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Abstract

Radar technology requires high efficiency and wide bandwidth performance at high output powers.
However, new developments like using Joint Communication and Radar Sensing (JCRS), pulse
shaping, and amplitude tapering provides an additional requirement: amplitude modulation. To sat-
isfy all of these requirements, a Load-Modulated Balanced Amplifier (LMBA) using a wideband Class
E is designed for 2.9-3.4 GHz using GaN transistors. First, an accurate linear model for the transis-
tor is presented. After this, a new state-space solution for a Class-E LMBA is derived. And lastly, a
LMBA using a wideband Class E is presented. Using a lossless matching network, the GaN-based
amplifier has an average drain efficiency of 81% over the full 10 dB power back-off. However, the
final design has an average drain efficiency of 45% with a peak output power of 44 dBm.
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Introduction

New developments in radar technology require higher efficiency and more flexible power ampli-
fiers (PA). Most of the time single technologies, such as Gallium-Nitride (GaN) or Gallium-Arsenide
(GaAs), were used. However, due to the development of computing technology, Complementary-
Metal-Oxide- Semiconductor (CMOS) transistors are becoming applicable in the GHz range. Driving
the PA directly by digital logic instead of using a digital-to-analog converter (DAC) is the final frontier,
these PAs are called Digital Power Amplifiers (DPA).

Due to the miniaturisation of the CMOS transistor the f of the transistor goes up, and since the
power consumption of CMOS is also scaled down with the size they can be used to design low power
circuits at high frequencies. This make CMOS a highly efficient cost effective technology compared to
other technologies. In S-band however, output powers of 100W or more at high efficiencies (80% or
more) using CMOS have not been reported. Therefore for high power applications other technologies
such as GaN are still necessary. Combining these two technologies have great promise but also
severe difficulties to overcome. Such as the negative biasing required for GaN HEMT devices and
the large dynamic driving range required.

In this master thesis, research is done the possibilities for the implementation of the DPA in radar ap-
plications in the range of 2.9-3.4 GHz. Radars require wide bandwidth signals and most of the time,
use only constant output power, however, in this thesis | will look at efficiency enhancement tech-
nigues in the case of Amplitude modulation (AM). The goal was to design a digital Load-Modulated
Balanced Amplifier(LMBA) in the GHz range using the technology that TNO had at their disposal. In
the end a wideband LMBA Class-E matching network is designed.



Literature review

2.1. Power Amplifiers

Power Amplifiers (PAs) are essential in radars. They amplify a low-power signal into a high-power
signal, which can be in the hundreds of watts. Any energy lost in amplifying the signal is converted
into heat, which must be removed by active cooling systems, which consume energy by themselves
and are expensive. Therefore, the PA in these applications must reach high efficiency. The radar
also needs to fulfill spectral requirements so that it does not cause interference for others. This
condition constrains the required linearity and noise of such a PA. A new requirement discussed in
this thesis and rarely seen in pulse-Doppler radar applications is amplitude modulation. Amplitude
control has multiple advantages, such as pulse shaping, amplitude tapering, and power control. This
arrangement requires the PA to reach not just a constant output power but varying output power, and
over this range, the efficiency should ideally stay constant. The linearity requirements are out of the
scope of this thesis, and the main focus is on the efficiency and power back-off requirements. This
section starts with some definitions and explains the basics of an amplifier. Most PA classes are
discussed with a focus on the switch-mode classes D, E, and E/F. The focus is on comparing these
different classes and their use cases, rather than necessarily designing one.

2.1.1. Basics of a Power Amplifier

We can categorize the PAs into various operational modes or classes. These classes are distin-
guished based on the voltage and current waves on and through the transistor. To analyze the
voltage and current waveforms, we need to start with the basics of a transistor. In this thesis, FETs
are only discussed, and BJT-like devices are out of scope. The most simplified version of a FET is
a voltage-controlled current source (transconductance converter). As such, the voltage is applied
between the gate and source of Figure 2.1, and the current is flowing from the drain to the source.
The relation of this voltage to current dependency is highly non-linear but can be approximated by
two lines, as shown in Figure 2.1. When the gate voltage is below the threshold voltage, the tran-
sistor is turned off, and the drain current is zero. When the gate voltage is higher than the threshold
voltage, the transistor is turned on, and the drain current is approximated as a linear dependence on
the applied gate voltage, functioning as a current source.

However, for a transistor to function as a voltage-controlled current source, the drain must be ad-
equately biased by being connected to a voltage source and using some resistance or inductance.
By utilizing a resistor for biasing, we can find a relationship between the drain-to-source current and
drain-to-source voltage. When the drain current is large, the voltage drop over this biasing resistor
is large, and therefore, the drain-to-source voltage is small. When the drain current is small, the
voltage drop over the biasing resistor is small, and therefore, the drain-to-source voltage over the
transistor is large. The value of this resistance together with the gain of the transistor, therefore, de-
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2.1. Power Amplifiers 3

termines the voltage-in to voltage-out relationship; the optimal value depends on many variables but
determines this ratio, which is called voltage gain. Although simplifying a voltage-controlled current
source is often valid, it is not always the case. In [31], Earl McCune explains that a transistor can
be better described as a 3-port device where the third input is the supply voltage. Depending on the
drain voltage, the transistor can behave as a switchable resistor instead of a voltage-controlled cur-
rent source. Suppose the FET is operating in its saturation region. In that case, it can be analyzed
like a voltage-controlled current source, but if the FET is operating in the resistive region, it can be
analyzed like a resistor switching between a high state and a low state.

In the more conventional analysis of an amplifier, we describe a different region where different
Ip-Vpg curves are expected depending on the operation regime, where the dependency is on the
gate-to-drain voltage and the threshold voltage of the transistor (V;). The behavior is as follows:

Triode-region: Resistor for Vps > Vinee (Vinee = Vas — Vi for MOSFET)
Linear-region: Voltage-controlled current source for Vpg < Vinee
(2.1)
Although this analysis is perfectly correct and very useful, we need to elaborate further on when to
use the large-signal or small-signal models. In other words, whether the power device operates in
the full range of the drain-to-source voltage or just a small range.

In the following sections, the thesis will continue discussing this voltage-current relationship and
compare the different types of classes; however, to compare and discuss them, we need to start
with a few definitions that are important to continue.

The drain efficiency is defined as the ratio of the output power to the DC power provided. This metric
does not consider the input power but can provide insight into the amplifier’s efficiency.

P P
ng = ouT _ load (22)
PDC P)load + Pswitch
Where P, is the power delivered to the load impedance and P, is the power dissipated in the
transistor.

For example, if the drain efficiency is high but the transistor is large, a large signal needs to drive the
input capacitor, lowering the overall efficiency. Therefore, Power Added Efficiency (PAE) is another
essential type of efficiency. Thus, it is defined as follows:

PAE — Pour — P (2.3)
Ppc

The PAE is also more insightful than the drain efficiency due to the input power consideration.

Another efficiency that is often used is total efficiency, which is defined as follows:

Pour
= 24
Itotal Ppc + P, 24)

In this case, the input power is added to the DC power, and both are dissipated power. In literature,
all definitions are used, but only sometimes are they all used in the same paper, which can be
problematic when comparing results.

2.1.2. Current-mode classes A, AB,Band C

The current-mode class operates the transistor as a current source; this means that the gate-to-drain
voltage will never be greater than the saturation voltage. In this case, the FET will not enter the triode
region and will stay in the saturation region. The wave’s shape depends on the applied gate voltage;
this is usually a sine wave with a second harmonic or a square wave in the case of the digital domain.
The change of the duty cycle for a DTX resembles changing the conduction angle in the analog case.
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In this section, we will briefly discuss classes A, AB, and C. However, a more elaborate discussion
can be found in [15] to keep the report’s focus the same.

In the analog case, a voltage sine wave is applied at the gate; when looking at the Viz5-1p curve, we
can see that depending on the bias point, the size and shape of the drain-to-source current change.
When the shape changes from an ideal sine-wave to a half sine-wave higher, even harmonics start
to appear at the drain, and the dc voltage at the output changes. The circuit used is shown in Figure
2.1, where the conduction angle in the time domain and the biasing point in the voltage domain are
illustrated. The conduction angle ¢ is in the figure at 90 degrees; however, it changes depending
on the biasing point. The conduction angle ¢ indicates the proportion of RF-cycle that the transistor
conducts and is in the figure at 90 degrees; however, it changes depending on the biasing point. The
definition of conduction is different depending on the author. For now, | am going to use a conduction
angle of 0 — 7, where 0 is no conduction and = is full conduction, and that is therefore what | am
going to use to continue. The transistor is connected to a parallel RLC circuit, which resonates at
the operation frequency and shorts higher harmonics; a DC feed is used to supply bias current. The
AC-coupling capacitor is used to make sure that no DC current flows into the load resistor.

ids + - il(fO) Vds

(o)

Figure 2.1: A Class-B configuration using an ideal transistor is described in [22]. At the top left, the circuit can be seen
where the transistor is biased with a DC feed, and the higher harmonics are removed using a parallel LC filter. At the
bottom, the I_ds—V_ds curve can be seen with the applied voltage sine at the gate. At the bottom right, the resulting

drain current shape versus conduction angle can be seen, which is a half sine wave for ideal Class-B operation. At the

top right, the drain-source voltage can be seen, which is a full sine wave with an amplitude of V..

This thesis report does not contain the complete derivation of the efficiencies and output power
because one can look it up in [15]. But what is important are the efficiency and output power as a
function of changing the conduction angle for both the analog and digital cases. In the analog case,
the biasing point changes, and in the digital companion, the duty cycle changes. In Figure 2.2, one
can see that both the digital and analog variants could have a drain efficiency of 100%; however,



2.1. Power Amplifiers 5

E 075 B ‘ (‘: ‘ ‘ ]E\B ‘ \IA\B T ‘ 7A
2. : |
2 05| R - :
o) B i ! 1
] 0251 | : i
= i | ! 1
é B : I ; : 1

o 0 | :\ L | ‘
Z 100 — 0 | 7
= 90l . | ]
% 80} 86.7% %1% |
>‘ - .
E 00| Sine-wave/Analog .
m 50| | —— Square-wave/Digital 1
400 0.25 0.5 0.75 1

conduction angle & [Ttrad] or duty-cycle d

Figure 2.2: Ideal analog and digital AB/C behaviour, output power and drain efficiency versus conduction
angle/duty-cycle from [34].

this is in the case of zero output power and is called a class-C PA. The reason for this is that using a
low-duty cycle will make the current a pulse, just like in the analog case. This aspect means that the
DC voltage becomes lower and, therefore, less voltage and current overlap, increasing the efficiency.
However, this will come at the cost of reduced output power because of a shorter current pulse. In
the case of a 50% duty cycle, the maximum output power is similar to that of a Class-B PA. This
characteristic is because the fundamental frequency output power has not yet decreased, but the
DC output power has decreased. Note that this comes at the cost of more non-linearity. Increasing
the conduction angle even more will result in a Class-A PA in the case of a sine wave, but in the case
of a digital PA, this is no longer the case; this is where the duty cycle resemblance to the conduction
angle stops.

