitor (. The current and voltage waveform of this amplifier

10An amplifier exhibiting a half-wave rectified drain voltage and a square-shaped drain current is termed
inverse class-F

A transition from A to B following the dotted line in figure is highly desiderable to reduce power
dissipation and increase efficiency

18
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Figure 2.14: Class-D amplifier circuits

are non-overlapping squared waves, and consequently dissipating zero power. Nevertheless,
as it was mentioned at the end of section [2.2.1] only power at the fundamental is desidred
and therefore this ideal switch amplifier would show an efficiency just close to 81% [32].
More practical concepts have been indeed developed and some of the most known family
of switched-mode amplifiers are the class—[ﬂ and class-E amplifiers. Figure depicts
two subclasses of the class-D power amplifier, namely the voltage mode (VM) and current
mode (CM) (additional topologies of the class-D are described in [49, 45, [40]).

The class-D amplifier is characterized by the use of two transistors driven differentially,
thus switching ON and OFF in an alternate way. The CM class-D operation (figure
can be easily understood by imaging the drain voltages to be out-of-phase (push-pull oper-
ation) and so do the odd coefficients in their Fourier decomposition

Vis1(8) = Vo +Vi-sin(0) + Vo - sin(20) + V3 - sin(36) + ... (2.38)
Vis2(0) = Vo —Vi - sin(0) +Va - sin(20) — V3 - sin(30) +... (2.39)

By even and odd-mode analysis [50] and by taking into account the symmetry of the
circuit, it can be seen that the resulting drain-source voltages only contain even harmonics,
whereas the drain currents contain only odd harmonics (in addition to DC and fundamental
components). Therefore it is expected Vy, to be a half sinuoidal signal and 145 to be square
shaped. In this respect, the CM class-D is a push-pull version of an inverse class-F amplifier.
The VM class-D could be thought of an inverse version of the CM in terms of the waveforms
at the device terminals, displaying a half-sinusoidal drain current and a squared-shaped
drain voltage as in the case of the class-F amplifier (optimum efficiency class-B) [31].

The class-E power amplifier is the other high-efficiency concept belonging to the switch-
mode family, having output waveforms that do not resemble those introduced so far. This
single-ende amplifier will be the topic of the subsequent chapters and therfore will not be
presented here.

2Tnvented around 1959 by Baxandall [48)
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3 State of the Art on Class-E Power
Amplifiers

As stated in chapter [2] the class-E power amplifier represents one of the high-efficiency
approaches belonging to the switching-mode family.

The development of this alternative concept seems to have started with the work of
Ewing back to 1964 [51]. In his manuscript he describes a very efficient class-C amplifier
operating as a high-speed switch that is able to achieve higher efficiencies compared to
the conventional class-C amplifier. On the other hand, it was Sokal and Sokal who about
ten years later coined the term class-E to refer to this new tuned single-ended amplifier
topology [52]. From then on, the class-E amplifier has found widespread application due to
its design simplicity and high operation efficiency.

In this chapter the fundamentals of this amplifier class will be reviewed, starting with the
class-E time-domain analysis and presenting design equations for those amplifier circuits.
In addition to this, the power loss mechanisms and frequency limitation in class-E are
discussed. Finally, the design of class E at higher frequencies is addressed by using existing
frequency-domain techniques.

3.1 Low-Frequency Analysis of Class-E Power Amplifiers

Ewing discovered that very high efficiencies are obtained with a series resonant R, L, C
circuit connected about the transistor as shown in figure [51]EI
The analysis of this circuit starts with the introduction of the following assumptions [45]:

e the transistor has zero saturation voltage, zero saturation resistance, infinite off re-
sistance and its switching action is instantaneous and lossless.

e the total shunt capacitance is independent of the collector/drain voltage and is as-
sumed to be linear.

e the loaded quality factor (Q; of the series resonant circuit Ly — Cs tuned to the
fundamental frequency is high enough for the output current to be sinusoidal.

e the only resistive element in the circuit is the load R.

e A duty cycle of 50% (D = 0.5) is used ]

In Ewing’s manuscript the inductor L in series with L, is not shown. However, he indicated that the
series resonant circuit must appear inductive at the operating frequency, which requires an adjustment
in the inductor or capacitor’s value.

2This value is close to D = 0.511, the value for maximum output power [53]
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Figure 3.1: General class-E amplifier topology

In addition to these assumptions, two additional conditions need to be satisfied by the
voltage v(wt) across the switch in order to obtain lossless operation. Those conditions are
referred to as zero-voltage switching (ZVS) and zero-voltage derivative switching (ZVDE
and are given by equation [3.1] and [3.2 respectively [49].

V(Wt)] yy—pr =0 (3.1)
dv(wt

v(wt) ~0 (3.2)

duwt wt=27

The first of these two conditions implies that the energy stored in the shunt capacitor C), is
zero when the transistor turns on, yielding zero turn-on switching loss. Since the derivative
of v(wt) is zero at the time when the switch turns on, the switch current ig(wt) increases
gradually from zero after the switch is closedﬁ The operation for which both conditions
are satisfied simultaneously is called the nominal operation or optimum operation [49).

In addition to the topology shown in figure [3.1], there exist circuits in which the parallel
capacitor C), is not included. One example is given in the paper by Avratoglou et al. from
1988 [54] and on the inverse Class-E topologies described in [55] 56]. In those approaches
the switch current and voltage waveforms are interchanged, whereas optimum operation is
characterized by the fulfilling of the zero-current switching (ZCS) and zero-current deriva-
tive (ZCD) conditions [57]. These alternative class-E topologies will not be considered here
since they do not allow the inclusion of the transistor parasitic output capacitor into the
circuit, a factor of prime importance when working with this amplifier class.

3Mostly referred to as zero derivative switching (ZDS)
4For the case in which this second condition is satisfied, the operation is called soft-switching
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3.1 Low-Frequency Analysis of Class-E Power Amplifiers

3.1.1 Shunt Capacitor Class-E Analysis

In the following analysisﬂ the assumptions made above regarding the ideal behavior of the
switch and of the circuit are to be used. Furthermore, the RF choke is represented by a
infinite-valued inductor having zero resistance and which allows the flow of a constant dc
current.

The current through the active device, being assumed to act as a switch, is given by the
contributions of the dc current, the parallel capacitance current and the load current as
follows

ig(wt) = Iy — ic(wt) + ipp(wt) (3.3)

Since the loaded quality factor @y, is high enough, the current flowing through the load
irr(wt) is sinusoidal and given by

iRF(wt) =1Ip- sz’n(wt + (,0) (3.4)

where Iy is the peak value of the load current and ¢ is the phase angle between the base
or gate excitation current and irp(wt).
When the switch is ON for 0 < wt < 7 the current through the capacitance is zero, i.e.

, dv(wt)
t) =wC,——= =0 3.5
io(ut) = wC, (35)
therefore equation becomes
id(wt) =Ilg+1IRp- sin(wt + QO) (3.6)

The initial condition for the switch current at ¢ = 0 (instant of switching) requires
i9(07) = ig(0") = 0 and therefore

Iy = —Ig - sing (3.7)

Substituting [3.7] into [3.6] results in

ig(wt) = Ig-[sin(wt+ ) — siny)
= Ig - [sin(wt)cos(p) + (cos(wt) — 1) - siny] (3.8)

When the switch is OFF for 7 < wt < 27 the current through the switch is zero, and the
current through the capacitor can be obtained from

ic(wt) = Ige+ I - sin(wt+ @)
= —Ip[sing + sin(wt + ¢)] (3.9)

the voltage across the switch can be obtained by integration of the capacitor current as
follows

5This shunt capacitor class-E analysis follows closely the one in [45]
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wt
1
v(wt) :wc/ic(wt) - dwt
p

1
=— £ [(wt — ) - sinp + cos(wt + @) + cosy) (3.10)
wCyp

and using the ZVS condition from the phase different between excitation current and
load current is obtained

0 =027 — ) - sing + cos(2m + ) + cosyp
0=m-sinp+2-cosp
2
— tany = — —
™

o = — 32.48° (3.11)
the switch voltage is then expressed as follows

1, 3
de |y 2T T cos(wt) — sin(wt) (3.12)

vlwt) = e 2 2

in which the following relations have been used [45]

, )
SINY =——
4 w24+ 4
T (3.13)
COSY =—F— .
4 w2+ 4

the first term in the Fourier decomposition of the switch voltage v(wt) represents the dc
component and is given by

21
1 Idc
Vie = — £) - dwt = 3.14
o= 5r [ oot st = e (3.14)
0

therefore the normalized voltage across the switch is expressed as follows

v(wt) ]0 O<wt<m (3.15)
Vie |7 [wt — 3T — Zeos(wt) — sin(wt)] ™ < wt < 2 '
whereas the current through the switch is given by
ig(wt) |5 -sin(wt) —cos(wt) +1 O0<wt<m (3.16)
Iie |0 T <wt< 2w '

The current through the capacitor C), can be obtained by using and the result in
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3.1 Low-Frequency Analysis of Class-E Power Amplifiers

ic(wt) _ {O O<wt<m (3.17)

Lc 1+ 5 -sin(wt) —cos(wt) 7 <wt <27

the load current can be obtained by replacing [3.7] and the value of ¢ in equation [3.4] as
follows

irF(wt) = <_Idc) - sin(wt + @) (3.18)

SNy

inr(ot) = (3 ) - sinut + )

SiMp
=1.86 - I - sin(wt + @) (3.19)

Figure shows the normalized waveforms of the general class-E topology. As can be
seen here, there is no overlap of the current and voltage at the active device plane. In the
ON state the switch current is the sum of the output rf current and the dc current, whereas
in the OFF state the sum of these currents flows through the parallel capacitor. In addition
to this, the drain (or collector) current exhibits a jump, which according to Molnar [58]
needs to be tolerated if non-zero output power is to be obtained.

The non-overlaping of the drain voltage and current indicates that there is no dissipation
in the transistor acting as a switch. Moreover, since the harmonics of the current and
volage are in quadrature, no power dissipation occurs at the harmonic frequencies. As a
cosequence, the whole dc input power is transformed into rf power at the ouput resistor,
guaranteeing 100 % efficiency.

Taking into account the 100 % efficiency condition the following relation is obtained

1
Iie - Vige = 5112% ‘R (3.20)

hence the dc supply current can be obtained by using and the relations in [3.13]

2 - Ve - (sing)?

Idc: R
5 Ve
72+4 R
Vdc
=0.577- — 3.21
z (321)

The peak values for the switch current and voltage can be determined by differentiating
equations and with respect to wt and equating them to zero

244
Ipeak = (”; + 1) g = 2.86- I, (3.22)
Vpeak = - 27790Vdc = 3.56 - Vg, (323)
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the amplitude of the output voltage is given byﬁ

Vi=—1Ir R
__ e p_ggrp. e B
51N R sing
214
=0.577 - Ve - % = 1.074 - Ve (3.24)

The fundamental component of the voltage across Ls; — (s is zero because at resonance
the reactance of this circuit is zero. The fundamental component of the voltages across
resistor R and the series inductor L are

vr(wt) =Vg - sin(wt + ) (3.25)
vp(wt) = —jwL - I - sin(wt + ¢) = Vi, - cos(wt + ¢) (3.26)
with Vi, = —wL - I . These voltages represent an in-phase and a quadrature component

that add up to give the total fundamental switch voltage as follows

Vfund(wt) = vg(wt) + v (wt) (3.27)

Applying Fourier decomposition over the even and odd component of this voltage results
in (see [45])

2

1 IR - si ’
Vg = /v(wt) - sin(wt + @) - d(wt) = —IjT:CZ':SD [—gcosgo + 2sinp — Zsingo} (3.28)
0
] 27 7 . 2
Vi =— / v(wt) - cos(wt + @) - d(wt) = —%é:@ [20084p - 7rZcosso + gsinsO} (3.29)
0

where and have been used. With the equations above and knowing that Vi =
—Ir- R and Vi, = —wL - I respectively, the following is obtained

~ 2
wCyR Lk 4 [—gcosgp + 2sing — Zsingo] = 0.1836 (3.30)
; 2
wCpwL e 2cosp — 7Lcosgo + Esimp = 0.2116
us 4 2
L
= % =1.1525 (3.31)

and the optimum load resistance can be obtained by using [3.24]

5Recall that the current has opposite direction (see figure |
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Table 3.1: Design equations for class-E with DC' = 50 %

Parameter ‘ Equation ‘
supply voltage (Vy.)
ing f
operating frequency (w) defined by designer
output power (Pyyt)
quality factor (Q)
load resistor R =0.5768 - I‘D/i
out
i _ 0.1836
parallel capacitor C, = 21856
series inductor I = %
series resonator inductor L, = % — L
series resonator capacitor Cy = 51—
w?-Lg
1 VR 1(1.074- Vg)? v}
r=tVi _ 1 ) _ 5768 Ve (3.32)
2 Pout 2 Pout Pout

The admittance seen by the switch at resonance is given by

. 1 (1 —w?LCy) + jwC,R
Yo . = iwC = P P 3.33
£ _switch Jw P+R+]wL R+]WL ( )
with expression and the results in and the angle of the load network seen
by the switch (1/Y .,in) @s required for optimum class-E operation can be obtained as
follows

1 (wL _ wCyR .
¢ =tan" <R> —tan~! <1_w§LCP> = 35.945 (3.34)

The design parameters as well as equations used to determine the component values of
a basic class-E amplifier topology seen in are summarized in table This equations
correspond to a duty cycle DC of 50% .

The analysis of the general class-E topology (for 50 % duty cycle) shown above allows
to understand the basic operating principle of this amplifier concept. Several assumptions
were introduced, which allowed the analysis to be more tractable. Furthermore, the two
additional conditions given by equations (3.1 and |3.2) were assumed to be fulfilled for lossless
operation. This optimum operation is only achieved if the relations among C,, L, R, D
and w, as given above, are satisfied. Kazimierczuk [49] indicates that in order to achieve
zero-voltage switching the operating frequency f must satisfie
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Jor < f < foz (3.35)

in which the resonant frequencies fp; and fpo are given by

1

for =~ T e (3.36)
1

foz o JTTIT o (3.37)

where C¢q is the equivalent capacitance seen during the OFF state and is given by

Cs-Cp
= ——P 3.38
O+ G (3.38)

Deviation from ZVS causes the device to switch without the capacitor C), being fully
discharged, resulting in turn-on switching losses.

On the other hand, the actual implementation of a class-E power amplifier requires
an awareness of the obvious non-idealities causing a reduction in the efficiency of this
architechture. The biggest deviation is in active device operation, for the device cannot
behave as an ideal switch and therefore causes efficiency degradation [27]. Several authors
have proposed ways to evaluate the losses caused by the non-idealities in class-E. Starting
with Ewing [51] who considered the effect of saturation resistance in amplifier performance,
Raab and Sokal [59] consider that in a properly loaded and tuned class-E amplifier, power
losses are primarily caused by active device saturation voltage and resistance, nonzero
switching time and lead inductance. The efficiency degradation can be determined by
calculating the power dissipation in each case and applying the following relation[]

_ Pout
= Pout+Pdiss
In table the expression for the power dissipation Py, for different loss mechanisms
according to [59] is summarized

(3.39)

Table 3.2: Power losses in the class-E power amplifier

] Mechanism Power Dissipation (Py;ss) ‘
Saturation resistance 1.365 (ROTN> P,
Transition time 19.739 ( %f) i Pout
Wiring inductance 2. Ly - [30 - f

where Roy represents the saturation resistance, ¢y the turn-off transistion time, 7' the
signal period and L; the wiring inductance between the actual collector/drain (inside the

"In this equation constant Poy: is assumed. The efficiency degradation could be also expressed as n =
% if constant DC power is assumed
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Figure 3.3: Suboptimum operation above critical frequency [§]

package) and the shunt capacitor C, as well as the inductance of the wiring between the
emitter /source and the ground.

Kazimierczuk [60] and Blanchard et al. [61] have analyzed the effect of the drain current
fall time in the efficiency of the class-E power amplifier. In [60] a linear decay of the
collector current has been considered whereas in [61] an exponential decay was assumed.
Those analyses indicate a relative low-efficiency degradation for a wide range of fall times.
For instance, for wty = 30° about 3% points in efficiency reduction is obtained from the
ideal 100 %, whereas for wty = 60° the degradation is in the order of 10 % to 13 % points
depending on the type of decay assumed. The efficiency degradation due to the finite
current fall time is further affected by the non-infinite quality factor.

3.1.2 Frequency limitation in class-E

Several authors have referred to a maximum frequency of operation within the context of
class-E amplifiers [8] 62, 63]. Raab [8] writes that in optimum class-E operation, as defined
by ZVS and ZDS, the load network discharges the parallel capacitance (C), in figure
prior to turn on of the switching device. There is however a critical frequency in which this
parallel capacitance is entirely provided by the output transistor capacitance, i.e. C}, = Cgj.
Below this critical frequency, in which C}, > Cys, optimum conditions can be easily restored
by using an external capacitor in parallel with Cys. On the other hand, above this critical
frequency, efficiency starts decreasing below the ideal 100 % as displayed in figure [3.3
Figure [3.3] shows the theoretical maximum efficiency that can be obtained from a class-E
amplifier over frequency, including the corresponding normalized value of series reactance
required to keep that level of efficiency. It is worth mentioning that this efficiency degrada-
tion is solely due to the excessive output capacitive effect, i.e. efficiency degradation due to
switching speed reduction and passive component losses are not considered and therefore
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3.1 Low-Frequency Analysis of Class-E Power Amplifiers

it is expeted that the final efficiency will be much lower than the one presented here.
The critical or maximum frequency (fimaz,classk) of the shunt capacitor class-E can be
obtained by using the relations derived in section From equation |§|

1 8

R = . 3.40
wCy m(m?+4) (340)

introducing this relation into equation yields
Iie = mwCy V. (3.41)

now using the relation for Ieqr and replacing C, with Cyg results in the expression
for the maximum frequency

Ima:c
maz,classE =~ T~ 15 342
Jmazcasse N geeT e "y (342)

Note that in this case the maximum allowable peak current has been used, i.e Ipeqr = Inas
, this representing a true physical limit of the device.