On can conclude that for the same output power, the drain efficiency is increased by 8.2% in case of
the DTX compared to the analog case. Even though this is a decent improvement, the efficiency of
86.7% is still not better compared to a well designed Class F PA. Moreover, it is probably not worth
the effort of creating such a square wave input. However, one may ask why one would use such a
current-mode DTX. Instead of resistive-mode Class E/Class F the reasons are as follows:

+ At higher frequencies, the transistor may not be able to reach the triode region after being
turned off. Therefore, it is automatically a current-mode transistor in the saturation region.

» Current-mode transistors have a linear relationship between the number of fingers turned on
and the output power. Compared to switching it to a triode and using Class E, Which needs
unequal sizing to correct for this non-linearity.

 Triode operating region Class E may need to use over-dimensioning to provide a sufficiently
low on-resistance to reach high efficiencies. Otherwise, the on-resistance losses could resultin
an even lower drain efficiency compared to current-mode devices. Over-dimensioning results
in a lower power density and PAE.
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2.1.3. ClassDand D! PA

Class D and D~! PAs use the transistor in its true switching modes, using another transistor to short
its even-order harmonics. Or, explained differently, it provides the continuity of the sine wave flowing
through the load. In Figure 2.3, one can see the square wave voltage and the half-sine current
flowing through the load, where v, is the result of the non-finite on resistance. The series resonator
LoCy is ideally a pass for the fundamental frequency and infinite impedance at every other frequency.
The second transistor represents a short at even-harmonics.

2V vy

"

—0)

Ly Co

Ry,

!I|j

‘,milx T

0 T 2x

Figure 2.3: A classical Class D architecture using BJTs from [22].

The Class D PA has, therefore, a square voltage at the drain and a half-sine current wave flowing
through the drain; therefore, it is called a voltage-switching Class D PA. A Class D! PA has a
square current wave flowing through the drain and a half-sine voltage wave at the drain; therefore,
it is also called a current switching Class D PA. One could design a final stage in Class D/D~!;
however, severe limitations exist. The main reasons are as follows: The final stage uses GaN
HEMT devices; in this technology, there is no complementary device available, which results in the
need for a differential load or a balun. However, the balun is hard to implement for higher frequencies,
especially when high-order harmonics need to be accounted for. Another issue is the drain-to-source
capacitance, which will limit the drain efficiency. But further research could provide more insight
into this issue. Another solution is using a differential load, which is not always applicable in radar
applications. Another problem with Class D is the large output capacitance present at high-power
transistors; this severely limits the performance possible at higher frequencies. However, with a
differential RLC tank, some of this output capacitance can be adsorbed, and decent efficiencies are
possible [42]. In this paper, a PAE of 62% was reached at 2.6 GHz using Class D~! with a differential
RLC tank.

2.1.4. ClassFand F ! PA

The Class F was first invented in 1920 when they found that for different waveforms, anode efficien-
cies could be improved [23]. Class F is defined as a square wave voltage and a half-sine wave
current, as shown in Figure 2.4a. The figure shows two lines depending on how many harmonics
are controlled; in the ideal case, all harmonics are controlled, and one can create a square wave
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voltage and a half-sine wave current both out-of-phase. This feature results in a theoretical efficiency
of 100%. We can also mathematically describe the waveforms as follows:

()=~ + g sin(®) — - 3 COs(2k0)
=1 (2.5)

1 2<=sin((2k—1)0+7
(o) = 5+ 250 ST

From these equations, we can derive that the current needs shorts at even harmonics and the voltage
needs an open circuit at odd harmonics. These conditions can be realized using components like
resonators or transmission lines. The inverse Class F, also called current-mode Class F, is also
shown in Figure 2.4.

N /AN SN s
7~ S O
) / \ 0] ~
0.8 / \ 3081
= | \ =
€ \ IS
< 0.6 / < 0.6
el el
8 s
. £ o4l
50.4\ // §0
2 2]
0.2 0.2
\ /
oI TN 0N~
/ T \\_,/ n 3n 27 K
2 2 2

Conduction Angle (0)

Ideal half-sine current waveform for Class-F

Ideal square voltage waveform for Class-F
— — Current waveform only the second harmonic is controlled for Class-F|
— —Voltage waveform only the third harmonic is controlled for Class-F

Conduction Angle (6)

1

Ideal square current waveform for Class-F
-1

Ideal half-sine voltage waveform for Class-F
— — Current waveform, only the 2nd harmonic is controlled for Class-F
— —Voltage waveform, only the 3th harmonic is controlled for Class-F

=1
—1

()

(b)

Figure 2.4: (a) Comparison of ideal Class F waveforms and the case of limited controlled harmonics. (b )Comparison of
ideal Class F waveforms and the case of limited controlled harmonics.

The voltage and current waveforms are inverted; therefore, the mathematical equations are also
inverted as follows:

, 1 2 Ssin((2k — 1))
) =5+ ; 2% —1
- (246) (2.6)
1 1 2 cos(2
U(Q) — + § Sln(@ —+ 7T) —_ — m

To realize such waveforms at the drain of the active device, we need to have shorts at odd-harmonics
and an open circuit at even-harmonics. This solution can also be realized using components like
resonators or transmission lines.

Due to the compactness of the report, | will not go into detail on how to design such circuits, but
for now, it seems that many different configurations are possible to realize such a PA. In practical
implementations, it is not possible to reach the 100% efficiency promised by Class F; the reason
is that a limited number of harmonics can practically be controlled due to the size of the output ca-
pacitance, which will dominate at higher harmonics. In practice, control up to and including the third
harmonic is implemented most of the time. This fact limits the theoretical drain efficiency of Class F
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to around 88% [26]; however, this is still better compared to the maximum 78.8% drain-efficiency of
Class B. Another benefit is the square-wave voltage, which increases the peak amplitude by a factor
of 4/ resulting in improved output power compared to class AB. A Class F needs relatively many
components, which will complicate the wideband performance of such a PA and increase the losses
in the matching network.

2.1.5. Class E PA

Instead of trying to control all the higher harmonics separately, we can also use the drain-to-source
capacitance to find the ideal termination at all the higher harmonics. This configuration is called
Class E and has been invented multiple times since 1966 [22][15]. The circuit of a single-ended
Class E PA can be found in Figure 2.5. It consists of a transistor with a square wave applied to its
gate. The amplifier configuration is a single-ended common-source amplifier with a reactive load. A
series RLC filter at the load take care of all frequencies but the fundamental frequencies, just like
before.

A parallel capacitor is used to ensure a continuous current wave through the load. The drain is
connected to the supply with either an RFC, which functions as a DC-Feed, an inductor, or a \/4
transmission line. The choice for an inductor instead of a \/4 transmission line or RFC is due to
the expected size in the S-band and improved performance. When a finite inductor is used, more
sub-modes for Class E are possible, which makes it possible to design a Class E PA at 3.15 GHz.

I will now discuss the theory using the work from M. Acar [2]. Multiple Class E configurations are
possible; however, we use this topology in this thesis. More variants can be seen in [22]. The final
design will be discussed in a later chapter.

2.1.5.1. The Theory of Class E
To solve the Class E SMPA, first, the definitions are stated, and the definition for efficiency is given.
Design equations are used to find the optimal solutions using time analysis.

2.1.5.2. Definitions and basic explanation

The circuit used is given in Figure 2.5. The transistor shown is analyzed as a switched resistor. The
capacitor Cys can be either the output capacitance of the transistor or an added capacitor. Compo-
nent X can be either a capacitor or an inductor, depending on the solution. The inductor L can be
either a DC feed or a finite inductance. The resonator circuits Ly and C resonate at the fundamen-
tal frequency. Load impedance R, can vary between 1 and 10002 depending on the solution and
needs to be matched in the end to 50 2, but that will not be part of the discussion here.

To simplify the discussion, we assume R, is far smaller than R,,;. In practice, this is only sometimes
the case. For the basic explanation, the DC-Feed inductor is ideal, which means it has an infinite
inductance; therefore, it is short for DC and an open connection for AC signals. This aspect also
means that the current from the DC power source is constant and, therefore, independent of time.
Note, however, that in the next section, the inductor is no longer infinite; however, assuming an
infinite inductor simplifies the explanation here. Also, zero-voltage slope switching and non-zero-
voltage slope switching are possible. The primary explanation below is the most simple variant of
the Class E circuit and discusses zero voltage slope switching; in the time analysis further on, it will
also discuss non-zero voltage slope switching and non-zero on-resistance.

Defining symbols:
* The DC current from the DC power supply is called Ip¢ and its voltage Vpp.

* The current through the elements C, Cy, Ly and R, are in the same order called ic(t), i,(t),
ir,(t) and iy (t).
* The current through the switch is called i,izch-
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Ly
) Co Ly
" ||
Y Y Y |,
ic+ | | -
y o
Vin
— C=0Cys
ROTL
» wt
1 21
is
A
I= Imaw
> Ui .
Vin 0 T > wt
0 w/2 ™ 2
A\ 4
wt

Figure 2.5: The Class E circuit has a transistor modeled as a switched resistor. On the right, the capacitance voltage
versus phase is plotted. At the bottom right, the switch current versus phase is plotted. And at the bottom left, the switch
current versus input voltage is plotted.

» The voltage over the capacitance Cy,; and the drain is called V(¢).
» The voltage over the load R, is called v,(t).
* The total period (T}cri0d) is 1/ fo Where f is the operating frequency.

2.1.5.3. Explaining the on-off regions:
To explain the Class E power ampilifier, the analysis is split into two parts: the time the switch is on
and the time the switch is off; the moment of switching is called t,;;ch-

» Fort < tgwiten (SWitch is open), if the switch is open all the current Ip¢ is split between the load
resistance (R, ) and the parallel capacitance(C'), therefore, Ipc = i10q4(t) +ic(t). The switch is
in an open connection, therefore i1 (t) = 0 A and the voltage over the switch(Vpg) is time-
dependent and it is a sine wave it increases in the start because there is a charge build-up in C
and decreases due to the inductance L. If the voltage is zero and the slope is zero(ZVZVSS)
the switch is closed.

s Fort > tgpien and t < Tperioq (SWitch is closed), the switch acts as a current sink in the
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ideal case(R,, = 0) or almost a short in the non ideal case, which means that ig,;;n(t) =
Ipc +ix(t) +ic(t). iswiten(t) first is zero and also behaves as a sine wave where it first rises
due to the LC oscillation where after it lowers.