By using equations [3.41], [3.21] and [3.32] this expression can be alternatively written as
function of the output power as follows

Pout
fmam,classE ~ 0.0507 Cds ] Vd2c (343)

The expressions and are valid for a shunt capacitor class E with D = 0.5.
Kazimierczuk [49] indicates that fy,qz clessE increases as duty cycle D decreases as discussed
in [64] and even a moderate reduction from 0.5 to 0.43 leads to a two-fold increase in
Jmaz.classe [65]. On the other hand, the analysis presented in [66] shows that for duty
cycles below approximatelly 0.25 the efficiency starts decaying very rapidly.

In addition to this, Raab [8] has demonstrated that releasing the soft-switching condition
(equation would offer the possibility to increase the critical frequency. This regime of
operation was denominated suboptimum operation of class-E amplifiers.

Some approaches have been deviced to overcome the limitations of the class-E amplifier
topology and a overview of them will be presented in the next chapter.

3.1.3 Class-E with finite-feed inductance

In the analysis of the class-E topology in section as well as in the common approaches
encontered in the literature [52, [67], it was assumed that the choke inductance is infinite in
value. On the other hand, Zulinski et al. [68] demonstrated that class-E operation is still
maintained even after replacing the RF choke by a smaller inductive reactance. As a matter
of fact, the elimination of this non-practicable condition adds a new degree of freedom in the
class-E scenario, offering certain advantages that will be discussed in subsequent sections.

The general topology of a class-E power amplifier having a finite-feed inductor is depicted
in figure The series output resonator Ly — Cp is again tuned to the fundamental
frequency, and the series reactance jX performes the phase shift required to terminate the
transistor drain side with an inductive reactance at the fundamental frequency.

8The expression = 0.1836 is obtained by subsituting the relations in into equation W

__8
m(w2+4)
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Figure 3.4: Class-E power amplifier with finite feed.

Instead of showing the whole time-domain analysis required to determine the component
values and the respective waveforms, only the most important steps and outcomes of this
analysis are described here. According to the flow chart in figure[3.5] the switch is considered
to be in the ON state (closed) for 0 < § < 7 and in the OFF state (open) for 7 < 6 < 2,
with € = w - t. The currrent through the switch is the sum of the load current and feed
inductor current for the ON state, whereas the shunt capacitor current is zero (equations
i and 4i in chart). The voltage across the switch is obtained by using the shunt capacitor
current (equation iv) and by taking into account the initial ON state conditions. As a result,
a second order differential equation is obtained, the solution of which is of the form[45]:

Vewiten (0) ¢*p

=C1-cos(q-0)+Co-sin(q-0)+1— cos(0 + ) (3.44)
Vbp -1
in which the following parameters have been introduced

- 1 (3.45)

E wvL-C '

OJLIR

= 3.46
p Vor (3.46)

The parameter ¢ represents the normalized parallel resonant frequency of the L — C
branch, i.e. ¢ = wp/wp. Using equationm (equation vi in flow chart) and the initial OFF
state conditions, it is possible to represent the coefficients C; and Cs as a function of p, g
and of the the phase angle ¢ between the gate excitation current and the load current [45].
Now the circuit components can be calculated as function of these three variables. In the
last step, the conditions for optimum operation, namely, ZVS and ZDS, can be applied to
equation [3.44] resulting in equations xi¢ and ¢t in the chart. From these two equations,
values for p and ¢ can be obtained as a function of q. The expressions for the coefficients
A; and B; as a function of ¢ can be found in

Consequently, different subsets or members of the class-E family, having different compo-
nent values and waveforms, are obtained depending on the values taken by the normalized
parallel resonance frequency gq.

F igures to show the normalized current (f switch = tswiteh(0)/Ipp) and normalized
voltage (Vswiteh = Vswiten(0)/Vpp ) at the switch plane for three different values of the
parameter ¢, namely, ¢ = 0.5, 1.412, 2. Those class-E subsets are designated in the lit-
erature as subharmonic, parallel-circuit and even-harmonic class-E amplifiers [69, [70] [45].
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Figure 3.5: Flow diagram for analysis of finite-feed class E
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Figure 3.6: Class E amplifier for ¢ = 0.5

The corresponding output network seen in each case by the parallel L — C' branch is also
presented.

These topologies exhibit larger critical frequency (fmaz.ciassg) and as it will be shown
later can be used as the starting to point to derive enhanced class-E amplifier schemes.

3.2 High-Frequency Analysis of Class-E Power Amplifiers

The time-domain analysis presented in section allows deducing the current and voltage
waveforms as well as the component values of any class-E topology, like those presented
in section Nevertheless, most of the existing power amplifier concepts, including
the high-efficiency approaches presented in chapter [2, have been analyzed in the frequency
domain. For this reason and in order to obtain a better insight into class-E operation, it is
equally important to resort to frequency-domain techniques.

While this is true that the frequency-domain analysis described in this section is based
merely on Fourier decomposition, two main approaches for implementing the class-E con-
cept can be identified and they have been designated here as harmonic suppression approach
and multiharmonic load network synthesis.

3.2.1 Harmonic Suppresion Network Approach

In analyzing the class-E topology, Mader [9] assumes the capacitance for optimum operation
to be equal to the output capacitance of the device. He applies Fourier decomposition to
obtain the fundamental component of the voltage across the switch as given in [67] and with
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Z,(fy) = R[1+tan(49.05%)1
Z(nfp) = = (for m>1)

.
L

c 1 2-port
out —— Network § R

Figure 3.9: Class-E approach according to Mader [9]

this the impedance seen by the switch-C), combination is obtained. Mader’s expression can
be easily derived by using the relations for vr(wt) and vy (wt) given by equations and
and by taking into account the value of ¢ as well as the relation Ir = —I;./sing as
follows:

Vfund(Wt) = vr(wt) +vL(wt) (347
-1
_ TCR [0.1836 - sin(wt + ¢) + 0.2116 - cos(wt + )] (3.48)
p
Ige ; )
a4y -0.2116] - t 4
SO 018865 0.2116]sin(wt + ) (3.49)

and using the fundamental value of load current from equation [3.19

: Iy .
i fund(wt) = siig@ - sin(wt + @) (3.50)
yields
0.2801 . . 0.1836
Ziuna(wt) = ———= . 1905 = 22711 4 . tan(49.05° 3.51
fund(wt) wC, C, [1+j - tan( )] (3.51)
= R-[1+7-tan(49.05%)] (3.52)

In addition to this, Mader writes that the load network is assumed to be a near-infinite
impedance at the higher harmonics. This concept is summarized in figure

Undoubtedly, this is a simple yet significant simplification of the class-E concept, for
it indicates that all what need to be done is to provide this complex impedance at the
fundamental frequency and a near-open circuit at the harmonics. Examples of lumped as
well as transmission-line network topologies implementing these class-E conditions are given
in [9]. Those network topologies are designed to suppress a certain number of harmonics,
for instance up to the 2nd or 3rd. Three class-E power amplifiers with 2nd-harmonic

9For simplicity, the load resistor Rioaq in this figure is designated as R, but this is not strictly required
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Z(wt)

vdd
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T
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Figure 3.10: Class-E circuits with a) 2nd and b) multiple harmonic suppression from [10]
and [11]

suppression were presented in [10] using the circuit in figure The transmission lines
¢1 and 5 having an electrical length close to 45°, not only provide fundamental impedance
matching according to equation but also present a high impedance to the switched
capacitor at the 2nd harmonic. Several authors have followed this approach to design class
E amplifiers, using transmission line stubs for harmonic suppression up to the fifth harmonic
[11, [71]. For instance, the circuit in figure uses four transmission line stubs (41 to
4y), with an electrical length of 90° at 2 fy, 3fo, 4fo and 5fy respectively, to suppress a high
number of harmonics{r_cl In addition to this, a design-oriented analysis of microwave class-E
amplifiers using multiharmonic transmission-line load networks can be found in [72]. In
this analysis different networks are compared in terms of harmonic suppression and their
effects in output power and efficiency.

3.2.2 Mutiharmonic Load Network Synthesis

The harmonic suppression approach arose from a frequency-domain analysis in which only
the fundamental components of the switch voltage and current were taken into account.
As an extension to this, it is possible to perform the Fourier decomponsition to determine
higher order terms. Although Sokal and Raab [73] had already calculated the harmonic
structure of the switch voltage in 1977, it was not until 2001 when Raab [74] performed a
broader analysis including the harmonic content of the switch current and determinig the
harmonic impedances seen by the active device in class-E operation.

The relations and for the normalized voltage and current respectively (see
section can be re-writen as follows

Viwt) Nt .
Ve T 1+ ; [ayk - cos(kwt) + by, - sin(kwt)] (3.53)
I(I(:ct) = 1+ Z [a;r, - cos(kwt) + by, - sin(kwt)] (3.54)

i

1

For example, the first stub (¢1) not only suppresses 2f, but also 6f, and 10fo. See [TI] for more details
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Table 3.3: Fourier coefficients of switch voltage and current
’ ‘ Switch Voltage ‘ Switch Current ‘
Quk buk aik bik
—0.4674 | —7/2 | —1/2 1.4220
—2/3 w/6 | —=1/3 | —4/(3m)
2/9 0 0 2/(3m)

W N —|

where the a and b coefficients are calculted using following relations

1 2w

Aporik = 7T/0 (VorlI) - cos(kwt) - d(wt) (3.55)
12 ,

bworik = 7T/0 (Vorl)- sin(kwt) - d(wt) (3.56)

The first three harmonics are presented in table These coefficients can be used to
obtain a reasonable approximation to the classical class-E waveforms as depicted in figure
B.11

As a consequence, the input impedance seen from the switch reference plane at the
fundamental and harmonic frequencies, can be calculated as the relation of the normalized
complex voltage Vi, = ay — 7 - bvﬂ and current —Ip = —a; + 7 - biﬂ resulting in the
following equations

Z(fo) = 1.0872- <‘;jc> . 135947 (3.57)

. (%) . (‘Ifj) (3.58)

An example of the application of this approach to the design of class-E power amplifiers
is given by Ortega-Gonzalez [75]. In his design, he uses a 3rd order band-pass network to
synthesize the load impedances according to equations and achieving in this way a
maximum efficiency close to 80% at an operating frequency of 115 M Hz with P,,; = 15 W.

Beltran [76] uses the cascade of three networks, namely, fundamental-frequency match-
ing network, broadband harmonic trap and a dipole network to present the harmonic
impedances according to equation [3.58| up to the 10th harmonic. Although the impedances
synthesized by this load network only provides the theoretical values for the fundamental
and 2nd harmonic, with deviation larger than 45% for the rest of the harmonics, a peak
drain efficiency of 85% at 400 M Hz with an output power of 10 W is achieved. Beltran
uses the term Class — Fa 3, to designate the number of harmonics used to approach true
class-E operation, i.e class — F.

"This is the phasor representation and since sinf = cos(@ — 7/2) the b coefficients are multiplied by
e~ Im/2 — —j

2Gince the load current flows towards the class-E network a minus sign is added to the switch current
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Figure 3.11: Switch voltage a) and current b) waveforms truncated up to 3rd harmonic
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4 Aim of the Dissertation Thesis

The doctoral thesis focuses on highly efficiency power amplifiers, specifically class-E power
amplifiers to be used in industrial and medical applications. Following aspects are to be
covered within the context of the present work:

1. Theoretical analysis of Class-E amplifiers

a) Analysis of class-E power amplifiers using switch as well as large-signal transistor
models

b) Evaluation via theory and simulation to understand factors limiting efficiency in
this kind of amplifier

2. Efficiency improvement in class-E amplifiers
a) Developing of new topologies/circuits to mitigate theirs limitations
b) Class-E in-depth study suitable for microwaves

c¢) Developing of new design approaches and experimental verification

3. Investigation of class-E amplifier for medical/industrial applications

a) Evaluation and analysis of class-E power amplifiers in Hyperthermia (or Abla-
tion) applications

b) Investigating of different amplifier concepts (e.g. Doherty amplifiers) together
with the class-E concept

c¢) Developing of proof-of-concept or demonstrators within a medical/industrial sce-
nario

4.1 Qutline

The core of this thesis is organized as follows:

Chapter [5] starts by reviewing the frequency limitation in class-E power amplifiers. The
characteristic polynomial equations for the class-E topology are used to demonstrate the
problem posed by the transistor output capacitance. A simplified analysis in the frequency
domain is presented to determine the value of the inductor required to compensate excess
output capacitance. Here it is shown that this inductor is frequency dependent. In this
chapter a parameter called ezcess factor («) is introduced, as a way to quantify the amount
of excessive output capacitance. Expressions for the driving point impedance seen from the
transistor plane as function of a are derived and shown here. Two new class-E topologies
are introduced in this chapter. They result from replacing the finite-feed inductor in the
conventional class-E topology by the frequency-dependent inductor derived in this chapter.
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Finally, the simulation and measurement results of a 7.8 W amplifier demonstrator operat-
ing at 434 MHz are presented.

Chapter [6] addresses the topic of inductive compensation at microwaves. The term FDIC-
class-E PA is introduced here to refer to a class-E amplifier having a frequency-dependent
excess capacitance compensation mechanism. In this chapter the concept of FDIC is re-
viewed and examples shown of how this concept has been adopted and extended by other
authors. As a novel element, the FDIC mechanism is evaluated in this chapter by em-
ploying a simplified large-signal model. The chapter shows how to extract the simplified
model from an existing commercial model and its implementation in the simulation envi-
ronment. The extracted model can be fully controlled, i.e., its parameters can be modified
and sections of it de-activated if required. Extensive simulations are shown here to evaluate
operation below and above the class-E maximum frequency of operation. Results of the
conventional vs. the FDIC-class-E are presented. The chapter also introduces design equa-
tions for a generalized class-E output matching network, which can be used in the design
of the FDIC-class-E amplifier. Finally, the simulation and measurement results of a 10 W
amplifier demonstrator operating at 1.96 GHz are presented.

Chapter [7] discusses power amplifiers for hyperthermia systems. The chapter starts with
an overview of radio frequency hyperthermia and discusses the requirements of power am-
plifiers used in hyperthermia systems. For this purpose, a short list of available commer-
cial systems is also shown. The design of a first demonstrator for regional hyperthermia
at 70 MHz requiring 100 W is shown. In this section, system design considerations are
discussed. Measurement results of the built driver and power amplifier are presented. Fol-
lowing this, the design of a 250 W amplifier for the same frequency is introduced. Two
approaches for designing the amplifier are reviewed (class-E vs. load-pull) and evaluated
via simulations. The large-signal model for the LDMOS device is used to generate drain
voltage and current waveforms for both approaches, which help to guide the design process.
Different aspects of the design process are discussed and the measurement results of the
power amplifier demonstrator are shown. Finally, the carried out RF heating experiments
using an agar phantom are presented.

Chapter (8| concludes the thesis with a summary of the most important achievements
and suggests further research directions.
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5 New Topologies of Class-E Power
Amplifiers

In this section an alternative approach is presented that allows to extend the frequency
operation of class-E power amplifiers by using a so-called frequency-dependent inductive
compensation (FDIC)H As already introduced in chaptersection the analysis of the
class-E power amplifier employing a finite inductor (instead of an ideal RF choke) reveals
that the maximum frequency of operation can be increased due to the compensation effect
that causes excess capacitance mitigation.

5.1 Class-E with finite DC feed Inductance

5.1.1 Simplified Analysis

The basic circuit topology of a general-circuit class-E power amplifier with finite-feed in-
ductance presented in section is reproduced once again in fig. This circuit is
usually analyzed by introducing preliminary assumptions: the transistor is considered an
ideal switch that is operating in an off-state and an on-state mode. The transistor has zero
saturation voltage and zero on-resistance, infinite off-resistance and its switching action is
instantaneous. The output capacitance is linear and the loaded quality factor of the series
resonant LyCy circuit tuned to the fundamental frequency is high enough for the output
current to be sinusoidal [45]. By taking into account these assumptions and the optimum
conditions for soft-switching, i.e zero-voltage switching (ZVS) and zero-derivative switching
(ZDS), a set of equations can be obtained to solve for the component values of the circuit
topology in fig. As described in [45] the component values are function of three main
parameters, namely: ¢, p and of the initial phase shift ¢ of the sinusoidal current through
the load. These parameters have been introduced in section and are shown again in

equations (5.1)) and (5.2)).

1
- - 5.1
1= C (5.1)
wollp
_ 5.2
P= (5.2)

Here wy represents the operating angular frequency, Vg the supply drain voltage and Ig
the amplitude of the load current. Commonly, the parameter ¢ is considered as a variable
and p and ¢ are expressed as a function of it. Thus, it is possible to evaluate the components

!The FDIC technique presented in this section has been published in the IEEE Transactions on Microwave
Theory and Techniques [T1]
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Figure 5.1: General circuit of class-E power amplifier.

of the circuit in fig. by selecting different values of the variable q. As a matter of fact, a
set of simplified equations can be found representing the variation of the circuit parameters
as a function of ¢. In [78] and [79] the polynomial form of these equations were obtained
by fitting the responses over q. For the purpose of analyzing the general class-E circuit,
the set of equations corresponding to 1 < ¢ < 1.65 are re-written below in equations
through ﬂ These equations will be used to demonstrate the problem encountered
when dealing with high values of the output capacitance.

K1(q) = 8.085¢ — 24.530q + 19.230 = % (5.3)

Ko(q) = —6.970¢% + 25.930¢ — 31.071¢ + 12.480 = woCR (5.4)

Kp(q) = —11.900¢° + 42.753¢* — 49.630¢ + 19.700 = PLf’ (5.5)
Vdd

Kx(g) = —2.9004° + 8.8004% — 10.200g + 5.020 = = (5.6)

R

When realizing idealized optimum class-E operation mode, it is useful to define the
maximum frequency up to which such an efficient operation mode can be achieved [45].
This maximum frequency of operation can be defined in terms of the output capacitance,
drain supply voltage and output power in the following way. From :

Kc(q)
R= 5.7
w()C ( )
substituting (5.7) in equation ({5.5))
Py Ke(g)
K = — 5.8
P0) = 3 et (5.9

the maximum frequency for nominal class-E operation can be now defined by replacing

C by Cour in (5.8)

Kc(q) P

5.9
21Kp(q) dedCOUT (5.9)

Fmax =

and using the normalized output capacitance C3r = Copr/(Po/V2)

2Equations for 0.6 < ¢ < 1.0 and 1.65 < ¢ < 1.9 can be found in [79)
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5.1 Class-E with finite DC feed Inductance

Kc(q) 1
2rKp(q) O35

Frnaz = (5.10)

Once Cp7 7 has been defined, the expression in can be evaluated in order to
determine optimum values for ¢ that allow to maximize Fj,,;. The range of ¢ to be con-
sidered here cover values up to ¢ = 1.9. As indicated in 78] and [79], for larger values of ¢
(¢ > 1.65) K¢ and Kp decrease considerably and approach zero at ¢ = 1.9. Figure shows
the maximum frequency for several values of ¢ and Cj3777'. An obvious feature displayed in
fig. is the increase of Fj,., for lower values of the output capacitance. The highest value
of Fiqz is obtained for ¢ = 1.9.

As an example, consider a device that is desired to operate in class-E mode at 434 MHz
with drain supply voltage of 20V and RF output power equal to 10 W. Fj,4; is set to this
frequency of operation and the plots in|5.2| are used to determine the maximum permissible
Cour as well as an optimum value for ¢ in each of the three ranges:

e 0.6 < g < 1: a value of F,q; > 434 MHz is obtained for all ¢ as long as the output
capacitance does not exceed 3 pF.

e 1 < ¢ < 1.65: in this case the capacitance should not exceed 4 pF and ¢ > 1.25. Lower
q values can be selected as long as Coyr < 4 pF.

e 1.65 < ¢ <1.9: the maximum permissible value of output capacitance is about 6 pF
if ¢ > 1.68.

It is important to mention that for lower output powers the values of permissible capaci-
tances decrease further. Although the analysis described so far is helpful in determining the
range of permissible Coyr and ¢ that can be used when designing a class-E with finite-feed
inductor, it does not provide any solution for the case when C is larger than the value for
nominal operation. In the next section, a solution is proposed, starting with the study of a
subclass of finite-inductor class-E and its analysis in the frequency domain.

5.1.2 Frequency-Domain Analysis of Parallel-Circuit Class-E

In the following analysis, the parallel circuit class-E amplifier (PC class-E) shown in fig.
b.3will be used as our starting circuit topology. This topology valid for ¢ = 1.412 offers
the advantage of maximum value of optimum load for the same supply voltage and power,
combined with a small value of feed inductor [45].

The elements’ values can be expressed as a function of drain bias voltage, RF output
power and frequency of operation and are shown in equations (5.11)) to (5.13) [45]. In the
following, it is assumed that the output capacitance of the transistor Coyr is larger than
the optimum value obtained from , i.e Coyr = C + Cgx, with Cgx representing the
excess capacitance.
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Figure 5.3: Basic circuit of parallel circuit class-E power amplifier
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Figure 5.4: Parallel circuit class-E power amplifier showing excess capacitance

Vd2d
R =1.365="% 5.11
Pout ( )
L =073 (5.12)
wo
0.685
C= oot (5.13)

In order to obtain optimum class-E operation, a different value of feed inductor is required
as depicted in fig. 5.4 The value of this inductor has to be chosen in such a way that the
capacitive susceptance of Cgx is compensated not only for the fundamental operating
frequency but also for the harmonic components. Adding the susceptance of Cgx and
Lo should result in the susceptance of L for all w, i.e.:

1 1
— = jwCEx + = 5.14
Therefore the value of the required inductor is equal to:
L
L = 5.15

with w%X = 1/(L-Cgx). Equation (6.1)) indicates that this inductor is frequency de-
pendent. Later on it will be shown that this frequency-dependent function can be realized
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by means of an appropriate arrangement of lumped components that vary according to the
number of harmonics to be accounted for.

Taking into account that the output series resonator has a high @) factor and is tuned to
the fundamental frequency wyp, the input impedance seen at the C’OUT—planeH is obtained:

M
R+ jWOLnew

R By (5.16)
R+ joo | tretomey?]

Zin ((’JO) =

To simplify the derivation, define the following quantity:

Bex =1+ <w°>2 (5.17)

WEX
Now ([5.16)) can be re-written as:

jLL)(]RL
Z; -0
in{0) RBEx + jwo
I ngLQ —|—jWQR2LﬁEX
N R252 +w3L?

- 5%X(‘U§%)2R KW}J{L> +jﬁEX] (5.18)

Using (512) in (5.18)

0.732R

Zin = 0.732+ 5
R[1+ j1.366
_ RlL £ j1.36655x] (5.19)
1+ 1.8665%
and using the expression for Bgx
1+ 51.366[1 2
Zin(wo) = R - L1366+ (wo/wrx )] (5.20)

. 1+ 1.866[1 + (WO/WEX)QP

The impedance seen at the harmonics can be obtained by taking into account the high

@ assumption and (6.1)):

nwyL

' n=23.. 5.21
jl+n2(WQ/wEx)2 ( )

Zin(nwg) =

3The nodes of the 1-port network consisting of the switch in parallel with Coyr is referred here to as
Cour-plane.
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Figure 5.5: Drain efficiency, output power and power dissipation vs. «.

Defining the excess factor o = Cgx/C and using (5.12) and (5.13) in the equation of

WEX:
2
«

The input impedance seen by the switch-Coyr combination can be written as a function
of the excess factor « as shown below:

1+ j1.366(1 + 0.5q)

Zin =R- 5.23
(o) 1+ 1.866(1 + 0.5a)2 (5:23)
and at the harmonics
. nwolL
Zin =0 p=23. 24
(nwo) Jl+0.5an2 " 3 (5:24)

In order to have an idea of the impact of the excess factor (excess capacitance), the drain
efficiency, output power and power dissipation have been calculated using the MATLAB
code available in [80]. The data in fig. has been obtained by varying the parallel
capacitance of the PC class-E according to Cpgraiier = C(1 + «) while keeping constant the
rest of the circuit components.

By replacing the value of the inductor obtained in with the new value obtained in
, it is possible to compensate for Cgx achieving optimum class-E operating conditions.
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5.2 Lumped Equivalent Circuit of New Inductor

For a = 0 the excess capacitance Cgrx = 0 and therefore a single-valued inductor is enough
to obtain optimum PC-Class-E operation. As the value of « increases, different values of
the inductor are required for each harmonic component as defined by . The normalized
values of the inductive reactance according to (6.11]) are shown in fig. for several values
of a. Four regions can be identified in fig. by taking into account the values of the
harmonic reactances relative to each other. For values of @ < 1/3 (region I) the reactance
of the 3rd harmonic is higher than the reactance of the 2nd and fundamental one, i.e
X3p0 > Xapo > Xyo. The values of the harmonic reactances change with respect to each
other as « varies and for o > 1 (region IV) X9 > Xopo > X3jo.

2.2 T T T T T T T T T T T T T
204 o=1/3 | 0=2/3 |o=1 ’
8 18—- .ii- -
& 164 \ - ]
5 ] —+— X=1/(1+0.501) |
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Figure 5.6: Normalized inductive reactance vs a.

The impedance magnitude corresponding to the fundamental, 2nd and 3rd harmonics for
four values of the excess parameter in each of the four regions are shown in fig.

In order to model the response in fig. a lumped-element equivalent circuit composed
of a series inductor and two parallel LC' resonators is proposed hereﬂ The PC-Class-E
including this equivalent network is depicted in fig. By observing the corresponding
magnitude diagram of each of the impedances of this equivalent network, it is possible to
figure out how the response in fig. is obtained. Figure [5.9] shows the diagrams of the
impedances Z1 = jwLi, Za = jwLa//(1/jwC2) and Z3 = jwLs//(1/jwCs3).

The resonance frequency wy of the LoCy branch is located between wg and 2wg, whereas

* A similar network as the one shown in fig. was used in [43] and [81] to approximate the three-harmonic
impedance conditions in class-F amplifiers.
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Normalized Reactance

1.0 15 20 25 30
Freq/fo

Figure 5.7: Normalized inductive reactance vs a.

the resonant frequency ws of the branch L3C5 is located between 2wy and 3wy. Fixing
the value of these resonances and selecting appropriate values for Ly, Ls and Lg, allows to
obtain the right value of harmonic reactance. In fig. the change in harmonic reactance
can be noticed by observing the slope of the lines connecting two consecutive harmonic
reactance values. For lower values of «, the value of inductance L; is made large enough
and therefore dominates the frequency response of the network. The slopes in this case are
both positive. As « takes larger values,L; needs to be reduced whereas Lo and L3 has to
be increased. The larger the value of Lo, the lower the value of the harmonic reactance at
the 2nd and 3rd harmonic (Z2 exhibits a negative phase at 2wp). The same applies to L3,
which plays a major role in defining the reactance at 3wg. This qualitative analysis indicates
that each of the resonators allows to control the amplitude of the different harmonics and
therefore, at least in theory, the larger the number of resonators, the better it is possible to
obtain the desired class-E operation, i.e ZVS and ZDVS. On the other hand, in practical
applications, compensation up to the 2nd harmonic suffices. This assertion can be easily
justified by inspection of fig. once more. As « increases considerably, the reactances
Xoro and X370 to be synthesized by Ly, decrease substantially up to a point in which
their values might be in the order of magnitude of the circuit parasitics. Having this in
mind, a simplified topology with only one resonator is considered here as depicted in fig
5.8b| (equations for the Lj LoCyL3Cs network can be found in . The equations
relating the values of the components to the excess factor v can be obtained by equating
the impedance of the L1 LoCy network to the impedances in forn=1and n =2, as
follows:
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5.2 Lumped Equivalent Circuit of New Inductor
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Figure 5.9: Input impedance magnitude of each component in L LoC5 network.

wolo wolL
L = 5.25
M T T,6, T T4 05a (5:25)

2WOL2 2CUOL
2oL = 5.26
O T2 T,0, 11 2a (5.26)

The resonant frequency wo of the LoC resonator fulfills w, < we < 2w, and can be related

to the fundamental frequency wg by means of a new parameter denoted here as y. Equations
(5.25)) and (5.26]) can now be written as:

y = <Z2>2 (5.27)

wOLQ LLJ[)L
= 5.28
1-v 1405« ( )
QWOLQ - 2w0L
1—4y 1+2a

wolq +

2woly + (5.29)

Solving these system results in
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Table 5.1: Parameters of experiment

Parameter Value
Device MRF21010
Frequency 434 MHz
Drain Voltage 20V
Output Capacitance 10 pF
Expected Poyr 10W

Table 5.2: Circuit Parameters for ¢ = 1.412
] Parameter ‘ Value ‘

L 14.66 nH
R 54.60 §2
C 4.60pF
Crx 5.40 pF
o 1.174
Ly 5.93nH
Lo 1.62nH
Cs 4240 pF
L2y + «)
I = 5.30
T Y202+ 50+ 2) (5:30)
aL(4y? — 5y +1)
Ly =— 5.31
2 v(20% 4+ 5 + 2) (5:31)
v
_ 32
Cy 2L, (5.32)

5.3 Simulations and Measurements

In this section, a design example is given to verify the validity of the approach introduced in
the preceding sections. The objective of the design is to demonstrate high efficiency class-E
operation for values of Copr larger than the optimum parallel capacitance required by the
conventional PC class-E topology. Table shows the main parameters of the experiment.

With the value of & = 1.174 shown in Table [5.2] and fig. a maximum drain efficiency
close to 72 % seems to be attainable by using the conventional PC class-E topology. It is
important to consider that the efficiency plot depicted in fig. does not include losses
due to the non-ideal behavior of the switch. Alinikula [82] has calculated the impact of
switch resistance (Roy) on drain efficiency of a lossy class-E amplifier. The device used in
this report exhibits an Rox value close to 1.3 2 ﬂ Hence the expected maximum efficiency

5The value of Ron has been obtained from the simulated IV curves using Motorola’s large-signal model.
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(for a = 0) falls below 95 %, originating a downwards shifting of the whole efficiency curve
in fig. [5.5
The design steps are summarized as follows:

e Selection of operating frequency, drain supply voltage and expected output power.
This information is shown in Table [5.11

e Use of equations ([5.11]) to (5.13) to determine the optimum parameters of the con-
ventional PC class E (results in Table .

e Calculation of the excess capacitance with: Cgpx = Coyr — C, and of the excess
factor a« = Cpx/C.

e Selection of the resonant frequency wo taking into account w, < ws < 2w, and calcu-
lation of v using equation . A good choice for wg is 1.5w,, resulting in v = 4/9.
In this example, this resonance frequency was selected as to maximize the value of Lo
making easier its physical implementation. Taking the derivative of with respect
to v and equating to zero results in v = 0.5.

e Use of equations (/6.4 to to obtain the values of the L LyCs network.

Initial simulations using an ideal switch indicates that class-E operation is still obtained
by using the proposed topology as depicted in fig. For a single-resonator, the
switch current exhibits a small negative peak that is seen to disappear when using two
resonators. As a matter of fact, the switch voltage also displays a very small negative
value (close to zero) at the turn-on time, indicating that Coyr is not totally discharged.
When observing the current through Coyr in the frequency domain, it is seen that the
3rd harmonic component, together with the fundamental one, contributes to reduce the
total current through Coyr making it zero at the turn-on time. The magnitude of the 3rd
harmonic component in the single-resonator case is smaller and consequently a non-zero
current at turn-on is obtained.

The component values of the output series resonator L, and C, (fig. were obtained
by selecting () = 8 and by setting the resonance frequency equal to 434 MHz. At this point
it is important to recall that the high-) assumption was used in the preceding calculations.
Kazimierczuk and Puczko [83] have analyzed the effect of the using a non-infinite @) factor
when calculating the optimum circuit parameters of a class-E amplifier. They concluded
that for the range 7 < @) < 10 this effect can be neglected as errors are found to be less
than 10 %. Therefore the value for () chosen here is within acceptable limits. The input of
the transistor was conjugately matched at the frequency of operation.

The transistor was biased below pinch-off at a gate voltage Vigg = 3.0 V. The equivalent
circuit of the implemented amplifier is shown in fig. Inductors LM1 and LM2 as
well as Lgate were replaced by transmission lines implemented in 30 mil RO4350B. The
resonator LoC9 at the output of the amplifier is connected to Ly at one side and to an RF
ground (bypass capacitors) at the other side. In this caseCy was directly connected to the
ground plane without affecting the topology. An additional finite DC feed (100nH) and
additional bypass capacitors were used to provide additional protection to the DC source.
The capacitor C), and series inductor L, transform the 50 {2 impedance to a higher value
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Figure 5.10: Simulated waveforms using proposed class-E networks
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in order to provide an impedance close to the value indicated in Table The fabricated
test board is shown in fig. The Ly LoCs branch was implemented by means of SMD
Accu-L inductors from AVX and ATC600S capacitors. L is made of three series-connected
inductors (2.2, 1.8 and 1.5nH) resulting in a total nominal inductance equal to 5.5nH.
Lo has a nominal value of 1.5nH and C5 is the parallel connection of two ATC capacitors
resulting in a nominal value of 40 pF. The Cjypqass close to La consists of four capacitors each
of them equal to 100 pF. The circuit was simulated in Agilent ADS using the measured S-
parameters of the passive components and the large-signal model available from Freescale.
The output resonator uses a Midi Spring inductor from Coilcraft with nominal value of
56 nH in series with a 2 pF capacitor. The output matching network is composed of a coil
(2turn no. 24 AWG, 1.5mm ID) for Ly and two paralleled 1pF capacitors for Cs.

A sinusoidal signal was used to drive the device. Although more complex waveforms such
as rectangular or trapezoidal might be used instead, their use increases circuit complexity.
Sine-wave drive has been successfully used in class-E amplifiers [84], since it represents a
usable approximation to the trapezoidal form (although not optimum) that can be improved
by slightly overdriving the device [45].

Figure shows the power sweep, gain and efficiency obtained by measurements and
simulations at the operating frequency of 434 MHz. A maximum drain efficiency and PAE
of 80.7% and 78.6 %, respectively, were obtained during the measurement at an output
power level of 4.91 W. The measured gain was larger than 15dB. The measured harmonic
suppression for the 2nd harmonic was larger than 27dBc. It is seen that the measured
values are much lower than the obtained by simulation. A possible explanation might lie
in the incapability of the used transistor model to accurately predict large-signal operation
(at least in class-E mode), a fact that has been reported in the existing literature [85].