Defining the efficiency:

The combinations makes a sine wave on the load. The drain efficiency of an amplifier is defined
as the output power divided by the DC power consumption. The power can only be consumed by
R,.+ and R,,. We also know that, power can only be consumed by a real impedance, therefore, the
power consumption can be defined as:

Ppc = I7Re/2 + Pawitch (2.7)
Where P,,;:.;, can be defined as:
& o L @8)
iteh = ——————— ve(t) dt .
switch RonTperiod b c

Note that if R,,, is zero, V> would also be zero, which in turn makes P,,,;;.», zero. The drain efficiency
can therefore be expressed in Equation 2.2, which is 100% in the case of an ideal switch and zero
voltage switching (ZVS). There are Class E amplifiers that use either non-zero voltage[19] or non-
zero voltage slope switching[3]. The non-zero voltage slope switching will be discussed in the next
section. The non-zero voltage switching will not be explained here due to the lower drain efficiency
of this solution, which could result in lower peak drain voltages[3]. A more general solution is given
in a later section.

2.1.5.4. The time analysis

In this subsection the time analysis is done for the circuit. The analysis from Mustafa Acar [3] [2]
[4] are used for this subsection. First, the current and voltage waveforms will be defined in terms of
designer parameters, after which the final component parameters are calculated in terms of these
designer parameters. At the end, the constraints on the design are shown.

Circuit analysis:

This analysis aims to solve the circuit with three designer parameters analytically. The parameters or
the tuning nobs are shown in Table 2.1, and are as follows: the parameter d where the duty-cycle =
d-50%. The parameter ¢, which decides the Class E subclass or modulation angle, will be more about
this parameter later—the parameter k, which is related to the slope at the zero voltage switching
moment. Initially, only zero-volt and zero-slope switching was done, but better results could be
reached when there is a non-zero voltage slope at the moment of switching.

Parameter | Definition | Function
d d - 50%, duty-cycle change the output power
q 1/(2nCLy), resonant frequency change the required load and current profiles
k Cwk, voltage-slope at switching | change the output power and peak drain current

Table 2.1: Three parameters used to design a basic Class E amplifier.

Note that the current I(¢) should be sinusoidal. This condition is, however, only the case with a
resonator with an infinite Q-factor. In this analysis, an ideal resonator is assumed; in this case, we
can state the following:

iz(t) = I sin(wt + ) (2.9)

Where ¢ is the conduction angle, w is the operating frequency, and Iy is the peak amplitude of
the load resistance. Now we will analyze the circuit for two different time intervals when the switch
is open and closed, and then we will combine this with the boundary conditions to achieve a final
solution.
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* In the time interval 0 <t < d - 7/w,* the switch is closed, and the current in the switch is the
combination of the current through the inductor I.(¢) and the current from the resistor Ix(t).
The current through the output capacitor I(t) is zero because the voltage over the active
device and its output capacitance are zero.

iswitch(t) = iL(t) + iz (t)
Vi
= PPt ip (0) + L sin(wt + ) (2.10)
Ly
ir;(0) = CwVppk — I sin(yp)

The current through the inductor at time ¢ = 0 is I, sin(y) in the case of a zero voltage slope,
and for a non-zero voltage slope, a constant is added: C - w - Vpp - k, which is related to the
formula ic(t) = C - dV/dt, therefore related to the amount of charge stored on the capacitor.

Here, we need to define the two parameters, ¢ and p. The parameter ¢ was explained and is
related to the resonating frequency of the components L and C' in the way that ¢ = 1/(wV LC).
The parameter p is used as a temporary variable for solving the circuit and is defined as p =
wLI,/Vpp. Equation 2.10 will be rewritten in terms of the design parameters k and ¢ and the
temporary parameters ¢ and p.

k
iswiten(t) = w - ¢* - Vpp - <q2 + psin(wt + ) — psin(p) +w - t) (2.11)
* In the time interval d - 7/w <t < 2. 7/w, the switch is opened, and the following differential

equation can be set up:

d2vc (t)
dt?

LC +vo(t) — Vpp — wliy cos(wt + ) =0 (2.12)

Where the solution to this differential equation is as follows:
2

q
1—¢2
With the yet-unknown constants called C; and C5. These two constants will be calculated with
the use of two boundary conditions.

vo(t) = C cos(qut) + Casin(qwt) + Vpp — pVpp cos(wt + ¢) (2.13)

When analyzing the circuit, we know that the voltage over the capacitance starts at zero and that the
current at the switching time passes through from the switch to the parallel capacitance. This opera-
tion ensures that a continuous current flows through the load despite the discontinuous behavior of
switching. These two conditions can, therefore, be summarized as follows:

vo(d-m/w) =0
2.14
de(t) = Zbswitch(d ’ 7T/W) ( )
dt t:d-ﬂ'/w

With the boundary Equations 2.14 and Equations 2.10 and 2.13, C; and C> can be solved, resulting
in a rather long equation that will not be stated further here. However, this voltage equation is still
dependent on the unknowns p, ¢. These unknowns can then be solved using the definition of zero
voltage (ZVS) and non-zero voltage slope switching (ZVSS). The mathematical definition is therefore
as follows:

vo(2m/w) =0
dvc(t) — WVppk (2.15)
dt t=2m/w

*Where d is the duty cycle times a half (d - 50%)
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Using the two boundary conditions 2.15, we can set up 2 equations to solve the two unknowns p,
0, making both the voltage and current waveforms a function of d, ¢, k, Vpp and w. The following

T/ 2n/m

1 (b) time

Figure 2.6: Both the current and voltage waveforms of a Class E SMPA for different values of k from [3].

design set will be stated here and not further explained; more explanation can be found in [2]. These
equations relate the different component values to the voltage waveforms, and therefore they are
called the solution set.

wlL
Kr="7%
](Cv::cu(jl%

PourR (2.16)
Kp =

VD

X

KX - E

Where design set K = { K, K¢, Kp, Kx} presents solutions using the following equations:

p(q, k)
Ki(a. ) = - (2.17)
aitem T R — sin(p(, k) + 4,
Ko(gh) = —+—— (2.18)
AL = PR (g, k) '
_ 1 plg, k)?
1 271'/&)
Va=1 / (0o (t) sin(wt + @) dt
0
1 27w
Vy = / (v (t) cos(wt + ) dt (2.20)
T Jo
v
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Next one can chose a required ¢ and &, how to chose them is explained later. Using the four equa-
tions, and given Vpp, w, and C (this can be seen as a given for now and is the output capacitance
of the transistor), the component values L, X, R, and the output power P,,; can be calculated.

The function of the resonator L, () is to pass the fundamental frequency; therefore, w = 1/(v/LoC)).
Choosing the loaded quality factor Q;, = wL/R results in two equations with two variables, which
is solvable.

The only constraints are the maximum drain current and the maximum drain voltage (the breakdown
voltage). In this technology, the maximum drain voltage is >100V and, therefore, is not essential.
In the case where it is important, one can look at non-zero voltage switching, reducing the supply
current, and using Class E/F,. But, the maximum drain current is important. This condition is for
the Class E circuit max(isucn(t)) using Equation 2.10 and can be approximated for high enough q
values as igyitn(d - m/w). One should check the maximum drain current at the end; when it is too
high, the parameter k should be lowered. Values for k lie primarily between 2 and -2.

The assumption to be made up until now is that R,,, (the saturation resistance) is zero. Although
this is true for an ideal switch, it is not true in practice, especially when one tries to modulate the
output power by changing R,,, as in[6]. Therefore, one variable called m is added, which is defined
as m = wCR,,, and this is further analyzed in [2]. At peak power, the R, is sufficiently low (around
6€2) to be circumvented from the solution and still reach very high efficiencies.
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2.1.6. Class E/F, PA

An additional variation of the Class E is the Class E/F, amplifier. This amplifier combines the high-
efficiency ZVS and ZVSS waveforms with different tunings of the higher harmonics. The idea behind
this is that the shape of the current wave can be improved so that the RMS current is lower and
therefore the drain efficiency increases [25]. According to [43], an added benefit is the improved
efficiency with load variation compared to the quasi-load-Independent Class E (g=1.3). To analyze
such a circuit, we need to change our topology in a more generalized case; the more generalized
Class E circuit can be found in Figure 2.7. It is a combination of both the Class E and Class F~!,
where in the classical Class E configuration, only one series resonator for the fundamental frequency
is present, and in the classical Class F~!, ideally an infinite number of harmonics exist, and also
the output capacitance Cy, is neglected. The ZVS and ZVSS Class E configurations have, for a
known C, (the drain-to-source capacitance of the transistor at high frequencies), only one optimal
load and, therefore, one type of waveform. For a Class E with finite DC feed inductance, more
configurations are possible. As stated previously, the idea behind the parameter q is to add another
frequency to change the shape of the waveform. This condition can also be achieved by adding
multiple resonators to the load, which is what Class E/F is about.

|

)
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Figure 2.7: The general Class E/F configuration using an ideal switch and DC-Feed by [25]. When the band-pass filters
are resonators at frequency kg - fo, current i, is a decomposition of the multiples of fo. Where i¢ is the current through
the capacitance and vs is the voltage over both the switch and the capacitance. In he original analysis R,, was
assumed to be zero.

To solve such a circuit, we can analyze it in the time domain, as was done previously with Class E
analysis, instead of analyzing it in the frequency domain. In this regard, we will not state the derivation
here but only present the results; the derivation can be found in [26]. But before the results are
presented, the question remains: how would one design such a circuit? To explain that, one should
look at Figure 2.8. The first two rows are the harmonic terminations of both Class E and Class F~1,
respectively. In Class E, the fundamental frequency is loaded with the parallel capacitance in parallel
with a complex load, and all higher harmonics are terminated with the parallel capacitance. Class
F~! is terminated at higher harmonics, and an alternating open or closed termination is presented.
The combination of both is called Class E/F, where at some harmonics, a Class F~! termination
is seen by the drain, and at other harmonics, a Class E termination. Although many solutions are
possible, Figure 2.9 shows some possible waveforms for different terminations.
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Figure 2.8: This figure shows for each harmonic the termination, where a Class E has all its higher harmonics
terminated with a capacitance, and the Class F~2 has all of its higher harmonics terminated with either an open or short.
It also shows a mix of the two dependent on the harmonic selected. The figure is from [26].
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Figure 2.9: The voltage and current waveforms change depending on the number of harmonics selected. This behavior
will change both the efficiency and output power. This figure is from [26].

To compare different sub-classes, we can look at Table 2.2, where comparison is made with a non-

ideal non-zero resistance Class E with ¢ = 0 but with ideal resonators. One can quickly see that the
efficiency improvements of Class E/F5; however, this is at the cost of the total gain of the ampilifier,
even though the reduced gain, PAE, is increased, mainly because this particular reference Class E
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amplifier is not gain-limited. Class E/F; 3 is also interesting because the gain is reduced very little,
but the efficiency is improved significantly. However, when more controlled harmonics are added, the
losses of the matching network are increased, limiting the possible efficiency gain when controlling
more harmonics. The author also showed that a higher operating frequency can be reached when
using a Class E/F; instead of a classical Class E.