In order to evaluate the operation of the amplifier around the frequency of operation,
a frequency sweep in a narrow band (+16 MHz) was performed. The results in fig. [5.13]
indicate a maximum drain efficiency of 82 % and a PAE of 80.5 % at 428 MHz with an output
power of 5.6 W. The influence of drain supply voltage in the performance of the amplifier
was also investigated. It is important to take into account that in order to accommodate
the saturation resistance and any other potential losses, which reduce the nominal value
of class-E load resistance, an increase in the drain supply might be required. Additional
measurements indicated that for a value of Vpp equal to 25V the output power increased
by 58.45 % with only a reduction in 7 and PAE of 1.65 % and 5.1 % respectively.

In Table a summary of some RF power amplifiers encountered in the literature is
depicted. Four of them (i to iv) use the same LDMOS device as in this work. Reference
[86] uses a SiC MESFET. Common to all of them is the operation in a region in which the
output capacitance is small enough to guaranty proper operation without need of inductive
compensation. Please notice that this table gives an idea of the expected levels of efficiency
and power when using the specified device.

The theory in Section IIB as well as the experimental verification presented in here,
were initially based in the topology obtained for ¢ = 1.412, i.e a parallel-circuit class-E. It
is important to remark that the design procedure described here does not depend on the
values of ¢ assumed. For cases in which « increases considerable (and ¢ = 1.412), the values
taken by the lumped components of the L LoC5 network might become impractical. In this
case the authors recommend the selection of a more suitable value for q. An alternative

o7



5 New Topologies of Class-E Power Amplifiers
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Figure 5.11: Schematic and picture of designed prototype
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Table 5.3: Performance summary of various high-efficiency power amplifiers

’ ‘ PA Class ‘ Py (W) \ 1 (%) ‘ fo(MHz) \ Vop (V) ‘ Comments Ref. ‘
i | ClassB 417 | 83.60 | 100 15 a 7]
71 | inv. Class-E | 10.00 | 78.42 155 21 b 188]
iii | Class-E 1.87 | 8177 | 250 10 c I85]
w | ClassE/F; | 2.36 | 86.60 | 61.44 10 a 89]
v Class-E 20.50 | 86.80 145 30 e [86]
vt Class-E 7.78 79.39 434 25 fo(resy =434 MHz | This work
Vit Class-E 5.60 82.00 428 20 _ This work

az(15V) ~ 1.67 - Fmaz(25V) and f() =0.23- fO(ref)
az(21V) = 1.19 - F02(25V) and fo = 0.36 - fo(rer)
az(10V) & 2.50 - Fr42(25V) and fo = 0.58 - fo(res)
¢ Fraz(10V) 2 2.50 - Finae(25V) and fo = 0.14 - fo(rey)
¢ Device used: SiC MESFET and fo = 0.33 - fo(rey)

a .
me
<[

design procedure is depicted in fig.

Table [5.4 shows the circuit values for the finite-feed topology with L LoCs network using
the data on Table assuming a Coyr = 20pF for ¢ = 0.5 ﬁ Even for a value as high
as a = 5.53, corresponding to the assumed Coyr, the components of the L LoCs network

take values within acceptable limits.

Table 5.4: Example for ¢ = 0.5 and Coyr = 20 pF

Parameter Value
L 176.05nH
R 25.40 Q2
C 3.06 pF
X 26.87)
Cex 16.94 pF
o 5.53
Ly 3.85nH
Lo 1.90nH
Cy 35.75 pF

5This is the so-called subharmonic class E from the literature [45].
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[ Specify f5, Voo, Pout ]

'

Select a value for g

¥

Use (5.3) to (5.6) to obtain:
L,C, X, R

¥

Calculate Cy and a

'

Select m, and calculate y

Figure 5.14:

Calculate L,, L,, C, (see
eq. in Appendix C)

Alternative design procedure for variable ¢
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6 Inductive Compensated Microwave Class-E
Power Amplifier

In this chapter a simulation-based analysis is presented to firstly evaluate the impact of
excessive transistor output capacitance on class-E power amplifiers and to secondly show
how inductive compensation can be used to recover optimum class-E operating conditions.
As a starting point, the finite-feed inductor in a parallel-circuit topology is replaced by
a frequency-dependent inductor, which in turn can be substituted by the new topologies
introduced in chapter This complex lumped-element network is then replaced by a
generalized transmission line equivalent topology, suitable for microwaves. Calculation of
the transmission line impedances and electrical lengths of the proposed generalized network
is shown in detail and a design procedure for this modified class-E is provided. The analysis
presented here is further extended by using a simplified large-signal model for the employed
GaN HEMT device, which allows evaluating the effects of non-ideal switching as well as
of capacitance voltage-dependency and feedback capacitance. The analysis is validated by
simulation and design of a test board. Measurements of the test board showed a drain
efficiency of 80.3%, power-added efficiency of 76.3% and output power of 40.1 dBm at
1.96 GHz, demonstrating the validity of the proposed approach. The approach and results
in this chapter have been published in the International Journal of RF and Microwave
Computer-Aided Engineering [90].

The approach presented in chapter |5 allows to compensate the excessive capacitance not
only at the fundamental but also at the harmonic frequencies, recovering in this way the
class-E operating conditions. This so-called Frequency-Dependent Inductive Compensation
(FDIC) will be further investigated to understand its feasibility and limitations at higher
frequencies. The new circuit topologies in chapter [5] employ lumped elements that can be
used at UHF but are less suitable for microwave frequencies. For that reason, some authors
have presented, following the approach in [12], alternative structures using transmission
lines to achieve compensation at the fundamental and harmonics as is the case of Leng et
al. [I3] and Cheng et al. [I4]. Liu et al. [9I] has also introduced a parallel-circuit class-
E/F power amplifier, which includes a transmission line based compensating network to
account for excessive transistor output capacitance. Nevertheless, the maximum operating
frequency of the network in [91] is below that of a parallel-circuit class-E.

Following aspects are addressed in this chapter:

¢ Replacing the ideal switch by a more complete transistor model, namely, a voltage-
controlled current source (which intrinsically includes pinch-off voltage, saturation
resistance, etc.) together with the non-linear transistor capacitances,

e Reviewing the effect of the FDIC on the transistor drain voltage and current wave-
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(b) Class-E amplifier showing excess capacitance

Figure 6.1: Parallel-Circuit Class-E topology

forms and discussing the limitations of the inductive compensation,

e Presenting an alternative design approach for FDIC-Class-E (i.e. a class-E PA em-
ploying frequency-dependent inductive compensation), which simplifies the class-E
topology by unifying the compensation network, harmonic-suppression and matching
network to obtain more design flexibility.

The next section of this manuscript starts by reviewing the frequency-dependent inductive
compensation technique and corresponding topologies according to [12]. In addition to this,
the transmission line networks presented in [I3] and [14] will be shortly described. In section
IIT this approach will be evaluated at microwaves using firstly an ideal switch and then a
simplified large-signal transistor model. A general approach to design FDIC-class-E power
amplifiers together with simulations and measurement results of a test board are presented
in section IV.

6.1 Review of FDIC

6.1.1 General Concept

In chapter 5| it was demonstrated that a frequency-dependent inductor is required to com-
pensate the excess capacitance Cgx not only for the fundamental operating frequency fy
but also for 2 fo and 3 fy. This can be readily seen with the help of figure (previously

shown as figures and .
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The new inductor L, in figure will provide enough inductive susceptance to cancel
out the excessive capacitance Cpx (with Coyy = Cpx + C), at the same time that leaves a
remaining inductance L, i.e. the optimum value for proper operation in class-E. The value
of the compensating inductor was determined in section and is given as follows:

L
Lyew = my

WEX

(6.1)

where w% x = 1/ (L - Cgx) represents the resonance frequency of the parallel circuit formed
by L — Cgx. This frequency can be related to the excess factor a« = Cgx/C according to

equation (6.2)
2
WEX = (\/7> wo- (6.2)
a

The reactance associated to Ly, at the fundamental and harmonics is given by

Xpew(nwp) = % n=1,2,3.. (6.3)

Table shows the normalized reactance X (nwg) = Xpew(nwp)/wol for few values of

the excess factor a. The first row (o = 0) corresponds to the case Cyyy = C and in this case

L 18 constant and equal to the optimum value L. As « increases the reactance does not

increase directly proportional with frequency, as would be expected for a constant inductor,

but rather exhibits a frequency-dependent behavior that is a function of the excess factor
.

Table 6.1: Normalized reactance of Ly, for fundamental and harmonics
| a [ Cout/C | X(wo) | X(2wo) | X(3wp) |

0 1.00 1.00 2.00 3.00

1/3 1.33 0.86 1.20 1.20

2/3 1.66 0.75 0.86 0.75

1 2.00 0.66 0.66 0.54

Once the frequency-domain response of this inductor has been defined, it is necessary to
synthesize a passive network capable of describing this behavior. Next subsection review
these lumped-element topologies as well as transmission line alternatives for microwave
frequencies.

6.1.2 Equivalent Networks of Frequency-Dependent Inductor

Two topologies were proposed in chapter The first one allows compensation up to
the 2nd harmonic and is composed of an inductor L; in series with a parallel resonators
Ly — Cy, whereas compensation up to the 3rd harmonic can be accomplished by including
an additional parallel resonator Ly — C3 in series with the first one. The one-resonator
implementation is reproduced once again in figure [6.2
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Figure 6.2: One-resonator topology according to [12]

This topology will be used in next section to evaluate the FDIC at microwaves. The
equations in section [5.2] which are shown below for completeness, can be used to calculate
its circuit elements:

L(2v+ «)

= 6-4
"y (20% + 50 + 2) (64)

aL(4y? =5y +1)
Lo=— 6.5
T (202 F 5o+ 2) (65)

~y

Co=—5— 6.6
2 ngQ ) ( )

where ~ represents the relation between the fundamental frequency wg and the resonance
frequency ws of the Lo — C5 resonator as given in equation (6.7)). For the one-resonator
topology to work properly this resonance frequency needs to fulfill w, < ws < 2w,.

v = (32)2 (6.7)

A drawback of the topology in figure is that the inductances of Ly and Lo decrease
considerable at microwave frequencies. The inductor Lo, for instance, takes values below
0.5 nH for frequencies beyond 2 GHz, making its physical implementation critical and
susceptible to fabrication tolerances.

Leng et al. [I3] substitutes the one and two-resonator topologies by a cross-shaped
transmission line topology, composed of two series lines and two shunt A\/8 stubs. The
circuit used to compensate the excess capacitance for fo and 2 - fj is shown in figure [6.3]
An alternative topology is presented by Cheng et al. [I4] and is depicted in figure In
this case, the lumped elements are directly mapped to transmission lines according to the
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Figure 6.4: Equivalent circuit according to Cheng et al. [14]

67



6 Inductive Compensated Microwave Class-E Power Amplifier

methodology described in [11].

Although those approaches seem to offer the possibility of implementing the compensating
network a microwaves, they also suffer from a similar problem encountered in the lumped-
element topology, namely, as « increases, the electrical length of the transmission lines
become too small to be conveniently implemented. In the case of the transmission-line
approach, the lengths of the series lines Line 1 and Line 2 also become too small. In [13]
the electrical lenght 61 of Line 1 is approximately 8 degrees, which is shorter than 1.5 mm
when using, for instance, the well-known substrate RO4350B [92].

6.2 FDIC Evaluation using Transistor Model

6.2.1 Extraction of compact HEMT Model

Figure shows the simplified transistor model, which will be used to replace the ideal
switch in the class-E amplifier circuit. In order to describe the dependency of the drain
current on the gate and drain voltages, the Curtice current equation has been used as shown

in equation [93]

Lis(Vys, Vas) = p - (Vgs — Vi)™ (1 + A - V) - tanh(q - Vids). (6.8)

The parameters of this expression have been determined by fitting the IV response ob-
tained by simulation using the proprietary HEMT model for the device CGH60015 [94].
Figure [6.5b| shows the simulated drain current for both cases, i.e. for the simplified model
and for the large-signal proprietary model.

In addition to this, the voltage dependency of the intrinsic capacitances has been obtained
from the imaginary part of the admittances according to [95]. Figure presents the
gate-source capacitance Cgys as a function of the gate-source voltage and the gate-drain
capacitance Cyq as a function of the drain-source voltage. Cyq also varies with the gate
voltage although this effect is more pronounced in the ohmic region where drain voltages
are low. At higher Vj, a weaker dependency on Vi, is observed [96]. In this manuscript we
consider only a Vys-dependency for the sake of simplicity. The equation used to fit these
voltage-dependent responses is given as follows [97]

C(v) =a+b-(1+tanh(c-v+d)). (6.9)

The values of the parameters in equations and can be found in table The
value of R;, = 0.59 Q (in series with Cy, in figure was chosen to match the input
reflection coefficient S1; (see section 4.2, page 225 in [93]) while the device was biased at
deep class AB, in this case (Vys0, Viasq) = (2.9 V, 28 V). The drain-source capacitance Cyj,
having a value of 0.92 pF, was found to be approximately constant over the drain-source
voltage.

The equivalent circuit of the transistor using Symbolically-Defined Devices (SDD) [98]
can be seen in figure [6.7]

Although the intrinsic elements Cys, Cyq, Cqs and R; could have been included into
the main SDD2P block, it was preferred to use several subblocks and circuit elements to
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Figure 6.5: Simplified model a) and IV response b) using both models
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Table 6.2: Parameters for drain current and voltage-dependent capacitances
Param. ‘ Ids(VgSans) ‘ Param. ‘ Cdg(Vds) ‘ Cgs(Vgs) ‘

D 0.48520 a 0.8554 7.803

n 14 b —0.3802 | —1.836
A 0.00163 c 0.0400 —2.977
q 0.3268 d —0.4800 | —8.926
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Figure 6.8: Class-E with SDD model in ADS
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facilitate the reading of the current and voltages in each of them, as well as to be able to
deactivate and activate the different circuit elements as required.

It is important to point out that the objective in this section is not to extract an extensive
large-signal transistor model, but rather to generate a simplified model capable of describing
transistor operation in a much better way as compared to an ideal switch. By doing so, it
would be possible to gain a better insight into the active device operation in FDIC-class-E
amplifiers.

6.2.2 Simulation of conventional Class-E using SDD Model

Figure depicts the implementation of the class-E power amplifier in Keysight Advanced
Design Systems (ADS) [99] using the SDD model. The equations for the parallel-circuit
class-E [I00] have been used to calculate the element values of the output network. The
supply voltage Vgzg = 28 V has been chosen in order to keep the drain peak voltage (ap-
proximately 3.5 - Vy; for ideal class-E operation) well below the breakdown voltage of the
CGH60015, given as Vpp(min) = 120 V. The targeted output power is Fp,: = 10 W and
the maximum drain current is specified as Ipyrax = 1.5 A [94]. The maximum operation
frequency of this topology fZ,. is around 1 GHz (see equations in [T00]) and is 1.4 times
larger than the one for the conventional class E [70].

Simulations using the SDD model were initially run at a frequency below fZ_ . to verify
proper class-E operation. Figure shows the results at 700 MHz. Two cases were con-
sidered here, namely, when the device is driven by a square source (figures to
and secondly when a sinusoidal drive is used (figures and . Figure depicts
close-to-classical waveforms, although a large current spike is observed. According to Choi
et al. [10I] this current spike is caused by the feedback capacitance Cyq, which does not
allow the drain voltage to reach zero before the transistor turns on. To verify this hypoth-
esis, the feedback capacitance is removed from the model in figure As can be seen
in figure [6.9b] the amplitude of the spike has considerably decreased although it has not
completely disappeared. Grebennikov et al. [100] has noted that a combination of non-ideal
switching conditions and non-zero saturation resistance can cause a transient response of
the current waveform as the one observed in figure In the SDD model it is possible
to vary the saturation resistance by adjusting the parameter gq. For ¢ = 0.3268 (see table
the saturation resistance (rsq¢) is approximately equal to 3 €. Figures and
depicts the voltage and current waveforms for rg ~ 1.4 Q (¢ = 2) and for rg = 4.9 Q
(g = 0.2) respectively. It is clearly seen that a low value of 75, causes the spike to disappear
whereas a higher value of rs,; enhances it. For a sinusoidal drive smoother waveforms are
expected as shown by figure In this case the current spike, which now resemble a
small bifurcation, is less pronounced and can be almost completely eliminated by removing
the feedback capacitance Cyq as depicted in figure @ The efficiency degradation due
to feedback capacitance is just about 3% points, whereas maximum efficiency of 95.7% is
obtained with sinusoidal drive and no Cgyq (for nominal rs,; ~ 3 ). The sinusoidal drive
case also exhibited slightly higher output power compared to the square-signal drive, the
highest being 40.5 dBm for a transistor without Cyq.
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Figure 6.9: Current and voltages for class-E below fZ_ . (f = 700 MHz)
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Table 6.3: Circuit parameters for 2 GHz and 3 GHz
| Parameter | F =2 GHz | F =3 GHz |

L 5.38 nll 3.58 nll
R 92.27 Q) 92.27 O
C 0.59 pF 0.39 pF

Chx 0.33 pF 0.53 pF
o 0.56 1.35
I 3.08 nll 1.36 nH
Lo 0.56 nH 0.39 nHl
Cs 5.70 pF 3.60 pF

6.2.3 Simulation of FDIC-Class-E using SDD Model

In order to evaluate the performance of the FDIC-Class-E the fundamental frequency was
increased as high as twice and three times f,gax, i.e. to 2 GHz and 3 GHz respectively. The
class-E topology in figure was initially simulated using a single-valued inductor (which
is calculated according to [70]) and after that using the one-resonator topology (calculated
using equations (6.4]) to with v = 0.5). Table shows the parameter values for
the selected frequencies. Inspection of the drain waveforms in figure reveals higher
peak voltage and current values for the compensated class-E. The phenomenon of drain
current bifurcation as described in [97] is clearly depicted in both cases, although it is less
pronounced in the FDIC-Class-E. In section it was shown that a small current spike
is observed in Ijs caused by the feedback capacitance for f < finqz- The drain current
bifurcation can be seen as a magnified spike for f > f,4., caused this time not only by the
feedback capacitance but also by the excess output capacitance. Simulations by Cipriani et
al. [102] already display a soft-bifurcated I s but this effect is not discussed by the authors.
Cripps [103] on the other hand, writes that this small peak of current prior to the main
conduction corresponds to a condition where the device (acting as a switch) closes at a point
of nonzero voltage. In addition to this, it seems that the spike in I; allows obtaining a
better compromise between power and efficiency in class-E amplifiers [103]. As a matter of
fact, the FDIC approach analyzed here is able to compensate for C,,; minimizing the current
bifurcation in class-E amplifiers operating above f,q:. Nevertheless, switching at non-zero
voltage is still observed as the effect of the feedback capacitance Cyq is not canceled out
by the proposed FDIC approach. Figure displays the current and voltage waveforms
when removing Cyq from the SDD model, in this case bifurcation is not observed in the
compensated PA any longer. In figure the waveforms for 3 GHz are displayed. In
this case the input power was increased from 26 dBm (used at 2 GHz) to 30 dBm, in order
to be able to drive the device into saturation. This time the bifurcated current of the
single-valued inductor Class-E exhibits a highly pronounced left-side ”lobe”. This side lobe
together with a less symmetrical drain voltage (tilted toward the right), causes a higher
overlap and as a consequence a higher power dissipation at the transistor drain.