Table 2.2: he different sub-classes change the amplifier’s efficiency and gain; the combination of both results in a certain
PAE. For reference, a Class E with non-zero on-resistance and with a limited amount of gain is chosen. The last two
classes, Class E/F,q4q can be easily realised in a push-pull configuration and are not realizable in a single-ended
configuration. This figure is from [26].

Tuning Gain Np PAE

class E 20dB 80% 79%

class E/F, 15dB 93 % 90 %
class E/F5 21dB 81% 80%
class E/F; 5 20dB 87% 86%
class E/F 44 “2E” 18dB 87% 86%
class E/F; 44 “2E” 18dB 90 % 89%
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2.2. Efficiency enhancement in power-back-off

Recently, there has been more focus on highly efficient power amplifiers, especially in power back-
off, due to the new wireless communication protocols, which have high crest factors. One can either
use multiple transistors and a form of load modulation or dynamically change the operating voltage,
like in envelope tracking[13]. Envelope tracking is limited by the efficiency and bandwidth of the
DC-DC converter; for high bandwidths and high-efficiency PAs, this is, therefore, not optimal. To
reach high efficiencies in power back-off, one can choose a power combiner that combines multiple
amplifiers into one. This configuration is called a multiple-input amplifier. In this section, different
types of power combiners are discussed to increase the efficiencies in power back-off. First, the
Doherty multiple-input amplifier, which is the most often used, is discussed. Next, the Chireix out-
phasing amplifier and a new guy on the block, the load-modulated (un)balanced amplifier is. In the
end, there is a discussion on the pros and cons of every amplifier.

2.2.1. Fundamentals of a power combiner

A power combiner, equivalent to a power divider or power splitter, combines the power from different
sources into one or multiple outputs. A power combiner can be used in many applications, such
as signal modulation and increasing the output power. The most simple combiner has two inputs
and one output. Although they can be constructed using transmission lines, lumped components, or
waveguides, the basics are the same. For a coupler, ideally, the following characteristics hold:

» High port isolation between the two input ports is also called high directivity.

» Zero losses when combining two signals, irrespective of phase and amplitude differences. This
condition requires a varying coupling.

» There is no reflection of the combiner’s inputs and output, which results from a good impedance
match at all ports.

* There is no bandwidth limitation. In other words, the combination is independent of frequency.

The following sections discuss various combiner structures, which all compromise some of these
characteristics.

2.2.2. Doherty Amplifier

The Doherty amplifier was initially invented by William H. Doherty in 1936 to increase power-back-off
efficiency. The Doherty power amplifier uses two separate amplifiers connected using a A/4 trans-
mission line, which acts as an impedance transformer for one of the amplifiers. Combining the two
amplifiers results in optimum efficiency at their maximum power and power back-off; the correct com-
bination also results in decent linearity. One of the main downsides is that the A/4 transmission line
is bandwidth-limiting for the overall system. Figure 2.10 shows the classical circuit for two identical
amplifiers with both a maximum current of I,,,,./2. The optimal resistance for a signal PA with the
maximum current I,,,,,. is called R,,. For a class-B PA, R, is defined as follows:

_ Vpe
Ro =7 275 (2.21)

The impedances seen by both the main and the auxiliary device are as follows:

ZlT:Ropt.<1+-[2>

32 ?T (2.22)
_ Bopt | i
Zy = 9 (1 + 2 )

For the maximum output power, I17 = Iy = ., We can see that Zi7 = Z, = R,,. For the
choice of the optimum characteristic impedance of the )\/4 transmission line, we need to look at the
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Figure 2.10: Doherty amplifier analysis where (a) is the circuit and (b) are the output currents for the main and auxiliary
PA versus input voltage from [15].

efficiency of the primary device. Z; needs to keep an optimal impedance when the input voltage
increases further. Instead of looking at the optimal impedance, one can look at the optimal voltage
over the main device and the auxiliary device. The optimal drain-to-source voltage is Vp¢c and stays
constant for Z17 = R,y [15]. In other words, the drain efficiency of the main device stays theoretically
constant at 78.5% for Class B. However, the auxiliary device has varying dynamic drain voltage over
its power-back-off range, but at the maximum output power, the drain efficiency is again optimal. The
resulting waveform can be found in a later section at 2.17.

Besides the increased efficiency at power-back-off, it is still linear [15]. When no longer using an
ideal highly linear device and neglecting things like the sub-threshold current, the IM3 will no longer
be as high as expected.

Many papers using the Doherty concept have been published. For comparison reasons, we will
focus now on DTX-like configurations such as [1] that designed a four-way Doherty at 5 GHz with
drain efficiencies of 47.4% at peak power, and down to 40.6% at -12dB power-back-off. The system
efficiency at PBO is 18.1%.

2.2.3. Chireix Outphasing Amplifier

The original Chireix outphasing amplifier was invented in the 1930s by Chireix; it was also conceived
to increase the efficiency of power back-off. Instead of keeping the phase constant and changing
the input voltage, it changes the phase and keeps the input voltage constant. There are many types
of outphasing amplifiers, but we will now begin with explaining the basic configuration similar to the
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one proposed by Chireix from [15] and leave the explanation of alternatives to this structure out of
scope.

1N
)

Figure 2.11: A simple outphasing circuit[15]

The primary circuit is shown in Figure 2.11, where the transistors act like voltage sources with con-
stant amplitude but varying phases. Transistors can behave like voltage generators when they are
switching from the rail-to-rail voltage, i.e., clipped. The voltage sources are defined as follows:

Vi =V (cos(¢) + jsin(¢))
Vo =V - (cos(¢) — jsin(¢))

The current through the load is according to the circuit defined as follows:

(2.23)

_V1-V2

iR (2.24)

IR,

Which results in the impedance seen by voltage-source the voltage sources:

2= "1~ cot)

R
To = %(1 +j - cot @)

(2.25)

These impedances, therefore, resemble a resistance and reactance in series. These can also be
converted to resistance and reactance in parallel as follows:

R ., R
2= e (2.26)
foe R, '
27 Y sinzg 7o sinZ 6

These can, after that, be compensated by putting another complimentary reactance part in parallel,
as shown in Figure 2.12, resulting in only the real impedance seen at both of the sources, and
therefore, of a certain ¢, the optimal impedance can be chosen. This can be done at a higher PBO
than Doherty [10]. But this reaction compensation will limit the bandwidth. The voltage over the
resistor is given as follows:

VRL = V1 — V2 = 2j . Vsingb (227)
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Figure 2.12: A simple compensated outphasing circuit from [15].

The amplitude is doubled compared to a single voltage source with the amplitude modulation as
a function of ¢, together with a phase rotation of 90 degrees with respect to the original source.
Even though ideally, the virtual ground is in the middle of the resistor, due to non-idealities, the
virtual ground is often shifted to the left or right, which results in lower efficiency when using a Balun,
especially at GHz frequencies. A mismatch between the two transistors limits the OPBO power and
efficiency [20].

[20] designed a Class E outphasing PA operating at 1.8 GHz; at peak power, the drain efficiency is
65.3%; at-12 dB PBO, 37.2%; and a PAE at PBO is 22.1%. The author used \/4 transmission lines
as a power-combining network and used two asymmetric devices together with changing the duty
cycle for increased efficiency in PBO.

2.2.4. Load-Modulated Balanced Amplifier

The LMBA concept was first invented by Paul Dent[17]. The amplifier uses a hybrid splitter to split the
main amplifier into two signals 90 degrees out of phase with each other. These two out-of-phase sig-
nals are then combined with a hybrid coupler. Generally, a hybrid coupler’s isolated port is terminated
with a resistor; however, in this case, it is replaced with another amplifier, which provides impedance
modulation for the two main amplifiers. This mechanism is then used to improve PBO efficiencies
up to 6-7 dB. Because many variations are possible, | will start by explaining the most basic LMBA.
Variations of these configurations are discussed, such as the pseudo-Doherty Load-Modulated Bal-
anced Amplifier (PD-LMBA), the Asymmetrical pseudo-Doherty Loud-Modulated Balanced Amplifier
(PD-ALMBA), and the Hybrid Asymmetrical Load-Modulated Balanced Amplifier (H-ALMBA), all to
increase efficiency in PBO. For clarity, we start with what one calls the different ampilifiers, referring
to Figure 2.13.

PA symbol | Original LMBA [17] | Pseudo-Doherty LMBA [10] and this work
PAp; First Primary PA First Peaking PA
PAp, Second Primary PA Secondary Peaking PA
PAc Auxiliary PA Main PA

Table 2.3: Different names used by authors.

2.2.4.1. The Original LMBA

The basic configuration of an LMBA is shown in Figure 2.13, where one can see two PAs that are
called PAp; and PApgs, which have current amplitude I and a phase difference of 90 degrees. The
two PAs are combined using a hybrid coupler, added in phase at the load, and added 180 degrees
out of phase at the isolated port, which is, in this case, not terminated by an isolation resistor but by
another PA called PAc. The 180 degrees out of phase and equal amplitude cancel each other at the
isolation port; however, the in-phase combination results in an addition of amplitude. The third PA
is called PA¢, with a current I, and controls the impedance seen by PAp; and PAp,. The wave
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originating from P A is splitinto PAp; and PApgs, where after it is reflected, it ends up canceling
at the output of PA and in phase combined at the load. Therefore, all the amplifiers are added in
phase, and in the ideal case, no power is lost. However, when reflecting on the outputs of PAg; and
P Apg,, the impedance at that node changes, resulting in load modulation for PAg, and PAgs. As
such, after explaining the configuration basics, we can set up the impedances seen at the following
nodes: Due to symmetry, Zp is defined as follows:

Zp1=Zp2=12p (2.28)

Zy is the characteristic impedance of the hybrid coupler, and due to the cancellation of waves at the
output of PA¢, the impedance seen by P A is constant and equal to the characteristic impedance
of the hybrid coupler as follows:

Zo = Zy (2.29)
Next, derived [41] that the powers are combined lossless as follows:
Pr, =2-Pp+ Pc (2.30)

When phases are no longer added in phase, the impedance can be transformed into the real domain
and its reactance component, as seen in Equation 2.34. We need to do some math to determine the
amount of impedance that can be transformed. To start using the Z-matrix of a hybrid coupler, the
following equation can be set up:

Vi 0 0 —j  —jV2 I
Vol 0 0 —jiv2  —j I
sl | =i —iv2 0 0 I (2:31)
Vy —jiv2  —j 0 0 1y

Next, it assumes that each power amplifier can be reduced to a voltage-dependent current source
that reduces the need for additional matching, and the voltage at each node is simply the load
impedance multiplied by the load current. A further assumption is that the load impedance is equal
to the characteristic impedance, which results in no mismatch losses. In the Z-matrix, the currents
are out of the matrix, not entering it; therefore, the following is true:

nL=1I,
L=—j-1

2m s (2.32)
[3:_]'.[C.ej¢

L= Iy

The voltages at each node depend on the impedances when the PAs are appropriately matched.
This aspect means that we can set up the voltages in terms of the input impedances:

Vi=—1,Zy
Vo=—Ip-Zp
Vs =—j-Ic-Zo
Vi=—j-Ip-Zp2

(2.33)

We can combine Equations 2.31, 2.32 and 2.33 and solve it for the input impedances Zg; and Zpg,,
which are equal and is called Zg. And is defined as follows:
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(2.34)

Tel®
ZBlnggzZB:Zo-<1+\/§Ce )

Ip

If Ic is non-zero, it modulates the input impedance seen by the PAs P, and Pgs. The problem,
however, is that this depends on the current ratio. To transform this into a ratio of powers, we need
to look at how the power is defined:

Py — 15[

%(ZBJ (2.35)
P = Lc|

R(Zo)

Combining Equations 2.34 and 2.35, we can determine that the ratio of P/ P is defined as follows:

* R(Z)
R(Zp)

P, A
¢ _o05.128
Pp Z0

—a (2.36)

After that, this power ratio . can be used to determine the input reflection seen by the PAs PApg;
and PApgs. This process is done by transforming Equation 2.36 and using the classical reflecion
coefficient formula 2.37.