Table summarizes the performance of the conventional and of the FDIC-class-E in
terms of drain efficiency and output power. The values for constant Cys and Cyq are
shown in parenthesis. A considerable improvement is obtained, especially when moving
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Figure 6.10: Waveforms of class-E with and without FDIC for f =2 GHz
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Table 6.4: Simulation results for 2 GHz and 3 GHz
F=2GHz | P, (dBm) | n (%)
Class-E 39.2(39.3%) | 82.3(90.8)
FDIC-Class-E | 39.8(40.3) | 95.9(96.3)
F =3 GHz | Py (dBm) n (%)
Class-E 38.8(38.9) | 55.7(69.3)
FDIC-Class-E | 39.8(40.3) | 91.4(96.2)

“ Values in parenthesis are for Cgq = 0

towards higher frequencies. In figure the influence of the device capacitances is
displayed. The black trace (without marks) represents the current for the FDIC-Class-E
when having voltage-dependent capacitances, i.e Cys(V') and Cyq(V'). Removing Cyq from
the FET equivalent circuit allows to eliminate the current bifurcation effect as depicted by
the (blue) trace with filled circles, although this time a negative current jump is observed
(in the classical class-E terminology this negative jump is caused by a negative voltage
derivative at the turn-on time [49]). The small current jump still observed in I;s can be
completely removed by making Cys constant.

Figure presents the overall performance of the inductive compensation in relation to
a conventional class-E operating above f,4.. For the conventional class-E two cases are de-
picted, namely when using an ideal switch and when using the simplified large signal-model.
It is clearly seen that the conventional class-E with the switch would predict outstanding
efficiency levels, still above 80% for an excess factor of @ = 0.9, i.e. Cop = 1.9 Cpp. In
addition to this, the output power is always above 9.4 W within the specified range for
. On the other hand, using the simplified large-signal model shows that efficiencies above
80% are only maintained up to @ = 0.6. The FDIC-Class-E on the other hand, exhibits
improved efficiency and power far beyond f,,q, as compared to the conventional class-E.

These efficiency and power plots are for fixed values of output resistance R, input
impedance and input drive, whereas a square excitation was used to be able to compare
with the ideal switch case. The efficiency and power of the FDIC-Class-E can be improved
by increasing the output resistance R given in table as well as by tuning the input
impedance and by selecting an appropriate input power drive and biasing conditions. It
is important to point out that only compensation up to the 2nd harmonic was presented
in this section. This was done so since simulations performed using a double-resonator
topology (Cpx compensation up to 3 - fp) did not show significant improvement.

6.3 General Approach to Design FDIC-Class-E

In the previous sections a lumped element network and two equivalent transmission line
topologies were presented, all of them used to implement the frequency-dependent inductor
required to achieved FDIC in Class-E. In the first case the parasitics associated to discrete
inductors and capacitors is the main factor limiting proper operation at microwaves. In
the latter, the transmission lines of the equivalent circuit might become difficult to imple-
ment specially for an increasing excess factor a. A general design approach is evaluated in
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Figure 6.12: Comparison of PC Class-E with and without inductive compensation
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this section, which offers the advantage of not relaying on the topologies presented previ-
ously and that is more suitable at microwave frequencies, where the implementation using
transmission lines is a more common practice.

6.3.1 Impedances for FDIC and Class-E Network

The driving-point impedance seen from the switch-C,,; combination as a function of the
excess factor « is given by:

1+ j1.366(1 + 0.5q)

Z; =R 6.10
in(wo) 1+ 1.866(1 + 0.5c)2 ( )
and at the harmonics
. nwoL
7. . U
in(nwo) = J 1+ 0.5an?
=5 -X,, n=223.. (6.11)

These expressions were introduced in chapter [5 but were not further evaluated by the
author. In this section these equations are used together with the simplified large-signal
model to evaluate the general concept of FDIC-Class-E.

Since the goal has now been reduced to synthesize impedances according to equations
(6.10) and (6.11) it is possible to use conventional class-E topologies as for instance the one
in figure [6.13

It is important to mention here that in previous approaches Fourier decomposition of the
ideal current and voltage waveforms of the class-E amplifier have been used to calculate
the required impedances seen from the switch plane [75] [102]. As has been presented here
and also by others, class-E waveforms are far from classical at microwaves, rendering such
an approach as unpractical.

The output network chosen here and depicted in figure [6.13] employs six transmission
lines (another possible topology is the 4-line network described in [104] and [105]) three
of them having a fixed electrical length at the fundamental frequency, namely, 635 = 90°,
0> = 30° and 0g = 30°. It is worth mentioning that for the sake of completeness, the
topology selected here compensates the excess capacitance up to the third harmonic, even
though the analysis of the FDIC in section [6.2.3| only considered compensation up to the
2nd harmonic.

At the fundamental frequency fy the line Z3 connected to the DC supply does not con-
tribute to the input impedance of the network since its length is A /4, causing an open circuit
to appear at its input. Further, at f = 2- fj this line becomes A\/2 therefore short circuiting
the components to the right of the line with impedance Z;. For f = 3- fy the open-circuited
shunt line of impedance Zg is A/4 long, causing a short circuit to appear at the input of
this line. The short circuit is transformed into an open circuit by line Zs, leaving only lines
Zy and Zy as part of the equivalent circuit (the line Z3 is 3A\/4 and can be removed). The
equivalent load networks seen by the device output at the fundamental and harmonics are
shown in figure [6.14] For the sake of simplicity and without loss of generality it will be
assumed that all open stubs have the same impedance, namely Z, = Z5 = Zg = Zy. The
input impedances presented by the network at the harmonics, i.e. Z;,(2wp) and Z;,(3wo),
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Figure 6.13: Generalized transmission Line Class-E PA

are given by equations (6.12) and (6.13|) respectively. The expressions on the left side are
equal to the reactance obtained from equation (6.11]) for n = 2 and n = 3 respectively,

jthan(Qé?l) = ]XQ (612)

—Zycot(3601) + Z1tan(36;)
Z1 + Zycot(3604)tan(361)

Hence, if for instance Z; is known, the electrical lengths 6; and 64 can be calculated from
(6.12) and (6.13) respectively. In this case two quantities are yet to be determined, namely
Zy and 65. The admittance seen at the fundamental frequency from plane g (see figure
6.14h) when terminating the left port of the network with Z7 (wp) (complex conjugate of
Zin(wo)) is given by

tan(ds) tan(é
y, = jonl) | jtante) |y, (6.14)
Zs Zo

with Y, being the admittance seen from plane d towards the device and defined as follows

1 Zy+ jZ:tan(0s)
v, = — . . 6.15
Y7 Zy Ze+ jZotan(6y) (6.15)

In equation (6.15)) Z. represents once more the impedance seen from plane c.
The admittance Y, must fulfill the following two conditions:

_
-7

Im(Y,) = 0. (6.17)

Applying the first condition to (6.14]) results in the following quadratic equation, which
can be solved to obtain Zs

tan®(6a) - Z3 + 2b.tan(6z) - Zo + (| Ze |* —Zoacsec?(62)) = 0, (6.18)

Re(Y,) (6.16)
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Figure 6.14: Load networks seen by device output at a) fo b) 2+ fo c) 3+ fo

where a. and b, represent the real and imaginary parts of the impedance Z., i.e. Z. =
ae + 7be.

In addition to this, the 2nd condition can be applied to the admittance Y, to obtain the
electrical length 65 according to equation (|6.19)

tan(fs) = —tan(fs) — Zs - Im(Yy) (6.19)

with
Im(Y;) = 1 (| Zc |* —Z3)tan(02) — Zabe(1 — tan2(92))‘ (6.20)
Zo tan2(02)Z22 + Qthan(Qg)Zg—l— | L. |2

The required impedances at the fundamental and harmonics can be calculated using
equations ((6.10) and (6.11]) respectively. Those values are shown for 2 GHz in table
The excess factor used in the calculation is o = 0.56 (refer to table [6.3).

Assuming the impedance Z; to be the independent variable and using equations
to , the values for the yet undetermined electrical lengths and line impedances can be
obtained as a function of Z;. The results are shown in figure Table summarizes
the results for Z; = 45 Q.

6.3.2 Simulations using SDD and Commercial Model

Simulations were now performed using the simplified large-signal model with the trans-
mission line output network from the previous section. Figure compares the drain
waveforms for this case against the class-E using the one-resonator topology. As can be

81



6 Inductive Compensated Microwave Class-E Power Amplifier

70 T T T T T T T T T 70

B (&) (o2}
o o o
| | |

Electrical length (degree)
w
o

20 : : : — . . - 50
25 30 35 40 45 50

Z. (ohm)

Figure 6.15: Network parameters as a function of Z;

Table 6.5: Parameters Generalized Network
] Parameter ‘ F =2 GHz ‘

Zin(wo) | (22.7+739.7) Q
Zin(3w0) j57.3 Q
Z 45 Q)
Zo 65.5
Zy... Zg 50
01 27.3°
02=>0¢ 30°
03 90°
0,4 20.8°
05 51.7°
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seen from the figure the waveforms in both cases are quite similar although not identical.
The small differences arise due to the different impedances seen by the device at the second
and third harmonic in each of the cases. Responsible for this is equation , which
was derived without taking into account the finite ) factor of the series resonator in the
class-E circuit. Nevertheless, the efficiency of the transmission line FDIC-Class-E is still
high achieving 91%, representing a 5.1% decrease relative to the lumped version’s efficiency
of 95.9%. In both cases the output power is 39.8 dBm.

Further, the simplified large-signal model was replaced by the proprietary GaN HEMT
model of the CGH60015D. The proprietary model allows reading of the current and voltages
only at the external terminals of the device. Figure displays the drain voltage and
current for the simplified (i.e. SDD) and for the proprietary model respectively. Good
agreement is observed in this case. The output power of the class-E with transmission lines
drops to 39.65 dBm whereas the efficiency obtained is now equal to 85.4%.

The next simulation step requires replacing the die model by the packaged device model.
First of all the impedance provided by the output network need to be corrected by con-
sidering the characteristics of the package. For this purpose the ceramic housing of the
device was removed and a laser scanning microscope used to obtain the dimensions and
heights of different parts within the package. These parameters were then used to create
the 3D model in figure which allowed performing electromagnetic (EM) simulations.
The substrate used in the simulation was alumina, a widely used ceramic material in RF
transistor packages [39]. The equivalent circuit of the package is shown in figure

Equation can now be used to re-calculate the impedance to be seen from the lead
plane knowing the impedance at the Coyr plane

S1(f) = Tout(f)
IS(F)] = Tout(f) - S22(f)

Tiead (f) = (621)

where S;; denotes the S-parameters of the network between the Coyr plane and the lead
plane, |S| is the determinant of the S-matrix, and Ty, the desired reflection coefficient at
the Coyr plane. The impedances at both reference planes up to the 3rd harmonic are
shown in table [6.6

As explained previously, the impedance at the 3rd harmonic was also taken into account
to provide a more general and complete solution, although this impedance was not originally
considered in the theoretical considerations of the FDIC network. The impedance seen from
the gate terminal was again obtained from S7;. Initial simulations using the packaged device
show a drain efficiency of 81.6% and an output power of 39.8 dBm. In this case no additional
optimization has been carried out in the simulation and the output network component
values have been obtained solely by using the class-E formulas for FDIC. Nevertheless, very
good efficiency performance is still displayed. The general design procedure for the class-E
power amplifier is as follows:

1. Specify fo, Vbp and Poyr,

2. Calculate the values of the parallel-circuit class-E output network elements using the
equations in [100],
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Figure 6.16: Waveforms of the FDIC-Class-E when using transmission lines
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3. Calculate Cgx and a,
. Use (6.10]) to obtain Z;,(wo, @),

. Use (6.11]) to obtain Z;,(nwo, «),

6. Re-calculate Z;,(wo, @) and Z;;, (nwy, ) using (6.21)) to take into account the package
effect,

W

ot

7. Calculate the 6-line output network using (6.12)) to (6.20)),

8. Simulation-based optimization using transistor model.

Microstrip
Al,O, .
. H=o0647mm _ O72ns8mo
{ W=3mm
L =0.950 mm :
O —e
Lead plane Cout -plane
(a) 3D model of transistor package (b) Extracted package model for CGH40010F
Figure 6.17: Models of transistor package
Table 6.6: Impedances at C,,; and Lead planes
‘ Freq (GHZ) ‘ Zcout (Q) ‘ Zyead (Q) ‘
2 (22.7+ 739.7) | (16.37 + j26.11)
4 763.5 726.86
6 757.3 715.25

6.4 Implementation and Experimental Results

In this section, a design example is given to verify the validity of the approach introduced
in the preceding sections. An FDIC-Class-E prototype is implemented using the packaged
GaN HEMT CGH40010F from Wolfspeed [106]. The selected operating frequency is 2 GHz
and the targeted output power is 40 dBm using a drain supply voltage equal to 28 V.
The calculated excess factor in this case is a ~ 0.6 (i.e. the transistor output capacitance
is approximately 60% higher than the optimum value). The predicted drain efficiency of
the FDIC-Class-E in this case is around 96% according to table It is important to
remember that this prediction is based on a simplified transistor model without package
and does not take into account losses in the circuit. The circuit is fabricated on Rogers
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Figure 6.18: Full wave and equivalent circuit simulation of package

4350B [92] with a thickness of 20 mils and the dielectric constant of 3.66. A brass jig is used
to mount the circuit board and SMA connectors used to interface the power amplifier. A
cut out was made in the jig to introduce the transistor flange allowing the transistor leads
to rest on top of the PCB traces for easy soldering. Multi-pin connectors were used at the
gate and drain DC paths for connection to the power supply. The fabricated prototype can
be seen in figure [6.19]

The six-line output matching network composed of lines Z; to Zg is shown at the right side
of the packaged device. The input network was designed to provide a complex-conjugate
matching at the frequency of operation as well as a low negative reactance termination
at the second harmonic. The three transmission lines used to control the input harmonic
termination are marked with 2nd HARM in figure [6.19| To guarantee stability two networks

CGH40010F

INPUT = : OUTPUT

Figure 6.19: Implemented FDIC-Class-E Power Amplifier
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were used. The first one is composed of a 47 €2 resistor close to the transistor gate and
in series with the DC bias line. In addition to this, a shunt network composed of a 220 2
resistor in series with a 6.8 pF’ capacitor was used. In figure they have been designated
as STAB1 and STAB2 respectively. The measured and simulated small-signal response of the
proposed amplifier can be seen in figure [6.20

Further the large-signal performance of the amplifier was characterized. The test setup
consisted of the vector signal analyzer N5182A, an in-house designed broadband driver
stage, a 30 dB attenuator, the signal analyzer N9020A and the 4-channel power supply
HMP4040 from Rohde&Schwarz. The simulated results show that the PA delivers a peak
power of 40.2 dBm, a peak drain efficiency of 82% and a peak PAE of 78.9% at 2 GHz.
The output power, gain and efficiency of the prototype are shown in figure The PA
achieves an output power of 40.1 dBm with a drain efficiency of 77.4%, a PAE of 74.5%
and a power gain of 14.3 dB at 2 GHz (figure [6.21a). On the other hand, the simulation
results show a maximum drain efficiency of 82%, with PAE of 78.9% and output power of
40.2 dBm. Additional measurements revealed that higher efficiency can be obtained at a
slightly lower frequency, namely, at 1.96 GHz.

The results of the FDIC-Class-E PA shown in figure demonstrate an output power
of 40.1 dBm with a drain efficiency of 80.3%, a PAE of 76.3% and power gain of 13.1 dB
at 1.96 GHz. In contrast, the simulation shows a maximum drain efficiency of 77.5 %.