Zp— 2y
I'p=—"—- 2.37
B= (2.37)
The resulting reflection coefficients are after that defined as follows:
IDp1[?= Do) 2= — (2.38)
o+ 2

One can use this formula to determine the maximum impedance transformation possible when vary-
ing the phase ¢ and/or the amplitude I.

The classical LMBA concept [41] uses the balanced PAp; and PAp, as the primary PAs and the
PAc as the auxiliary PA. This feature means that at power-back-off, the primary PA reaches its
maximum efficiency, and at max power, both the primary and the auxiliary PA reach their maximum
efficiency. First, note that we can set ¢ to 0, decreasing the impedance Zg when I¢ rises. Which
results in the following equation:

I
Zplyg = Zo- (1 - \/512) (2.39)

Therefore, when I rises, the input impedance seen by Pg will decrease. As a result the output
power Pg will also increase. To make this idea more precise, we can plot the currents I and Ip
versus Pr,, which represents the total output power; this plot is shown in Figure 2.14. Up to a
chosen Output Power Back-Off (OBO), I¢ is zero and only I is increasing. After the OBO point, I
starts increasing, and in the process also decreases impedance Zp, increasing Ig. Although this
process results in non-linearity in the P;, versus P,,; dependency(AM-AM distortion), it improves
the efficiency in the power-back-off range. The resulting efficiency versus output power curve can
be found in 2.18. The maximum OBO point that can be reached is around 6—7 dB; in the following
subsections, different methods are discussed to reach a lower OBO.
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Figure 2.13: The most basic LMBA configuration with two 90 degrees out of phase with equal amplitude I called the
primary PAs and one controlling PA called the Auxiliary PA. The PAs are combined on a load called R;.
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Figure 2.14: The Classical LMBA uses load modulation for P Ag by increasing the current I and decreasing the
impedance Zp seen. At maximum power, both Iz and I are maximum and at its highest efficiency.

To summarize everything stated in this section, we divide the operation into three regions, also shown
in Figure2.14:

Here, the primary PA (PA¢) increases in power, which increases current IC. This condition, in turn,
lowers the impedance seen by the auxiliary PA (PAp), which increases its output power PB.

» Primary PA is only on: First, the primary PA (PAp) starts and achieves optimum efficiency
at OBO while the auxiliary PA (P A¢) stays off.

» Auxiliary PA starts: Here, the auxiliary PA (PA¢) increases in power, which increases cur-
rent I-. This condition, in turn, lowers the impedance seen by the primary PA (PAg) which
increases its output power Pg.

» Auxiliary PA saturates: At the end, the auxiliary PA (PA¢) saturates, so PAg is also no
longer increased.

2.2.4.2. The Pseudo-Doherty Load-Modulated Balanced Amplifier

Due to the need for lower OBO and improved linearity, [10] found a way to improve both and called it
the Pseudo-Doherty Load-Modulated Balanced Amplifier (PD-LMBA). This architecture switches the
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main and auxiliary PAs, which results in an increased OBO range. First, note that Z is constant and
equal to Z; without additional matching. Therefore, the idea is to keep a constant power at PA¢,
which results in a 78.5% efficiency for Class-B at OBO. If Iz stays constant, we get impedance
modulation only dependent on the input current Iz by using 2.34. This load modulation looks like
the Doherty load modulation stated in 2.22. However, it does not need the \/4 line for impedance
inversion, which limits the bandwidth. A downside, however, is that the wave coming from PA¢ is
reflected once at P A g before it reaches the load; this path causes extra-efficiency losses at OBO[10].
Lastly, the impedance seen by PAp in OBO is suboptimal, decreasing the OBO range’s efficiency.
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Figure 2.15: The PD-LMBA uses load modulation for PAg by increasing the current 75 and decreasing the impedance
Z seen while keeping I constant simultaneously. Both PAp and P A¢ are at maximum output power at their highest
efficiency.

To summarize the operation, we separate the result in three regions, as shown in Figure 2.15:

» The main PA is off: Py is off, and only P is rising where the impedance Z. is constant, and
Zp is infinite because I is zero in equation 2.39. This results in the following load impedances

seen.
Zc = 2
ZpB1 = 00 (2.40)
ZBy = 0

+ The main PA is rising: Pz is rising; therefore, I is rising, and Zp is falling according to
Equation 2.39. Also, P¢ stays constant at Pc .., also called Pc often in this section. This
results in the following load impedances seen:

Zo = 7y
Ic

Zp1 = Zy <1+\/§IB> (2.41)
1

ZBQZZO (1—1—\/5 C)
Ip

+ the main PA is saturated: Pg is at its maximum, and Zp is optimal (Zp = Zp(Pnaz))- Also
P still stays constant at Pe 4,

To design such a PD-LMBA, we use the given that the total power is the addition of the three separate
PAs 2.30. At OBO, we know that only the auxiliary PA (P¢) is still active, and the main PAs are turned
off(PAp12); using this information, we can state the following:
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Pc Po
" Po+ Ppi+ Poy Prag (2.42)

OBOy;y, = 10980a5/10

When one, for example, chooses an OBO of -10 dB with a P,,,, of 50 W Px should be 5 W. We
know that PB1 and PB2 should be 22.5 W in that case. For a Pg of 22.5 W, a specific resistance of
Zp is necessary at peak power. This condition depends on the utilized PA class. For example, for
Class-B, the following holds:

Vip
2-Pp

R(Zp) = (2.43)

For Class E, it is dependent on the solution space K[2], where R is for higher operating frequencies
defined as follows:

_ KC(mv q, k)
wCas (2.44)
%(ZB) == KX(m7 q, k)R

R(Zp)

Where Cy, is the output capacitance of the transistor, for now, it is assumed to be constant and
independent of the voltage waveform at the drain. This assumption is partially correct, but this
simplification is now used. Next, we assume a constant impedance seen by PAcx, which is Z¢.
Using an impedance transformer, we can transform the constant impedance at port 3 Z; to Zo by
either a transformer, lumped elements, or a \/4 transmission line. The \/4 limits the bandwidth,
making it a sub-optimal choice; the transformer is bulky and adds losses, which is also not optimal,
and the lumped components add extra losses. Another solution is using an asymmetric LMBA,
which is challenging to design, although it is a promising solution[8]. The last solution can be found in
Equation 2.46, where one can change the supply voltage[9]. Allin all, depending on the requirements,
a solution can chosen. For transforming, we assume now a transformer with n:1 couplings where n
is at the side of PA~. We can state the following:

Zo = Zy-n? (2.45)

After calculating Z¢ and Zp using the requirements, we must choose the characteristic impedance
Zy. This application uses a symmetric hybrid and a transformer for impedance transformation. Using
equation 2.34 and a ¢ of zero, one can use equation 2.39. Note that this equation only involves real
numbers, which limits the possibility of Class E, which often also consists of a reactance part. But
for now, we limit the analysis to Class-AB. To determine Z;, we use the classical power definition
and use that to define both the currents I and Ig as follows:

|IB(PB - PmazB)| = \/gf(BZBQ) - \/(Pm;z;e(_ZPB)(;) .

Pq -2
Zo

(2.46)

o] =

At maximum power, both Zp and Z¢ is optimal (Zp = Zp(Pnas)); therefore, we can combine Equa-
tions 2.39 and 2.46 to come up to the following equation:
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~2PeR(Zp) + PoZp — PrasZi + 2 R(Z5) P2 — R(Zs) P22 + R(Z5) PoPaas 25

Z =
0 —Fmaz + PC’
(2.47)
And when Zp is only real the following holds:
ZOZZB.PC‘FPmax*QVPCPmax (248)
Proz — PC

Note that this is only true when P A is properly matched. Butin my opinion this simplifies the design
of a LMBA a lot compared to analyzing it using currents as in [40]. After Z; is determined, one can
chose the impedance transformation ratio n? by using equation 2.45.

In this section, various subtleties are removed, like AM-PM distortion, where a change of Pz changes
the output phase, which can be compensated by a phase change in PA¢ using either digital pre-
distortion (DPD) or a constant phase offset. Another problem is that when PAB is completely turned
off, P Ap ideally should perfectly reflect the wave coming from P A, but this does not happen in prac-
tice. A big downside is that if implemented in an analog fashion, P A~ needs to be overdriven, which
comes at the cost of non-linearity. Also, in between the two optimum points, P,,.. and Popo, there is
a region where there is a non-optimal impedance seen by PAg, which in turn results in an efficiency
decrease that is similar to the behavior in Doherty; however, due to the stronger load-pulling of two
balanced PAs, a higher OBO can be reached. Lastly, an ideal hybrid is assumed; a non-ideal hybrid
also results in losses, especially becoming more significant at OBO. Also, when using a DTX, not
the input amplitude but the number of fingers driven are changed, and it is often no longer driven by
a sine-wave but a square wave, resulting in a slightly different behavior. An analog PD-LMBA was
designed with a peak drain efficiency of 72% and at 10 dB OBO 58%][10] operating with a bandwidth
of 1.5-2.7 GHz.
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2.2.4.3. Hybrid Asymmetrical Load-Modulated Balanced Amplifiers

The Hybrid Asymmetrical Load-Modulated Balanced Amplifier(H-ALMBA)[9] is a combination of the
Hybrid Load-Modulated Balanced Amplifier(H-LMBA)[30] and the Pseudo-Doherty Asymmetrical
Load-Modulated Balanced Amplifiers[11]. The combination increases OBO and maximum power
efficiency, exploiting a three-way Doherty efficiency enhancement.
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o [ZB1] .\ |ZB1]
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Figure 2.16: The HAPD-LMBA uses load modulation for P A1 by increasing the current Iz, and decreasing the
impedance Zg;. The same happens for PAg> when turned on. PAc is also being modulated due to the asymmetry
between Iz: and Ig2. Both PAgi, PAg2 and PAc are at their highest efficiency at peak power.

To analyse why we divide its operation in four regions as follows:

* Low-Power Region: The low-power region is the same as PD-LMBA; PAg; 2 are turned off
and PA¢ increases in power, where Z stays constant and equal to Z,. The impedances are,
therefore, as follows:

Zc = Zy
Tt = o0 (2.49)
ZpBa = 0

* Doherty Region: Only PAp, is turned on, while P A g, stays off. This results in behavior similar
to a two-way Doherty; the impedance Zp, starts at infinity and lowers to a value depending on
the ratio of the two currents I /I51. Z¢ is no longer constant but depends on 131, as a result,
Zo slightly decreases, which in turn increases the power Pg.

Zo = Zo <1 - \/§IBl>
I
Io (2.50)

Zp1 = Zo\/§
Ip:

ZpBy = 0

+ ALMBA Region: When PAp, reaches a certain output power, PApgs is turned on. This con-
dition results in the same behavior as discussed before ALMBA. The impedance Z- moves
back to the original value Z in the case when Pp; = Ppo, which results in a decrease of P¢
but an increase in total output power.

Iy —1
Zo = Z (1 — V2 Bz)
c
Ips +V2Ic
Ip1
Ips — Ip1 +V2Ic
Ips

Zp1 = Zo (2.51)

Zp2 = Zy
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The H-ALMBA [9] improves upon the efficiency of in the -6 dB OBO range. The H-ALMBA has a peak
drain-efficiency of 82%, at 6 dB OBO, a drain-efficiency of 69%, and at 10 dB OBO 61%, operating in
the ultra wide bandwidth of 0.55-2.2 GHz. Note, even though the reported drain efficiency at OPBO
is high the PAE should be significantly lower at OPBO in the case that the amplifier is gain limited.

2.2.4.4. Outphasing Load-Modulated Balanced Amplifier

The only Class E LMBA currently reported in the literature is [18]. It uses a combination of an
outphasing topology realized using a quadrature hybrid coupler as a non-isolating combiner and the
LMBA concept to reach higher efficiencies in PBO. The authors used the classical LMBA concept;
therefore, the control PA is the main PA for maximum power, and the auxiliary PAs are used in PBO
using outphasing. This mixed approach of using a combination of outphasing and current injection
[38] is basically an outhasing PA using a hybrid coupler and using the classical LMBA structure to
increase the PBO range. According to the author, this reaches higher efficiencies in PBO. The design
obtains 80%, 70%, and 60% at power levels of 9.5, 13.5, and 15 dB PBO, respectively. A downside
of this design is the drain efficiency at peak power, which is as low as 60%.

2.2.5. Comparison of Doherty, Outphasing, LMBA and PD-LMBA

Up to this section, almost no comparison is made between the different efficiency enhancement tech-
niques. [33] made such a comparison to various typologies with respect to broadband performance
and efficiency in PBO. The comparison was made using a GaN HEMT with a gate length of 140 nm
and a unit gate width of 50 um with four fingers at 15-21 GHz. The analysis is done with a device at
its current source reference plane for comparison. The Doherty architecture uses \/4 transmission
lines to combine two amplifiers, as discussed before. This feature limits the operation bandwidth;
however, the losses in the power combination network are limited, as shown in 2.17. In Figure 2.17a,
one can see the performance when no losses in the combination network are pressing, and in Fig-
ure 2.17b one can see when the losses are pressent. The degradation of performance is far more
significant for LMBA in comparison to Doherty. In Figure 2.17a, the outphasing architecture uses a
comparable power combiner network and, therefore, offers a similar behavior as shown in 2.18, with
its main downside of bad linearity in the PM-AM and, thus, needing DPD. The LMBA and PD-LMBA
have lower overall efficiency because of the losses in the power combination network. The amount
of extra loss strongly depends on the type of quadrature hybrid. The losses are also partly due to
non-ideal reflections at the hybrid coupler ports. This aspect is especially prevalent at PD-LMBA at
OBO.

Manifold Efficiency vs Power
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Figure 2.17: The drain efficiency of a Doherty PA using GaN HEMT with transmission lines designed at 18 GH from [33].
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Figure 2.18: (a) The comparison of drain-efficiency and gain for at 21 GHz different efficiency enhancement techniques
where the sliding-mode means outphasing. (b) When losses in the combination network is added the LMBA concept
decreases in efficiency. From [33]

One should keep in mind that this study made use of Class-B type amplifiers. When one makes use
of Class F type amplifiers, the performance in OPBO is better than in LMBA's[12] due to the higher
efficiencies of PAc.

In the case where wideband performance is of the utmost importance, one should still use LMBA.
Mainly because a hybrid coupler has theoretically no bandwidth limitation, contrary to a Doherty and
an outphasing configuration.



Modelling of Class E

Although Class E is popular in literature, its practical applications are less common. There are a few
reasons for this: the difficulty of implementing amplitude modulation with good linearity, the high peak
drain voltage, the complexity of designing a matching network, and the drain-to-source capacitance
limiting the maximum frequency, limiting the power density. This section will focus on the maximum
Class E frequency for different configurations. Thereafter, there is a discussion on the nonlinearities
of both the drain-to-source capacitance and the on-resistance. Ultimately, a comparison is made
between a nonlinear and linear transistor in a Class E configuration.

3.1. The maximum frequency of Class E

Class E has many different types of implementations. But the most common implementation is using
a shunt capacitance and series resonator as in Figure 3.1. In the most basic variant, the inductance
for biasing the drain is a DC-Feed. When one assumes an ideal resonator, Class E has four design
components: VDD, C, R, and X,. And there are two requirements for an ideal Class E: Zero
Voltage Switching (ZVS) and Zero Voltage Slope Switching (ZVSS):

ve(2m/w) =0
dve(t) —0 (3.1)
dt t=27/w

The operating frequency fj is often specified at the start, and the technology sets the supply voltage
Vpbp. This results in the four specifications (fo, Vpp, VS and VSS) and four unknowns (POUT, C,
R, and X,); thus, the circuit can be solved. However, the drain-to-source capacitance limits the
solution at GHz frequencies, which puts a minimum value of C. When C'is equal to Cys, fo equals
to fE.maz- IN the general case, combining 2.16, the following can be said:

Ko Pour
=" 3.2
When Cy; is the limiting factor:
Kc  Pour

maxr — 3.3
fE’ Kp 27TCdsV5D ( )

In the case of the Class E variant with shunt capacitance, series resonator, and DC feed:

Pour

maxr — 0.0507 — 34

In the case of GaN, the maximum drain-to-source current limits the output power. When the drain-
to-source current exceeds the maximum drain-to-source current of the transistor, the transistor is

30
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Z,=R, +jX,

Figure 3.1: Class E with series resonator, shunt capacitor, and DC feed.

no longer operating in the triode region but in the saturation region. This greatly increases the on-
resistance, which decreases the drain efficiency. In the case of a Class E with a series resonator and
DC feed, the maximum drain-to-source current is where the derivative to time of the drain-to-source
current equals zero 2.5. The time point at which this happens can be calculated as follows:

iswitch(t) = 'L:E(t) + iL(t) =1Ig- Sin(Wt + QZ)) + Iy

diswitch (t) _ —
e =Ip-w-cos(Wtmaz + ¢) =0 (3.5)
— ¢

w

tmaz

B}

tmax -

Where ¢ is the conduction angle, and w is the angular operating frequency. At time ¢,,,., the maxi-
mum drain-to-source current is as follows:

Ids,maz =Ip+1p (36)

Where I is the DC current flowing through the DC feed, and Iy 1,4, is the maximum drain-to-source
current. Next, to determine the conduction angle (¢), we need to set up the voltage and current
relationship of the drain-to-source capacitance:

doe(t) .

C- o ic(t)

/O Cu, /ﬂ G -
C-ve= %(sin(qb) (T —w-t) — cos(wt + @) — cos(¢))

1

R, .
vo = w(sm(qﬁ) (m—w-t) — cos(wt + @) — cos(¢))
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The transistor is on from 7 /w to 27 /w, as shown in Figure 2.6. To find ¢, we can use the zero-voltage
switching requirement:

ve(t)] 2z =0

< 2) (3.8)
¢ = arctan | ——
s
And for zero initial current:
dve(t) _o
dt  |,_2x N
. . (3.9)
ic(0) =0 = Ig - sin(¢) + Iy
I() = —IR : Sil’l<¢)
Combining 3.9 and 3.5:
Ids,max - —sin(qS) + Iy (310)

The output power in the case of a DC feed is as follows:

Ids,mam
Pout—VDD‘IO—VDDW (3.11)

This results in the equation:

Ids max
maz = 0.0174————— 3.12
Iz 21Cy4sVpp (3.12)

The relationship between the output power and maximum drain-to-source current will evolve more
for different Class E configurations. Therefore, most research mainly focuses on equation 3.3 and
expects a similar relationship. The analysis can be done for multiple configurations, such as a Class
E with a series resonator and a finite DC feed or a Class E with a parallel resonator. These are all
analyzed in [22], and the results are summarized in the table below:

: : razC V2

Class E Configuration [Emes®Von @gf
Class E with series filter and DC feed(q=0) 0.051 0.577
Class E with series filter Quasi Load Independent | 0.073 1.274
(9=1.3)

Class E with series filter Parallel Circuit(q=1.412) | 0.079 1.363
Class E with series filter max frequency (q=1.9) 0.156 0.136
Class E with quarter-wave line and series filter 0.093 0.465
Class E with shunt capacitance and shunt filter 0.097 0.428

Table 3.1: The normalized maximum Class E frequency and the output power for a specified load impedance for
different configurations of Class E.

From Table 3.1, one can see that the absolute highest maximum frequency of Class E is the series
filter variant with a g equal to 1.9. However, the output power is very low in comparison to other
configurations. The Parallel circuit Class E with series filter is an often-used configuration. It has a
relatively high output power and a high fg ... The Class E with shunt capacitance and shunt filter
has a higher fg .. but a lower output power, which results in a lower power density and PAE.