Frequency deviations, which can be attributed to fabrication tolerances and large-signal
model inaccuracy among others, are not rare and have been reported by other authors.
Mustazar [I07], for instance, observed a shift in the frequency for peak efficiency in his
class-F PA design (using the same GaN HEMT device) from 2 GHz to 1.95 GHz. Mugisho
et al. [I08] reports even a larger deviation (close to 9%) in his class-E PA, namely from
1.5 GHz to 1.37 GHz. Although this issue was not further investigated, a combination of
tolerances associated with the board as well as with the transistor and passive components,
might be responsible for the observed deviation. As a matter of fact, a quick simulation
shows that for instance, drain bypass capacitor placement inaccuracies of 0.5 mm, causes a
shift of 10 MHz on the location of the efficiency maximum.

In table a summary of selected highly efficiency power amplifiers is presented. Com-
mon to all of them is the use of the same GaN HEMT device and comparable operating
frequency.

Table 6.7: Performance summary of various high-efficiency power amplifiers
| PAClass | Py (dBm) | n(%) | fo (GHz) | Vpbp (V) | Ref |

Class E 40.1 775 | 2.80 28 3]
Class E 40.2 75 | 2.90 28 ]
PC-Class E/F3 40.4 83.9 2.60 28 [91]
Class E/F; 00 | 760 | 2.14 30 [105]
Class E 39.8 90.2 1.37 28 [108]
Class E 0.0 | 650 | 195 28 [109]
Saturated PA 41.0 78.0 2.66 30 [110]
Class F 40.8 778 | 2.50 25 1]
FDIC-Class E 40.1 80.3 1.96 28 This work
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7 Power Amplifiers for Hyperthermia
Systems

This chapter reviews the topic of radio frequency hyperthermia and the requirements of
power amplifiers used for this application. Existing literature is analyzed to understand the
basic components of a hyperthermia system and few examples of commercially available
systems are given to show typical operating parameters, such as frequency and output
power. The design of a 100 W amplifier for regional hyperthermia operating at 70 MHz
is presented. In this section, design considerations such as required drive power and gain,
losses in the amplifying path, etc. are evaluated. The design of the 100 W module itself
is of low novelty, but it allows a first contact with the hyperthermia world and to define
requirements for the next design. The final section of this chapter presents the design of a
250 W amplifier as successor of the pre-designed 100 W module. The existence of a large-
signal model for the high power device used in the 2nd amplifier, opens new possibilities
for design exploration. In this respect, two design approaches are compared: the first one
makes use of the classical class-E design equations to create a first design, which is evaluated
via simulation. The second approach is based on load-pull simulations. Intrinsic waveforms
(i.e., at the current source plane) are evaluated to understand the high-efficiency mode of
operation of the PA. The implementation of the 250 W prototype is also presented. At
the end, RF heating experiments using an agar phantom are performed to evaluate the
capability of the PA to deliver enough power under close-to-real conditions.

7.1 Overview of Radio Frequency Hyperthermia

Radio frequency (RF) hyperthermia is a medical treatment in which cancerous tissue is
exposed to high temperatures (typically 42°C to 43°C) to damage and kill cancer cells.
The treatment is based on the fact that the healthy cells withstand temperatures up to
45°C while the cancer cells do not survive temperatures over 41°C [112].

The heating of tumor tissue has a cell killing (cytotoxic) effect. However, the cytotoxic
effect is small at temperatures below 45°C. Therefore, hyperthermia is always clinically
combined with either radiotherapy or chemotherapy. The application of hyperthermia has
been proven to increase the therapeutic effect of both radiotherapy and chemotherapy. The
effect of hyperthermia is strongly dependent on the achieved tumor temperatures and heat-
ing time. Preclinical research has shown that the cell-killing effect doubles every centigrade,
e.g., 1 hour at 42°C is equivalent to half an hour at 43°C. Hypoxic tumors, i.e., tumors with
a low level of oxygen, are more resistant to ionizing radiation than well-oxygenated tumors,
while hyperthermia is particularly effective in hypoxic tumors [I13]. RF and microwave hy-
perthermia can be classified in different clinical modes according to the medical indication.
For instance, the term Local Hyperthemia is used when the treatment is used for super-
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ficial malignant melanoma lessions and lymph node metastases of head and neck tumors.
Regional Hyperthemia is indicated for cervical carcinoma, bladder carcinoma, prostate car-
cinome, etc. The way in which electromagnetic (EM) energy is applied might vary with the
medical indication. In Thermoablation laser applicators or RF electrodes of few millimeters
are employed. In Interstitial Hyperthermia an array of antennas or electrodes is implanted
in inaccessible tumors, which might be located in deep or superficial tissues. A detailed
discussion on the different clinical modes of RF thermotherapie can be found in [113].

An RF hypertermia system is usually composed of an RF source, a coaxial transmission
lines capable of transporting the requested power, an applicator, thermometers and a control
unit, which adjusts the output power of the source in order to obtain and keep constant the
desired temperature in the treated tissue. The diagram of a general hyperthermia system
can be seen in figure [114]. A phased array of applicators or antennas can be used to
steer and focus the EM energy towards the tumor. In addition to this, a water bolus is
inserted between the patient and the applicator to obtain heat uniformity, cooling the tissue

surface to minimize thermal hot spots as well as to achieve impedance matching between
the RF source and the biological tissue [114} 1T5].

Water

RE/MW Bolus
Generator,
Phase Shifter,
Amplifier 1

Control

RF/IMW
Antenna
Element 1

Main

Computer
.

37°C

RF/IMW
Generator,
Phase Shifter,
Amplifier 2

T("Ch

- 45 —
Multi- al
channel 37/
Thermometer t(min)

RFIMW
Element 2

Figure 7.1: General block diagram of a hyperthermia system [114]

7.1.1 Power Amplifiers for RF Hyperthermia

One of the main blocks in the hyperthermia system is the RF source, which is composed of an
RF generator or a frequency synthesizer that provides a clean (i.e. with low-level harmonic
content) reference sinusoidal signal. The output of the generator (in the milliwatt range)
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needs to be amplified to provide significant RF power to the applicators. A more detailed
block diagram of a multi-channel hyperthermia system is depicted in figure In multi-
channel systems, the magnitude and phase of each path can be controlled and independently
set by the system operator according to a specific treatment planning. As shown in the
figure the system includes directional couplers to measure the power out of the amplifiers
as well as the reflected power from the applicators, phase shifters, data acquisition units
(DAQ), etc. Although a divider unit after the pre-amplifier can be used to provide N paths
as indicated in figure an alternative approach might use a generator with N outputs,
each of the outputs providing magnitude and phase adjustable signals, connected to path
pre-amplifiers and path power amplifiers (see for instance [116]).

Phase Cho1 only
Comparator [ | toDirectional Coupler
AD Switch | | d=[— cnoz-cmiz
Phase Power 1
Shifter Amplifier Directional
coupler
(D [ . 1
» =

Delaclor‘z —_—
Preamplifier : T
Generator > L —

Temperature
measurement
Figure 7.2: Block diagram of HT system showing power amplifier according to [15]

Waust et. al [117] mention some of the requirements to be fulfilled by power amplifiers used
in RF hyperthermia systems, namely: sufficient output power level ( > 100 W), broadband
operation, high efficiency, high linearity, high stability, low cost and long-term reliability.
The output power will depend not only on the clinical mode (type and location of tumor) but
also on the number of channels. Available systems deliver as low as 60 W up to a maximum
of 500 W per channel. The application dictates once more the frequency of operation,
superficial tumors are heated with microwave antennas in the range of (443 — 2450) MHz
and deep-seated tumors with RF antennas in the range of (70 — 150) MHz [I1§]. The PA
can be designed to operate at a single frequency or to cover a pre-defined range. Table
presents a summary of few commerial hyperthermia systems.

7.2 Design of 100 W Amplifier for Regional Hyperthermia
This section presents the design of a power amplifier to be used in regional hyperthermia

experiments, i.e., for the case of deep seated tumors, extending to more than 4 cm from the
skin surface [118]. The power amplifier is required to operate at 70 MHz and to deliver an
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Table 7.1: Commercial RF/MW Hyperthermia Systems

’ System ‘ Channels ‘ Pyt /channel ‘ Freq(MHz) ‘ Vendor ‘ Ref ‘
BSD-500 8 60 915 Pyrexar | [119]
BSD-2000B 4 325 75— 140 | Pyrexar | [119]
BSD-2000-3D 12 135 75— 140 | Pyrexar | [119]
BSD-2000-3D/MR 12 135 100 Pyrexar | [119]
ALBA 4D 1 500 70 Alba | [120]
ALBA ON 4000D 12¢ 200 434 Alba [121]

¢ This customized solution with 12 channels was designed to support the HYPERcollar system [122]

output power between (50 — 100) W, to a load composed of an applicator connected to an
agar phantom (emulating a 1-channel system). Details on the experiments performed with
this power amplifier at the Institute of Biomedical Engineering in Kladno can be found in
[114].

7.2.1 Design considerations and Driver requirements

The amplifier for the initial experiments should deliver at least 50 W operating at 70 MHz
[114]. In addition to this, high gain is required to amplify the output signal of the direct
digital synthesizerﬂ (DDS) circuit. Figure shows the spreadsheet for the calculation of
power and gain for the 100 W use case. Following assumptions were made in the calculation:
a) the length of the coaxial cable between the coupler and the applicator is equal to 3 m,
b) there is no additional component (e.g. a Balun) between the cable and the applicator,
c) the applicator has a return loss (RL) equal to 15 dB and d) the mismatch loss between
the driver and the high-power amplifier (HPA) is negligible.

RF Generator Driver Coupler Cable Balun Antenna
O % » =0 i Y
Power (W) 2,00E-04 100 99,31 91,62 91,62 88,72 Total
Power (dBm) -7 30,00 50,00 49,97 49,62 49,62 49,48 49,48
Gain (dB) 37 20 -0,03 -0,35 0 -0,14 56,48
P/N AD9959 NPTBOO0D4 MRF101AN RS EEAEE || A Applicator
431 400, 50 Ohm
Pmax (W) 4 100

Figure 7.3: Spreadsheet to calculate power and gain of 100 W use case

The "Power (W)” row shows the power at the output of each component with the ex-
ception of the antenna or applicator, in which case, the power reading must be interpreted
as the input power to the antenna minus the mismatch loss. As can be seen in the spread-
sheet, the output of the DDS is —7 dBm [124], which needs to be amplified by the driver
and finally by the PA. The 20 dB gain of the HPA is a conservative assumption based on

'DDS is a method of producing an analog waveform by generating a time-varying signal in digital form
and then performing digital-to-analog conversion [123]
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the transistor datasheet [125]. To obtain 50 dBm (100 W) from the HPA, a driver with a
gain of 37 dB is required (for a total gain of 57 dB for the amplifying stage). Every dB of
gain reduction on the HPA (e.g. due to mismatch) needs to be compensated by the driver.
Finally, as can be seen in figure the power reaching the applicator is less than 90 W.

In order to meet the gain requirements of the driver and to provide a minimum of 1 W
(see ﬁgure to drive the HPA, a 3-stage configuration was selected. In this case the driver
is composed of a gain stage employing the general purpose MMIqﬂ amplifier BGA614 [126]
and two identical pre-drivers built around the GaN HEMTEl NPTB00004 [127]. The pictures
of the built driver can be seen in figure [7.4]

(c) Driver

Figure 7.4: Driver composed of 3 amplifying stages

The driver was designed to operate over a broadband frequency range, going all the way
from 70 MHz to approximately 450 MHz. To accomplish this, negative feedback combined
with lossy matching was used for the pre-driver. The design of feedback amplifiers is out
of the scope of this chapter and the interested reader is referred to the existing literature
[128]. The small-signal performance of the driver shows that the gain is equal to 44.7 dB

2Monolithic Microwave Integrated Circuit
3Gallium Nitride High-Electron-Mobility Transistor
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Table 7.2: Small-signal performance of driver amplifier
| Frequency (MHz) | [Sy[ (dB) [ [Sy;] (dB) | [Spl (dB) |

70 44.7 —-34.9 —16.3
250 43.3 —36.8 —14.0
450 40.9 —-31.6 —12.7

at 70 MHz and goes down by 1.4 dB at 250 MHz. The output return loss is better than
12 dB in the range of (70 — 450) MHz and the input return loss better than 30 dB in that
frequency range. The small-signal performance of the driver is summarized in table [7.2]
The large-signal performance of the driver will be shown later in this section.

7.2.2 Power Amplifier Implementation and Measurements

The final stage or HPA was built using the LDMOS device MRF101AN [125]. In this case,
the company NXPEl offers a design kit composed of a small printed circuit board (PCB), a
custom base plate, two transistors and additional parts like screws and SMAEl connectors.
This allows the designer to concentrate on the circuit design, selecting the appropriate
passive components and do the assembly of the small-footprint PA. The picture of the
assembled amplifier can be seen in figure

Figure 7.5: Picture of 100 W amplifier

As there is no large-signal model available for the MRF101AN, the S-parameter data
provided by the manufacturer was used to design the input matching network of the PA.
For the output matching network an alternative approach was used, which allows designing

“https://www.nxp.com/
5SMA: SubMiniature version A coaxial connector
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and optimizing the output impedance presented to the transistor drain. In this respect,
an additional PCB contains the output matching circuit, which consists of a 4-element
low-pass network. The impedance to be presented to the transistor drain was obtained
by interpolation of the impedance data given in the datasheet for the reference circuits
[125]. The element values of the output matching network (OMN) were initially obtained
via simulation and subsequently tuned to obtain the desired impedance value. Figure
[7.6] shows the small-signal measurements of the PA. The OMN transforms the 50 © load
impedance to a value of (12.4452.9) Q as can be seen in ﬁgure A good input return loss
(RL) is observed (close to 20 dB at 70 MHz) but the output RL is apparently insufficient,
exhibiting a value of 1.8 dB at 70 MHz (see figure . The poor output RL observed
in the measurement is a normal behavior. The device is biased in deep class-AB with a
quiescent drain current of only 100 mA. The output impedance is highly dependent on the
output voltage swing at the transistor output and will improve as the device is driven to
operate at high output power levels.

The whole amplifying chain was assembled and measured. The measurement setup can
be seen in figure [7.7] The additional 4th-order low-pass filter connected at the output of
the driver allows reducing the 2nd harmonic component (at 140 MHz) by 30 dB in order
to inject a clean signal into the PA. The performance of the driver and of the output stage
is shown in figure The power of the generator was swept from —24 dBm to —10 dBm
allowing to obtain 112 W from the PA. This required approximately 3 W from the driver
(or 35 dBm as shown by the black trace in figure . The gain of the driver stage was
better than 45 dB. Figure indicates that the output stage is saturated with a gain
of 15.4 dB at maximum power. At this point, the PA reaches a drain efficiency close to
78%. The bill-of-materials (BOM) for the gain block, pre-driver and HPA can be found in
Appendix D

Although the amplifier displays a good performance, the experiments in [114] showed
that the power provided by this amplifier was not enough to produce the desired heating of
the phantom and for that reason a new power amplifier with higher output capability was
required. The next section presents the design of a 250 W power amplifier.

7.3 Power Amplifier with ) = 250 W

For the design of the new amplifier the transistor MRF300AN from NXP was selected [129].
The device is specified for P,,; = 300 W and for operation up to 250 MHz. In addition
to this, it comes in an low-cost over-molded plastic package, which makes it an attractive
option in terms of priceﬁ and expected performance.

The design process described in this section start by evaluating two approaches:

1. Approach 1: using the parallel-circuit class-E design equations from previous chapters
to create an initial PA design

2. Approach 2: using load-pull simulations to determine the appropriate loading for
high-efficiency operation

5The cost-per-watt of the MRF300AN at 0.18 $/W is less than half of a comparable devide at 0.47 $/W
employing a ceramic housing
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Figure 7.8: Large-signal performance of driver and PA

7.3.1 Evaluation of PC Class-E Topology via Simulations

To proceed with approach 1, the equations (5.11]) to (5.13)) in subsection were used to
determine the values of the lumped elements in the parallel-circuit class-E topology. The

input to those equations are: Vg =50V, P,,; = 300 W and fp = 70 MHz. In addition to
this, the knee voltage is set to Vinee = 3 V, which is taken from the IV curves generated
using the large-signal model. The knee voltage needs to be subtracted from V4 in equation
(5.11). The resulting circuit can be seen in figure

The input matching network was designed by conjugately matching the input impedance
of the transistor, which was obtained from S;; at the deep class-AB biasing condition of
Vgs = 2.368 V and Vs = 50 V. A shunt R-C circuit in series with the transistor gate was
used to provide unconditional stability, although in later designs, only a resistor in the gate
bias path is enough to serve this purpose. The output capacitance C’C‘l’gt of the transistor is
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Figure 7.9: Circuit diagram of PC class-E amplifier

bias dependent and the value used here is C5**(50V) = 105 pFﬂ

The simulated performance of the circuit is shown in figure [7.10l The power sweep in
shows a good efficiency level of 88.5% and an output power of 53.5 dBm for an input
power of 33 dBm. To verify class-E operation, the intrinsic waveforms (at the current
generator or switch plane) are also showrﬂ These waveforms resemble those of a class-E
amplifier, in which the current waveform has been smoothed. Some overlap between the
voltage and current is observed, as expected for an non-ideal switching behavior. The
current waveform also displays negative values (trace in red color), something that in the
classical class-E theory is usually attributed to a non-fully discharged output capacitance
during switch on [49]. In figure the waveforms for two different values of input power
are given. At P;, = 28.5 dBm the peak drain voltage reaches 133 V, which is the value
for the breakdown voltage Vpg given in the datasheet of the device [129]. At this input
power level, the PA delivers Py, = 51.6 dBm (below 150 W) at 72.3% efficiency, which is
significantly lower than the values for P, = 33 dBm. The peak drain voltage at this higher
Py, is 156 V and therefore 17% higher than Vgg.