So far, in our analysis, we have assumed zero-voltage slope switching (ZVSS) and zero-voltage
switching (ZVS). However, in the case of non-ZVSS and non-ZVS, this fg .. can be increased.
For example, the previous analysis in Section 2.1.5.1 used the parameter k to describe the slope at
switching time. Following the same analysis, one can find the values for K- and Kp as a function
of k. However, the improvement on fg .., Will again be at the cost of output power.
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3.2. The nonlinear drain-to-source capacitance

It is common knowledge that the drain-to-source capacitance of a realistic FET is nonlinear, and
in the case that the transistor is operating at fg ..., the shunt capacitor C is an equation to the
drain-to-source capacitance Cy;; therefore, this nonlinearity becomes highly relevant. The drain-to-
source capacitance depends on the drain-to-source voltage, drain-to-gate voltage, and operating
frequency; therefore, it should be simulated accordingly. For example, using the model from the
PDK: UMS GH15, we can plot the Y parameter as follows:

Y (1,1)} = wC(v, f) (3.13)

One can find the capacitance as follows:

(3.14)

Using small-signal analysis is not the most accurate way of approximating the behaviour, but it is
quick and very accurate, as shown later in Figure 3.7. The drain-to-source voltage is swept from 0
up to 100 V at the operating frequency of 3.15 GHz; the results are shown in Figure 3.2. Multiple
mathematical models can be used to model the drain-to-source capacitance. For MOSFET, most
often equation 3.15a [22] or 3.15b [16] is used; for GaN, something more like Equation 3.15¢ [21] is
used.

-
C(v) = Cjo <1 + “> (3.15a)
Vii
v -
C(v) = Cjo <1 + V) +C (3.15b)
bi
C(U) = Cds,i + ngO : (1 + tanh(Pldnggs)) : (1 - tanh(Pldngds + Plcc%svds)) (315C)
(3.15d)

Where Cjo, Ci, 7, Cys,i» Cgdo, Praga, and Py are fitting parameters, and V;,; is an estimated bias volt-
age. To make the equations solvable, the choice is made for the less accurate 3.15a. For example,
this is also commonly done in [22]. Using a least-squares approximation, the estimated parameters
Cjo, Vi, and v are in this case: 1.6e-13, 69, and 0.5, using Figure 3.2. When v equals a 0.5 it
equates into the inverse root.

Measured with Y-parameters

— — -Lsq. approx. using —%—
V1+0/Cy
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Figure 3.2: The nonlinear drain-to-source capacitance (together with the gate-to-source capacitance) is simulated using

the UMS GH15 NF=5 nonlinear model. The solid line is the measured capacitance using Y-parameters, and the dashed
line is a least squares approximation.
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Parameters | Linear capacitance values | Nonlinear capacitance values
Cjo - 0.255 nF
C 0.21 nF -
Vi - 69V
Pt 8.14 W 8.14 W

Table 3.2: The linear and nonlinear capacitance parameters used for Figure 3.3.

To determine the change in waveforms analytically, we need to use two equations: energy conser-
vation and the voltage-to-current relationship of the drain-to-source capacitance. For simplicity, we
assume a DC feed; this lowers the order of the differential equations to solve. The setup is shown
in Figure 3.1. The current through the drain-to-source capacitance can be found by combining 3.5

and 3.9: ( 5
sin(wt +
ic(t)=Ih |1 — ———= 3.16
ict) = 1y (1- 20D (3.16)
Where I is the DC current supplied and ¢ = — arctan( ) Next, one can again set the voltage-to-
current relationship of the capacitor, working it out in the case of the nonlinear capacitance (3.15):
C. d%( ) i)
/ Cdv, = / io(t)dt
2 2 3
ooy, o+ 20V 2Cy Vi, Y N I (\/7? —|—4cos(c;1t) RvAC +4sm(;ut) . 37r>
Y m @yI+4/m)  (r/1+4/m) 2

(3.17)

Next, because of energy conservation, we know that the DC power at the input is equal to the AC
power at the output. Note that this is only the case for an ideal lossless Class E. This results in the
following equation:

Pout

Vbp
Combining 3.17 and 3.18 and solving it for v results in a rather lengthy equation that is solvable
analytically. The resulting voltage waveform and the linear drain-to-source capacitance are shown
in Figure 3.3. The parameters used are stated in Table 3.2. When using the nonlinear capacitance,
the peak voltage can be up to 1.3 times higher compared to the linear capacitance. In [22], they
stated that the output load impedance varies by maximally 5%, and the output voltage is unaffected.
Although the approximation is decent, it is far from perfect. Even though the drain-to-source capac-
itance is clearly non-constant, an average drain-to-source capacitance of around 2.1 pF is chosen.
The final comparison between the nonlinear and linear cases is stated later in this section, but vari-
ation can be significant.

Ip = (3.18)

3.3. The nonlinear on-resistance

Using a lossless loading network, the on-resistance is the only power loss component. Therefore,
an accurate approximation of its value is of great importance. The on-resistance is defined as drain-
to-source voltage divided by the drain-to-source current (v4s/i45), where the gate is biased to 1V,
which is close to the GaN Schottky breakdown voltage of around 1.5 V, which results in Figure 3.5b.
The drain-to-source voltage versus current curve, as shown in Figure 3.4,can be approximated as
linear in the triode region, but at the transition between the triode region and saturation region, it is
clearly not linear, and unfortunately, in this region, the resistor will operate at maximum power. The
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Figure 3.3: The drain voltage comparison of linear and nonlinear drain-to-source capacitance. To reduce the peak
voltage the drain-to-source voltage needs to be reduced, or a Class E/F3 should be used.

designer, therefore, needs to choose a linear on-resistance at maximum output power; this is not
necessarily the on-resistance when vy, equals zero voltage.

Ids (A)
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Figure 3.4: The on-resistance is shown to be dependent on the load-line. Where it is linear when it is operating the
triode region but nonlinear when it is operating close to the saturation region.

It is also important to note that the vy, /i4s curve depends somewhat on frequency depending on the
model used [32]. Therefore, a more accurate approximation can be made by designing a switching
amplifier. In this case, the drain is biased with a DC feed, the load is connected with a DC decoupling
capacitor, and the load resistor is varied depending on the required vy, during on time. This results
in the time domain Figure 3.5a, where both the iy, and vy are plotted. The on-resistance can
be approximated at a one-time point or monitoring the voltage-to-current relationship through time
approximation at 120 ps. Both methods’ results are similar, but the DC simulation is faster and has
good results.
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Figure 3.5: 3.5a shows the drain-to-source voltage and current, where the black circles show the evaluation points of
the on-resistance. These black circles are thereafter plotted in 3.5a, where one can see that the DC simulations are
accurate up to low voltages, after which both methods seem to be less accurate. However, this is not an important
region because this is only for very low output powers. The general approximation used is a constant of 8 (.

0.35 18

103 _ 16F 1
= s&
5] i =y
E 0.25 §<8 1l |
° 5 Q
- 102 O
(8] o
5 58 121 i
8 1015 2§
$ 3
é 1 %] 10 + 4
8 0.1 .g g
a Qg

1005 O gl ]

Aanaannn T Ana 0
300 400 500 600 700 6 : : : : : :
Time [ns] 120 140 160 180 200 220 240 260
L Time [ns
(a) The voltage and current waveforms for a Class E is simulated [ns]
using the UMS GH15 NF=5 nonlinear model. (b) The on-resistance versus time when the transistor is turned on.

Figure 3.6: 3.6a shows the drain-to-source voltage and current waveforms for a Class E with a q of 1.412. The dashed
lines show the region where the transistor is turned on. Figure 3.6b exhibits the on-resistance in this region. In the end,
the on-resistance is approximated at 8.

To determine the effective on-resistance during Class E operation becomes a little bit more difficult.
This is because the dynamic drain-to-source voltage changes depending on the configuration. Using
a UMS GH15 with five fingers, we can design a Class E with a g of 1.412. One can plot the following
figures in this configuration: 3.6b. The drain-to-source voltage and current with ZVS and ZVSS.
Note that tuning is not easy, and depending on the operating frequency, ZVS and/or ZVSS are not
even possible (Equation 3.3). In Figure 3.6b, the on-resistance is plotted during the on time of the
transistor. It is easy to recognize that even though the on-resistance is nonlinear, a decent, constant
approximation is possible. In this case, the on-resistance is approximated by 8 €2, due to the flatness
of the voltage waveform.
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3.4. Comparing the nonlinear and linear model

A linear model is used for stable and fast modeling. In this section, the accuracy of the linear model
is shown by comparing a linear and nonlinear model for Class E simulation. The analysis of the
previous sections are used to estimate the parameters of the linear model. First, we assume that a
Class E model with finite inductance should be used; the application uses load modulation; therefore,
the choice falls upon Quasi Load Independent (QLI) Class E (q=1.3). An advantage of QLI Class
E is that when the real load changes, the drain efficiency stays, ideally, almost unchanged. This is
because the transistor stays ZVS; only the slope changes; therefore, it becomes non-ZVSS. First, the
setup of Figure 2.5 is used where the switching device is either a switch with non-zero on-resistance
or the nonlinear UMS GH15 model with five fingers. The width of the transistor is maximal at 175 um,
and the supply voltage is 25 V. The drain-to-source capacitance at 25 V is 0.21 pF (Figure 3.2), and
the on-resistance is 8 (2.

A method later discussed is used to find the required load in the case of finite on-resistance for ZVS
and ZVSS. All the required values are stated in Table 3.3. This results in Figure 3.7, which shows
the two waveforms under each other. The linear model (top one) has an ideal ZVS and ZVSS, and
the nonlinear model (bottom one) has neither. Further tuning can be applied, but this will complicate
the process, and the benefits are limited. To determine whether the Quasi Load Independent (QLI)
behaviour is present, we can look at Figure 3.8. The real load impedance is swept from 150 to 300,
with the optimal load is 152 2 as shown in the table, and the drain efficiency is plotted. Although the
drain efficiency is almost constant in the ideal case, this non-ideal model is not used when the real
load impedance changes. The linear model varies between 90% and 86% drain efficiency, but the
nonlinear model varies between 90% and 82%. This is expected because the nonlinear model is no
longer ZVS. Even though the drain efficiency degradation is worse for the nonlinear model than the
linear model, the QLI behaviour is still clearly present.

Parameter | Value | Unit
f(] 3.15 GHz
Vbb 25 \
R,y 8 Q
Cys 0.21 pF
Lf 7.1 nF
R, 152 Q
X, 46 Q
Lo 77 nF
Co 33 fF

Table 3.3: QLI Class E parameters for both the nonlinear model and the linear.