According to the literature, the peak drain voltage in the PC class-E topology can reach
up to &~ 3.6-Vy4 [100]. On the other hand, the observed peak voltage in ﬁgure is rather
close to 3 - Vg, therefore, a second simulation at reduced drain voltage was performed. In
this case Vg = 40 V was selected, which is about 3.3 lower than the transitor V. Before
running the simulation, the element values of the circuit were re-calculated and a slightly
higher value for the output capacitance used, i.e., Cg;‘t =113 pFﬂ To be able to recover
the output power level the sweep is performed up to P;,, = 36 dBm. As can be seen in
figure the output power is 53.6 dBm at an efficiency level of 85.9%, while keeping
the peak voltage below 133 V. The current has been increased and now has a peak value of
18.7 A (with an acceptable DC level of 6.5 A). The RF swing at the gate displays a peak
value of 9 V, which is still below the 10 V maximum rating for Vj,. This result seems to
indicate that reducing the drain voltage to 40 V and driving the device with 4 W would
allow to ideally obtain close to 230 W at 85.9% efﬁciencyﬂ

"Please note that in the schematic the wrong notation Coss was used. Clss refers to the short circuit ouput
capacitance and is equal to C3** + Cyq. For the used device Cyq ~ 2 pF and therefore Coss ~ C5*

8See to see how to calculate the intrinsic waveforms

9The value for Cg+*(Vyq) is obtained from the simulated output admittance Y,, at fo =1 MHz when biasing
the device below threshold, in this case Vgs = 0 V and setting the corresponding Viq (see

10PJease note that losses in passive components and thermal effects will negatively affect this outcome
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Figure 7.10: Simulation results of PC class E for V3 =50 V

7.3.2 General Approach via Load-Pull Simulations

As a second approach, load-pull simulations were performed using the large-signal model
of the transistor. The parameters used to run the setup can be found in table Besides
the input power level, frequency and biasing condition, the impedance terminations at
the harmonic frequencies have to be specified. In this case, the default value of 500 Q
was used, which is practically an open circuit when compared to the optimum impedance
required by the device at the fundamental frequency. As with previous simulations, the
case temperature T, of the device was set to 100°C. The obtained impedances as well as
output power and power-added efficiency (PAEE-D after few iterations of load and source-
pull can be seen in the lower part of table An output power of 275 W at an efficiency
level of ~ 89% is obtained.

The high efficiency obtained from the load-pull optimization suggests that some kind of

11PAE = (Pout - Pzn)/PDC
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Figure 7.11: Simulation results of PC class E for V3 =40 V

waveform shaping is happening within the circuit with the set of impedances presented to
the device. To evaluate this, the drain voltage and current signals at the intrinsic plane
of the transistor are shown in figure These waveforms remarkably resemble those
of another member of the high-efficiency PA family, namely, the class-J power amplifier.
Wright et al. [I30] present measurements of typical class-J waveforms on a 10 W GaN
HEMT. Both current and voltage waveforms are quasi half sinusoidal in shape and the
current also passes through small negative values in the same wave as observed in figure
The power sweep was performed up to P;, = 30 dBm and therefore 3 dB lower than
the value used in the load-pull setup. As can be seen in figure the peak drain voltage
exceeds Vppg for input power levels beyond 25.5 dBm. Exceeding the manufacturer’s DC
breakdown voltage rating of the device seems to be a major practical issue in high-efficiency
modes of operation, which might require trading output power for efficiency. For instance,
Cripps [32] has theoretically shown that a peak voltage ratio of nearly 3 is obtained in
class-E PAs, when choosing a conduction angle to provide the same output power level as
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Table 7.3: Parameters and results of Load-Pull simulation

’ Parameter ‘ Value
P;, (dBm) 33
fo (MHz) 70

Vaa (V) 50

Vgsq (V) 2.368
(Lasq (mA)) | (100)

Ze () 500

Zs () | 3.0+48.3

7., (Q) | 31+j4.3
Py (dBm) | 54.4
PAE (%) 88.9

Table 7.4: Simulation-based comparison of two design approaches (Vi3 = 50 V)
| No. | Approach | Py, (dBm) | Py (dBm) | Eff. (%) | VEZ*F |

(1) [ PC Class-E 33 535 (224 W) | 885 | 1.17Vasg
36 53.7 (234 W) | 89.6 | 1.20Vzg
(2) | Load Pull 30 54.2 (263 W) | 86.1 | 1.26Vzn

in class-A operation (having a peak voltage ratio of 2). Brounley [I7] brings some insights
into this topic. In his experiments with high-efficiency power amplifiers, he has registered
drain peak voltages above breakdown. For instance, in a design operating at 40.68 MHz
with P, = 544 W and with efficiency of 85%, the peak voltage was 150 V, which is 36%
higher than the specified Vpr = 110 V. In this case, the measured excursions were on
the order of 2 ns long during the time the DC breakdown is exceeded. Brounley concludes
that the RF breakdown is higher than the DC value specified by the manufacturer. An
additional observation concerns the data provided by NXP on the MRF300AN. According
to the datasheet, the device is able to deliver 300 W of power even at efficiency levels
reaching the 80% when operating at Vyg = 50 V [129]. This seems to be a clear indication
that the device is operating with peak voltages pass its DC breakdown voltage. For the
purpose of this work, it will be considered that peak voltages exceeding the DC breakdown
by about 36% (as measured by Broundley [I7]) are still acceptable.

Table summarizes the results of the studied approaches when using a supply voltage of
Viaa = 50 V. As can be seen here, approach no. 2 offers a good compromise between output
power and efficiency at an acceptable peak voltage factor (peak drain voltage exceeds DC
breakdown by 26%, which is below the 36% previously mentioned).

7.3.3 Power Amplifier Implementation

Using the impedance values from the Load-Pull simulation, the input matching network
(IMN) and output matching network (OMN) were synthesized. The corresponding circuit
diagram is shown in figure Both matching networks are composed of two cascaded
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Figure 7.12: Simulation results of Load-Pull setup E for V3 = 50 V

low-pass L-type transformers. This topology is quite general and can be employed in either
broadband amplifier matching [I31] or for instance in output networks for class-E amplifiers
at gigaherz frequencies by replacing the lumped elements by transmission lines [45].

The simulated response of the amplifier using ideal components is shown in figure [7.14]
The power sweep shows an output power of 54.6 dBm (288 W) at an efficiency level of
79.3%. The peak voltage is exceeding Vg by more than 36%. In this case the input power
needs to be reduced to compensate for this. The differences with the previous results using
the load-pull data, are caused by the output matching circuit, which presents different
impedances at the 2nd and 3rd harmonic components. In this case, the circuit elements in
the matching network need to be adjusted to recover the performance.

The company NXP provides once more a design kit for the MRF300AN. The kit contains
a PCB, a small aluminum plate and the transistor. For the sake of symplicity, the provided
PCB was used. The DXF files of the board were imported into ADS [99] and planar EM
simulations run. The layout of the PA in the simulation environment can be seen in figure
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At the fundamental frequency of 70 MHz EM simulations of the layout are not really
required, but the parasitic components of the board become important at the harmonics.
Figure [7.15] also shows the impedance seen from the drain side of the device towards the
OMN for two cases, i.e., when using an OMN with ideal components as in figure [7.13]
and when using the layout of the OMN as shown in figure In both cases the same
ideal lumped components were used, so that the main difference lies in the interconnects
(traces) between those components. At the fundamental frequency the real part of the
input impedance in both cases is quite similar, with differences below 1 2. As the frequency
increases the differences in the imaginary part become aparent.

The power amplifier employing the layout was simulated. Ideal lumped components were
replaced by the manufacturer S-parameters. For the initial implementation commercialy
available inductors are used, therefore the value of the two inductors in the OMN (25 nH
and 47 nH respectively) were adjusted to meet existing components (22 nH and 42 nH),
something that will slightly affect the performance. The power sweep and waveforms of the
simulated amplifier can be seen in figure At P;, = 32 dBm (peak factor of 1.36VpRg)
the output power is 53.4 dBm and the efficiency 78.1%. If the 42 nH inductor is replaced
by two 22 nH in serieﬂ the efficiency can be increased to 82.5% while no real change in
output power is obtained (an small increase in 0.1 dB is observed). Further, a reduction in
the capacitor values at the OMN would allow obtaining 54.2 dBm output power at 84.3%
efficiency. To achieve that, a 1 dB increase in input power is required with the added benefit
of slightly reducing the peak factor to 1.31Vpzg.

The picture of the assembled PCB is shown in figure As can be seen in the figure,
the transistor is still not soldered, since the idea here is to first measure the impedances
presented by the matching networks to the gate and drain of the device. In the setup shown,
a semirigid coaxial cable is used to interface the coaxial port of the network analyzer to
the gate and drain traces on the PCB. Before soldering the cable, a one-port calibration
was performed to reference the measurement to the un-connectorized side of the cable. The
standards used during the SOIE calibration were the following:

e Load: a 51 Q SMDM resistor soldered between the inner conductor and the cable
shield

12For the selected high current inductors, there are no values between 42 nH and 66 nH
3Short-Open-Load
HSurface-Mounted Device

106



7.3 Power Amplifier with Py = 250 W

20
ts(Vint=192.8 i
power=31. r
ts(Vint)=133 1 15
RFpower=24.5 - O
10 @
L ~~
-2
-5

WE N 0

LP OMN (Vdd = 50V)

40— 7D
0 5 10 15 20 25 30
t (ns)
(a) Intrinsic drain voltage and current waveforms
55+ 80
] REPAETT04
_ 94 . 70m
. et
% 534 8.
AN | 60 3
3 521 sy g
o 2
51{ RFpower=24.5 50 ~
P_Fund=50.6
50— [T [T [T [T [T [T 40
24 25 26 27 28 29 30 31

Pin (dBm)
(b) Output power and efficiency

Figure 7.14: Simulation results of amplifier circuit for Vi = 50 V

e Short: a short length of wire soldered between the inner conductor and the cable
shield

e Open: no connection at all

Figure presents the results of the impedance measurement together with the sim-
ulated data. As can be appreciated in the figure, there is a good agreement between the
measured and simulated data. For the case of the OMN the markers show the values for
the fundamental as well as for the harmonics.

The S-parameters of the fully assembled PA are shown in figure The red traces
corresponds to the simulated data and those in black to the measurement. As can be
appreciated, there is a good correspondence between the measured and simulated data.
The measured curve for S;; displays 20 dB of input return loss at 70 MHz. This level of
matching is not predicted by the simulation. Regarding the gain it can be said that both
curves exhibit similar behavior. The measured small-signal gain of the amplifier is 18.7 dB
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Figure 7.15: Layout of amplifier and input impedance presented by the OMN in the ideal
circuit and when using the EM-simulated layout

for the design frequency, whereas the simulated value is 4 dB lower. It is important to
mention that for both cases, i.e., for the measurement as well as for the simulation a gate
voltage was individually selected to obtain about 110mA of drain quiescent current (deep
class-AB biasing). The case temperature in the model was also set back to 25°C (otherwise
a higher drain current would flow using the same gate voltage). These settings allow to
have similar operating conditions. Nevertheless, it is important to remember that model
inaccuracies are possible. The output return loss looks quite similar in both cases. This
poor level of small-signal output matching was also observed in the 100 W amplifier. As
previously stated, the output impedance is highly dependent on the voltage swing at the
transistor output and will change as the device is driven to operate at high output power
levels. A proof that the output impedance matching improves is the significant gain increase
exhibited by the PA during large-signal operation, as will be shown later.

The initial large-signal testing phase of the PA was not quite successful. The PA did
not reach 200 W and exhibited poor efficiency, which caused the measured case tempera-
ture to reach the 100°C mark after 4 mins of operation. To avoid damage of the device,
the PA was switched off when the case temperature reached 120°C. Care was taken to
provide enough cooling by placing the transistor directly onto a bigger heatsink (using a
thin layer of silicon grease) and by using cooling fans. Slight modifications of the biasing
point (quiescent current) and of the drain voltage did not show significant deviation of the
observed performance. This first experimental round apparently shows that the transistor
large-signal model prediction capabilities are not as expected. A more detailed study is
required to understand the usability range of the manufacturer’s transistor model.

In order to optimize the performance of the designed power amplifier, following method-
ology was used: a) using the large-signal simulation as a guidance tool to understand how
to change (increase/decrease) a certain component in the OMN (to improve P,,; and ef-
ficiency) and b) implement those changes into the PC board of the PA. For instance, as
mentioned early in this section, increasing the value of the second inductor (42 nH in the
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Figure 7.16: Simulation results of PA using layout with Vzg =50 V

board and Ls; in figure has a positive effect on the amplifier efficiency. After making
those changes, Zg.qin (please refer to figure can be observed by simulation to under-
stand what kind of loading is required by the PA. The low-pass OMN is composed of the
elements Lo, Cos, Lo1 and Cyg according to figure (an additional degree of freedom
offers the bias inductor Lgy). Modifying the value of Lo; allows the fundamental impedance
Zarain(fo) to move on a line of almost constant reactance (without significantly changing
the harmonic impedances). Or in another words, this allows adjusting the real part of the
fundamental impedance presented to the device. On the other hand, the inductor Loy would
cause all impedances (fundamental and harmonics) to move on a line of almost constant
resistance. A possibility to only move the harmonic impedances would be to firstly use
Los and then the two capacitors to move back the component at fy. Capacitor Cog would
exclusively affect the impedance at fy in its real and imaginary part. Although all those
changes are theoretically possible, in practice, applying those to our PC board would be
cumbersome (e.g. de-soldering and re-soldering capacitor combinations on a PCB mounted
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(a) Setup for measuring Zgqse (b) Setup for measuring Zg,qin

Figure 7.17: Setup for measuring impedances presented to LDMOS device

on a heatsink is a challenging task), therefore, changes were only applied to the inductors
to optimize the PA performance as much as possible.

The final performance of the optimized power amplifier is shown in figure The
output power for P;, = 31.7 dBm (or close to 1.5 W) is equal to 54.2 dBm or 263 W.
The efficiency achieved at this power level is equal to 76.9 % and the power dissipated in
the device is Py = 79 W. The operation of the power amplifier was stable and the case
temperature did not exceed the 90°C. Figure [7.21a] shows the picture of the improved PA
using hand made coils for Loy and Lso and figure a thermal image of the PA after
30 min of continuous operation at a constant P, = 242 W. Rising the gate voltage from
2.56 V to 2.68 V allows an additional increase of the output power up to ~ 275 W at an
efficiency of 77.5%. As previously clarified, the capacitors in the output matching network
were not changed, therefore limiting the optimization of the PA module.

7.3.4 Experiments using Agar Phantom

In order to evaluate the performance of the power amplifier in a close-to-real environment,
the test setup in figure was prepared. The difference of this arrangement in comparison
with previous measurements is that the power amplifier is not connected to a high-power
50 2 load but to an applicator loaded with a phantom. Power meters connected to the
coupling ports of coupler #2 measure the incoming power to the applicator and the reflected
power. The RF generator is a commercial amplifier system from the company ALBA. This
systems was adjusted to operate at reduced power levels. Coupler #1 was initially used
to register the input power of the amplifier under optimum loading (502 termination) in
order to create an input power reference table. Once this process was completed, the two
available sensors were connected to coupler #2.

The applicator used in the experiments is a patch antenna element operating at 70 MHz
and part of a regional hyperthermia system, which is currently being developed at FBMIEl
for the treatment of cancer in the pelvic region [I32]. A picture of the applicator is shown
in figure This 2-layer structure (ground plane and upper layer) forms a microstrip

nstitute of Biomedical Engineering in Kladno
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line using water as the substrate. The height of the substrate is 25 mm and on top of
this an additional 75 mm water layer represents the bolus which, as previously explained,
provides heat uniformity, cools down the tissue surface to minimizes hot spots and improves
matching between the RF source and the tissue [I15]. A plexiglass enclosure holds the whole
structure in place.

An agar phantom representing human muscle tissue was used in the experiments. It
consists of distilled water, gelatin agar and sodium chloridﬂ The manufactured phantom
was divided into four sections or layers that could be separated from one another. After RF
energy exposure, the temperature in each layer would be measured with a thermal imaging
camera. A picture of the agar phantom on top of the patch antenna can be seen in figure
[7.23D] The first step in setting the antenna-phantom arrangement is:

1. filling the plexiglass enclosure with distilled water
2. measuring the temperature on each of the four layers
3. placing the layers one by one on top of the patch antenna

4. measuring the reflection coefficient of the arrangement (the reference plane is at the
input of the 1 m coaxial cable connected to coupler #2 in figure [7.22))

Markings on the foil holding each layer allows to identify the layer number.

The results for two rounds of experiments are shown in table The first experiment
was run for 6 min, whereas the second for 3 min. Once an RF heating round is completed,
the temperature on each layer is measured once more. This requires removing each layer one
by one and measuring its corresponding temperature. As can be seen, this also implies that

More details on the phantom preparation can be found in [132)
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Figure 7.19: S-parameter measurements of power amplifier (red: simulation, black: mea-
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Figure 7.20: Large-signal performance of 250 W power amplifier
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(b) Thermal image after 30 min of continuous operation

Figure 7.21: Pictures of improved PA and measurement of case temperature
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Figure 7.22: Block diagram for test setup with phantom

Table 7.5: Results of experiments using agar phantom
| Round 1 | ¢ (min) | Tphantom (°C) | Pout (W) | Prey (W) | Tease (°C) | EfE. (%) |

to 0 25 248.7 37.2 81.8 67.6
ty 6 29 257.0 37.0 102.0 69.0

| Round 2 | ¢ (min) | Tpnantom (°C) | Pout (W) | Preg (W) | Tuase (°C) | Eff. (%) |
to 0 25 257.4 45.4 108 68.2
ty 3 27 260.4 45.6 116 68.6

the antenna-phantom arrangement needs to be re-assembled before the next round. The
measured return loss for experiment number 1 was 8.5 dB, whereas for experiment number
2 was 7.5 dB, which would translate into a 14% and 18% reflected power respectively. This
difference in input reflection coefficient can be explained by the water refilling process and
re-positioning of the phantom layers for each experiment, which causes variations on the
antenna-phantom arrangement. Images of the temperature measurement of the phantom
layer closest to the applicator are shown in figure A reference metallic frame (320 mm
x 230 mm) is positioned on the phantom every time before performing the temperature
reading, so that the measurement is always performed at the center. This 4°C increase is
observed after a heating time of 6 min.

In each round following is measured: the initial and final incident and reflected power, the
transistor case temperature and the drain current (to determine the drain efficiency). Two
obvious observations regarding the power amplifier are: 1) the operating case temperature
reaches and goes above 100°C and 2) the efficiency degrades (=~ 9% points degradation).
As previously shown, under much better loading conditions the amplifier reaches close to
77% efficiency and the temperature never exceeds the 90°C for an output power of about
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(b) Picture of phantom

Figure 7.23: Patch antenna with and without phantom
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Figure 7.24: Thermal images taken during experiments with phantom

260 W. On the other side, the experiments showed the capability of the PA to deliver

enough power to heat the phantom.
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8 Conclusions and QOutlook

In this work the topic of highly efficient power amplification is studied. Emphasis is given
to the class-E power amplifier, a well established concept, which after so many years of
its invention in the mid seventies, is still considered a topic of importance within the
research and industry community. The advances in semiconductor technology and more
specifically the development of GaN HEMT devices, offering higher power density, higher
breakdown voltage and higher thermal conductivity, have opened new possibilities for this
power amplifier concept. In this thesis work, theoretical aspects in relation to class-E
amplifiers are reviewed and power amplifier demonstrators have been simulated, fabricated
and measured to validate the proposed concepts. The contributions of this work can be
summarized as follows:

e Performing analysis to evaluate the maximum operating frequency of a class-E power
amplifier as a function of the design parameter g and of the output capacitance (Coyy)
of the transistor. This allows the designer to understand the design space for class-
E power amplifiers and to for instance, determine the maximum acceptable output
capacitance for a specific value of the parameter ¢ given the frequency of operation,
desired output power and supply voltage.

e Further, a simplified analysis of the class-E amplifier in the frequency domain has
been carried out, to evaluate the possibility of compensating excessive output capac-
itance. This analysis has shown that a frequency-dependent inductor is required to
compensate excessive capacitance not only at the fundamental frequency but also at
the harmonic components. A so-called excess factor («) is introduced and equations
to calculate the required driving-point impedance seen at the C,,; plane are derived
as a function of this new parameter. Moreover, in order to model the response of
the frequency-dependent inductor an equivalent circuit composed of an inductor in
series with two parallel LC resonators is proposed here. Equations to determine the
values of these components as a function of o and of the resonance frequency of
the resonators are derived. The number of resonators defines up to which harmonic
the capacitance compensation will occur and therefore equations for a single and for
a dual-resonator topology are derived. In this work, the classical class-E amplifier
topology is extended by introducing those equivalent circuits.

e Exploring excess capacitance compensation at microwave frequencies. In this respect,
performed a computer-aided analysis of class-E amplifiers using Frequency Depen-
dent Inductive Compensation (FDIC), a term introduced in this work, to refer to a
class-E PA having a frequency-dependent excess capacitance compensation mecha-
nism. The analytical approach to solve the class-E amplifier circuit, although very
useful, requires a lot of simplifications for it to be tractable. One of the main as-
sumptions is that the transistor behaves like a switch. To make the analysis more
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realistic, in this work a simplified large-signal model for a GaN HEMT device is ex-
tracted. The model uses a voltage-controlled current source and non-linear models for
the gate-source and gate-drain capacitances. The different components in the model
are implemented by using so-called Symbolically-Defined Devices (SDD), which are
blocks containing the equations for each component. Using this model allows us to
account for non-ideal switching behavior, saturation resistance, feedback capacitance
and capacitance voltage-dependency. The waveforms of the class-E amplifier below
and above the maximum operating frequency are studied and the limitations of FDIC
discussed. This study reveals, that not only the output capacitance but also the
feedback capacitance, which can not be compensated by FDIC, limits class-E opti-
mum operation. Design equations for designing an FDIC-Class-E using a generalized
transmission line network are derived in this thesis.

e Investigating power amplifiers for hyperthermia systems. This thesis also studied
more practical aspects related to the requirements of power amplifiers for this spe-
cific medical application. The design of a 100 W amplifier for regional hyperthermia
operating at 70 MHz is presented. The emphasis here is on system design considera-
tions, such as required drive power and gain, losses in the amplifying path, etc. This
power amplifier module was used in initial RF hyperthermia experiments. Following
this, the design of a 250 W amplifier as successor of the pre-designed 100 W module
is discussed. Two design approaches are compared: the first one makes use of the
classical class-E design equations to create a first design, which is evaluated via sim-
ulation. The second approach is based on load-pull simulations. Intrinsic waveforms
are evaluated to understand the high-efficiency mode of operation and to guide the
design process. One of the main design considerations to be taken into account is the
DC drain breakdown voltage. High-efficiency operating modes are characterized by
high peak voltages, going beyond the conventional 2 - V. Literature suggests that
the RF breakdown voltage is higher than the corresponding DC one and inspection
of the device manufacturer data seems to indicate that devices might be driven at
peak voltages beyond the DC breakdown rating. Manufactures of RF transistors do
not publish data on RF breakdown voltage, and further investigation is required to
understand the limits of operation of the device. In the final section of this work, RF
heating experiments using an agar phantom are performed to evaluate the capability
of the PA to deliver enough power under close-to-real conditions.

Class-E power amplifiers are still an attractive concept for microwaves but require the use
of GaN HEMTs for the reasons previously discussed. The classical time-domain analysis is
of limited use at microwaves but still relevant at low frequencies. Good large-signal models
are a need to predict PA performance and to be able to study generated waveforms to help
guiding the design process. At low frequency (sub-GHz) classical class-E design equations
might help to get initial design values, which can be optimized via simulation. A transistor
not behaving like a switch can not generate the classical class-E waveforms, nevertheless,
smoothed waveforms resembling the classical case can be obtained. The non-switched
operation also implies that a pure class-E is not obtained and therefore hybrid modes will
occur. In the work presented in this thesis, it was observed that driving conditions and
loading can shape the current in such a way that a quasi-class-E response shifts to a class-J
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power amplifier response.

Additional research is required to understand transistor maximum RF breakdown volt-
age, specially in LDMOS, in which a highly-efficient PA design causes peak voltages beyond
the DC breakdown rating. Non-optimum matching of the PA, as for instance when driv-
ing a loaded hyperthermia applicator, causes reflections which might rise the peak voltage
of the device even further. Operation under non-matched conditions was not addressed
in this thesis and needs to be investigated in future works streams. The design of high-
efficiency power amplifiers involves designing the appropriate harmonics terminations to
obtain the desired waveform shaping. In this respect, the designer needs to take into ac-
count the harmonic terminations provided by the load and create a design less susceptible
to these impedances. The input impedance of the patch antenna applicator used in the
hyperthermia experiments was highly reflective at 2fy = 140 MHz and 3fy = 210 MHz,
but the designed low-pass output matching network was insensitive to these impedance
terminations, therefore the efficiency of the power amplifier did not decay dramatically. An
interesting approach for future research, is the possibility of including the highly reactive
harmonic impedances of the applicator in the PA design. This requires a better under-
standing of the applicator design in order to perform a co-design of the PA-Applicator pair.
This might open the possibility of integrating the PA and the applicator into a single unit.
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Appendix A

.1 Efficiency in class-B PA with resistive load

Let the following simplified circuit represent a device operating under class-B conditions

Imax

|
eS| =]
o

Figure .1: current source representing class-B amplifier
The efficiency can be calculated as follows:

Pout 23(7"ms) R

= = .1
7 Pdc Vdc'Idc ( )

where i, (0) = I5.—1i45(0), and the expression for the half sinusoidal drain current is given
by

() = {Imax.cos(e) if 10| < ®/2 2

o otherwise

and the current through R can be written as

— (.3)

L. otherwise

the DC and fundamental component of the drain current i45(#) are obtained by Fourier
decomposition [27]

I
Idc — max (4)
s
1,
Il _ 72(11 (5)

Now calculating the root mean square value of the resistor current
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/2
i - i2(0) - df

r(rms) % /2 r

L | (™ (Inae 2 [ Tnas | ?
= — [/ < — Lnag - cos(@)) - df +/ <> -df
27 —m/2 Q0 /2 T
_ i _317%1(136 + Iagnaz + I?%lax
27 T i 2 s
Imam 2
- -0 () (6)
27
The optimum load resistance is the quotient of the fundamental components of the drain
voltage and current, i.e.
i Ve T
k= I e <7r— 1> (7)

where the following expression for the fundamental component of the drain voltage (for
zero knee voltage) has been used [27]

Vl:V;C'<7r7—rl> (%)

Now using equation [I] together with [[6] and [7] to evaluate the efficiency

[\

Vi - Inas
1 2_4
_ 4-(7;_1):0.685 (.9)

Please note the this value of efficiency (n = 68.5%) differs from the 58% (knee voltage
neglected) encontered in [27]. This results from using only the fundamental components
for the calculation, as opposed here where the rms value of real current waveform (non
sinusoidal) at the load side have been used instead.
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.1 System of Equations for Finite Feed Class E

Let us define the following variables

rT =
Tro =
r3 =

T4 =

Irs =
Tre =
ry =

rg =

sin(q - )

cos(q - m)

—sin(q-m)+m-q-cos(q-m)
q

¢°—1

2¢> —1

—cos(q-m) —7-sin(q-m)

cos(2-q-m)
sin(2-q-m)

—_ = =
=~ w N
NN N O — T

—~~ e e N
(@]

—_ = =
(@3¢

The coefficients A; and B; of the two equations required to determine p and ¢ are given

as follows

Al = 1+xg 27+ 2328

Ay = q-wq- (2 27+ 2128+ 1)

Az = z4w5(21 - 27 — 22 - TR)

By = q-(x3-w7— 6 78)

By = ¢* x4 (3127 — T2 T8)

By = —q-x4-(v1-25-28+x2 25 27+ 1)

and the system of equations is given by

A+ Ay p
Bi+By-p

-cos(p) + Az -p-sin(p) =
~cos(p) + Bs - p-sin(p) =

This system is solved for p - sin(¢) and p - cos(¢) to obtain

p - sin(p)

p - cos(p)

By-Ay— Ay By
By - A3 — Ay - By
As-By — Ay - By
Ag - By — A3z - By

(e} o¢)

TN TN N N N /N

NN NN ==
[N

NN NI NN

(.26)

(.27)
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therefore
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Appendix C

.1 Equations for two-resonator network

I — L(a® + 2a(y2 +73) + 47273) (.30)
" 973(18a3 + 4902 + 280+ 4) :

I — aL(a + 2v3)(—3673 + 4973 — 1479 + 1) (31)
2 Y2(v2 — 73)(18a3 + 492 + 28a + 4) )

aL(a + 279)(3673 — 4992 + 14793 — 1)

Ly = 32

> 3(72 — 73) (1803 + 4902 + 280 + 4) (:32)
72

Cy = 33

2 w(Q]Lg ( )
3

C3 = 34

3 w(Q]Lg ( )

with L representing the optimum value of inductor in the classical PC-Class-E obtained
from (5.12)) and the following two parameters:

wo
=(— 35
V2 <w2> (-35)

wo
=(— 36
- (w3) (.36)

whereby 9 and ~3 are limited to the following range:
1 1 1

= 1 and = - .37
7 <72<land o< <g (.37)

.2 Equations for L;L,C5 network for variable ¢

. CLy+a)

' (402 + 50 + ¢

_PaL(4y® =57 +1)
~v(4a? + 5aq? + q*)

Y
— A4
C w2l (:40)

Ly =
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Appendix D

.1 BOM Gain block

‘ Part ‘ Description ‘ Part Number ‘ Manufacturer ‘ Ordering
R1, R3 | 100 Ohm resistor, 0805 ERJ-U06J101V Panasonic 667-ERJ-U06J101V
R2 66.5 Ohm resistor, 0805 ERJ-6ENF66R5V Panasonic 667-ERJ-6ENF66R5V
R4 68 Ohm resistor, 0805 ERJ-U06J680V Panasonic 667-ERJ-U06J680V
C1, C2 | 8.2 nF chip capacitor, 0805 08053C822KAT2A AVX 581-08053C822KAT2A
C3 100 pF chip capacitor, 25V, 0805 08052A101KAT2A AVX 581-08052A101KAT2A
C4 1000 pF chip capacitor, 0805 08052C102M4T2A AVX 581-08052C102M4T2A
C5 2.2 uF chip capacitor, 1210 12101C225KAT4A AVX 581-12101C225KAT4A
C6, C7 | NU
L1 270 nH chip inductor, 0.42A, 0805 805HP-271XGRB Coilcraft 994-0805HP-271XGRB
Q1 Broadband MMIC Amplifier, SOT343 | BGA614H6327XTSA1 | Infineon Technologies | 726-BGA614H6327XTSA1

.2 BOM Pre-Driver

o8 1r 11

C15

Cc14 €13

L3 R6 cg

C7 c5

c17

T ez

X1
L4
ki .

€10 c11

LS

o] ]
C18
c19
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.3 BOM Final Stage

.3 BOM Final Stage
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Appendix E

.1 Equivalent output circuit of MRF300AN and intrinsic

waveforms

An L network composed of a shunt capacitor and a series lossy inductor can be used to
represent the output of the transistor. The capacitor represents the voltage-dependent
drain-source capacitance of the device and the lossy inductor the bond wires connecting
the transistor chip to the package lead. To obtain the values of this lumped-element com-
ponents, following procedure was performed:

1.

S-parameter simulations using the large-signal model of the device are performed (see
figure . The maximum simulation frequency is set to 1 MHz and the gate voltage
equal to zer(ﬂ (Vgs = 0 V). Biasing below threshold ensures that the output current
source is off and the transistor is behaving as a passive network. Frequencies below
1 MHz guarantee that the transistor capacitances dominate the input impedance over
inductive and resistive components.

. Calculate the admittances Yi10 Yy and Yoo from the S-parameters.

. Calculate the capacitances as follows (w = 27 fy, with fo = 1 MHz):

Cya = ~S(y,,)/( > (41)
Cye = S(yy,)/ () - (42)
Cits = () () — (43)

. Sweep the drain voltage Vys to obtain Cgs(Vys). The red trace in figure |.4] shows

Cys(Vys) for the MRF300AN. The black dots show the result of a curve fitting.

. Now bias the device under cold-fet conditions, i.e., Vg =0 V and Vs = 0 V and run

again the S-parameter simulation (same circuit from figure .

. To understand the next step, let’s review the behavior of the transistor when biased

in the cold-fet condition. Figure shows the equivalent circuit for this biasing con-
ditionﬂ In the previous steps the capacitances were determined, now the remaining
components will be obtained.

The equivalent circuit to calculate z,, (open-circuit output impedance) is now shown
in figure This series inductance can be obtained from the resonance frequency of
the circuit and the series resistor from the impedance value at resonance.

!The thershold voltage of the MRF300AN is larger than 2 V
2As a first order approximation, the resistances in series with Cys and Cyq are neglected here
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8. Use the simulated S-parameters in cold-fet condition to calculate the impedances z;;
and 2,5 and to plot their magnitude and phase.

9. The circuit in figure shows the simulation environment including the equivalent
resonant circuits for the gate and for the drain side.

10. Figure [.6] shows 24y extracted from the S-parameters using the transistor model and
from the equivalent L — C' circuit.

11. The equivalent bondwire inductance for the drain side is approximately L, = 1.2 nH.
The series resistance seems to be negligible.

When running a large-signal simulation, following equations can be used to calculate the
intrinsic voltage and current waveforms:

Ufﬂfu-n(wt) = Vdrain(Wt) — jwLp - igrain(wt) (.44)
igﬁ;m(wt) = idrain(wt) — jwCls - U}izt(‘*}t) (.45)

For more complex output networks, the ABCD matrix of the 2-port can be calculated
within the simulation environment and used to calculate the intrinsic waveforms. To do
so, include the circuit in figure |.7| within the harmonic balance (large-signal) simulation
environment in ADS, place the output network between the ”Cds-plane” and the ”Lead
plane” and use following equations (refer to figure @ for the variables below)ﬂ

Vio
A=—" .46
Va0 (-46)
V;
B - 15 (.47)
Irs
Lo
C=— 48
Voo (-48)
I
D= 15 (.49)
I
‘/int =A- Vdrain -B- Idrain (50)
Iint =C- Vdrain -D- Idrain (51)

3Cys in the output network is voltage dependent: Cys(V) = (107'2)(C' 4+ A//D -V + B) with A = 1325,
B =12.637, C =28 and D =5.77

146



.1 Equivalent output circuit of MRF300AN and intrinsic waveforms
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Figure .3: Circuits to obtain the intrinsic capacitors and inductors
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