3.5. Amplitude modulation

A single-ended Class E configuration does not support amplitude modulation (AM); therefore, ad-
ditional circuitry is needed to implement AM. Supply modulation could provide AM modulation, but
this would limit the maximum drain efficiency. An alternative method is changing the transistor’s
on-resistance; in this method, the transistor consumes the power instead of the source. This will
keep the maximum drain efficiency high but decrease the drain efficiency in Power-Backoff (PBO).
In the case of a simple switchmode pulsed power amplifier A, the effect of the on-resistance on the
output power can be described as:

8 Ry, V2 8 Ry
— 2 P~ 5 ————Vip (3.19)

Pout =

L +Ron
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Figure 3.7: Using Table 3.3, simulating QLI Class E using both the linear and nonlinear models. The linear model has
an ideal ZVS and ZVSS, and the nonlinear model has neither. However, the expected output power and DC power are
approximately the same.
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Figure 3.8: Drain efficiency is plotted versus load using Table 3.3. Where the nonlinear and linear drain efficiencies are
remarkably similar.

Which is clearly not a linear relationship. In Figure 3.9, the drain efficiency versus output voltage
amplitude is plotted. It shows that Class E, a switch mode device, is clearly nonlinear, and Class B
is not. Two ways to dynamically change the on-resistance are changing the gate bias voltage and
changing the number of transistors that are turned on[7]. The gate bias voltage can be changed
so that the drain-to-source voltage-to-current relationship changes and, therefore, the on-resistance.
The effect of the gate-to-source voltage on the R,,, can be found in Figure 3.4. It is clear that the
slope at a drain-to-source voltage of 0 V changes depending on the gate-to-source voltage. The
advantage of this method is the ease of implementing such a circuit because it only requires one
driver and a variable-biasing circuit. An alternative is to change the number of active transistors; in
this case, multiple drivers can drive each transistor separately. The advantage is that when fewer
transistors are turned on, the output power is lower, but the driving power is also lower (because fewer
transistors need to be driven), improving the PAE in PBO. This last method is therefore applied. In
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Figure 3.9: The drain-efficiency versus normalized |V | for different PA Classes, from [24]. For Class E/F_2, we can
see that the drain efficiency is a linear function of the output voltage, therefore the output power, just like in Class-B.

this case, the linear and the nonlinear models can again be compared, shown in Figure 3.10. In the
right figure, the output power versus input Code Word (CW) is plotted, and the nonlinear model’s
linearity is clearly worse. This is mainly due to the nonlinearity of the on-resistance; this can be seen
in the left figure. A different output power is seen for the same number of transistors that are turned
on. This means the on-resistance is good, approximated at maximum output power, but bad in PBO.
The on-resistance in PBO seems to be greater in the nonlinear model.
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Figure 3.10: On the left, the drain efficiency is plotted versus the output power. The normalized code word is defined
between 0 and 1, where 0 means no transistors are turned on, and one means all the transistors are turned on. At the
right is the output power versus normalized input Code Word plotted, where it is clear that the power linearity is worse for
the nonlinear model compared to the linear model.



The state-space approach

Class E is solved most of the time in the time domain because the large discontinuity caused by
switching requires theoretically infinite harmonics. Calculating these harmonics requires a lot of
computing power, which is impractical. In contrast to Class E, for Class F/F-1, the higher-order har-
monics are often ignored, resulting in the often-used frequency-domain solution. All-in-all, for Class
E, the time-domain solution is required, but in the time domain, we still have multiple ways to find
a solution: solving directly the classical differential equations, solving using a Laplace transform,
or using the general solution for a state-space. Earlier analysis in this report solves the differential
equations using the direct method. These differential equations were two second-order differential
equations, in the case that a finite inductor is used and assuming an ideal series resonator filter [2].
But without using ideal components, a classical Class E exists out of four integrators and, therefore,
two fourth-order differential equations (Equation 4.6). In this case, using Laplace transforms to sim-
plify the analysis is useful. However, in the case of a three-way Class E power amplifier, a circuit
can exist out of 12 integrators, and a more systematic way to solve such a circuit is necessary. In
this case, the state-spaces approach becomes useful because of their fast general solutions using
eigenvalues.

Ly+ L,

UC :: C:Cds ZQZZRLE
R _

on

Lswitch

Figure 4.1: The Class E with a shunt capacitance, a finite dc feed, and a series resonator.

40
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4.1. Setting up the state-space equations

In [39], the state-space approach is applied for Class E. The analysis consists of first setting up the
four first-order state-space equations. These are combined into a state-space matrix, where the
general solution can be found by assuming continuity of voltage and currents. The analysis is done
for Figure 4.1, where L, and C, are used for adding a reactive part to the load (instead of adding an
ideal component as in Figure 2.5). There are two capacitors and two inductors; this results in four
integrators and, therefore, four equations. The state variables are defined in matrix q(¢) as follows:

ir(t)
2 (t)
(t)
(t)
A capacitor differentiates the voltage, and an inductor differentiates the current. Therefore, in the
case that the switch is on and as a function of the state variables, we can set up the four equations:

diy(t)

alt) = (4.1)

(2
Ve
Vo

L=t = Vip = ve(?) (4.2a)

(Lo + L) — o (0) — wo(t) — Ruia(t) (4.2b)
P00 i) i) - U;Z) (4.2¢)
(Cot Co) 20 = (1) (4.2d)
(4.2¢e)

When the switch is off, R,, becomes very large (>10 kOhm). This changes the third equation 4.2c
as follows:

dvo(t ) .
0 iy (1) i) 43)
These equations can now be put in the state-space matrix format:
dq(t
?Zi ) _A.qt)+B (4.4)
Where there are two A matrices and two B matrices called: A, A5, B, Bs. Defined as follows:
ir(t) 0 0 ~1/Ly; 0 ir(t) Vbop/Ly
d i) _ | 0 —Ra/(Ly+Lo) 1/(Ls+Lo) —1/(Ly+Lo)| |ia(t)] 0
dt ’Uc(t) 1/Cds _1/Cds _1/(Roncds) 0 'Uc(t) 0
vo(t) 0 1/Cy +1/Cy 0 0 vo(t) 0
qi(t) = Ay -qi(t) + By
(4.5)
In case that the transistor is turned on.
in(t) 0 0 —1/Ly 0 ir(t) Vbp/Ly
A1) _| 0 —Rs/(Ly+Lo) 1/(Ly+Lo) —1/(Ls+Lo)| ia(t)| | 0
dt |ve(t)|  [1/C4s —1/Cys 0 0 ve(t) 0
vo(t) 0 1/C, +1/Cy 0 0 vo(t) 0 (4.6)

4z2(t) = Az - qz2(t) + B2

In case that the transistor is turned off.
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4.2. Solving the State-Space Equations

The general solution of any state-space equation is as follows:
t
a(t) = eAqo + / ACTIB dr (4.7)
0

Where qq is the initial condition of the state. Note that Al is the exponential matrix; although it is
analogous to the ordinary exponential function, its computation is slightly more difficult. It can be de-
rived in multiple ways. When using eigenvalues and eigenspaces, the solution in the diagonalizable
case is as follows:

A=t | ¢+ . |.T (4.8)

Where the following holds:

1. N is the length of the matrix A (N x N)
2. Xis an eigenvalue of matrix A (The solution to det(A — AI))
3. T is the eigenspace matrix A (The combined vectors resulting from the eigenvalues)

In the case that all components are linear and time-invariant and A is time-independent, Equation
4.7 can be rewritten using:

t
/ AT Bdr=A" (I-¢4) B (4.9)
0

Which results in:
qt)=eMqo+e (A (I-e ) B (4.10)

We can apply the solution 4.10 to the two state-space equations 4.5 and 4.6. This results in the
general solution for the two equations:

ai(t) = e*f qor + et (A1 (I— e 211)) By (4.11a)
az(t) = e qoz + €' (Ax 7 (I— e #2")) By (4.11b)

And because e2* A1 is commutative this can be simplified into:

{(h (t) =ePfiqey+ A" (eM —1) By (4.12)

qz2(t) = e qoz + Ag ™" (e2 — 1) By

Knowing eAt A, and B, the only question is still to determine the initial solution qq. Just like the
earlier differential equation solution, the boundary conditions should hold. In other words, we have
two equations where the beginning of the beginning of one equation is the start of the other:

— t — Aqtq A —1 A1t1_I B
{%2 qi1(t1) e do1 + A1 (6 ) 1 (4.13)

qo1 = qz(t2) = eA22qoa + Ap! (eA22 — 1) By

Where t; is the switching time from on to off (t; = d - 7/w). And ¢, is the switching time from off to
on (t2 = (2 — d) - m/w). Where d is a measure of the duty cycle between 0 and 2, as defined before.
These two equations contain two unknowns; the solution can be found using basic algebra; however,
a more general solution can be found in Section 4.6.
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4.3. Finding ZVS and ZVSS

Previously, an ideal resonator with infinite Q was assumed; this simplifies the analysis in that the
optimum load could simply be determined by looking at the ideal load at the fundamental voltage
(Equation 2.20). However, in the case of finite Q, higher harmonics become present at the load.
To again find the correct load, a numerical minimization technique is applied. A standard least-
squares algorithm is fast and does the job; however, more advanced solvers with range selection
are preferred. The parameters to solve for are R, and either C,. or L., depending on the application
(both are also possible using more advanced algorithms). The voltage v at switching is defined as
qo2[3] and the voltage-slope as ¢o2[3], referring to equation 4.1.

4.4. Calculating the power and efficiency using the state-space

equations
4.4.1. DC Power

In [39], the DC power using these state-space equations is given as follows:

t1 to
PDC:VDD'%' </0 Z'f(t)dIH—/ if(t)dt) (4.14)
t1

Where T is the total period and the combination of ¢; and ¢5. This can be rewritten using the state-
space variables as:

1 t1 to
Ppeo = fCDC (/ qy dt —l—/ q2 dt) CDCT (415)
0 0
where:
Cpc=[vVVop 0 0 0 (4.16)

The length of the Cpc matrix depends on the state-space size. We need to apply some tricks to
find the integral of q;. We can integrate equation 4.4, knowing that matrices A and B are time-
independent. After that, simplify the equations:

/t" d?h(tt)dt:A/tnq(t)dt+B/tnq(t)dt
0 0 0
tn
cwm—«mzAA a(t)dt + Bt, (4.17)

A“moﬁzA*«mm—mm—Bm

Next, ¢, can be replaced by either ¢, or . The generalized solution, not discussed in the paper, for
a total of NV different state-spaces sequenced is therefore:

1
Ppc = TCDC (Inc) Cpc™ (4.18)
Where Ipc is the total DC current found as:
N
Inc =Y An'(q(tn) — q(0) — Byty) (4.19)
n=1

N is the total amount of state spaces, and ¢, is the different switching times.
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4.4.2. Total output power

The total output power is generally defined as:

T
Piotal out = R - l : / 2926 (t) dt (420)
T 0

The problem, however, is that the total waveform described by two equations defined in different
intervals. Therefore, the integral needs to be separated between two intervals:

1 t1 to
Piotalout = R = - </ Zi(f) dt —l-/ Zi(t) dt) (4.21)
T 0 t1

Nevertheless, because both equations are solved starting from zero, the solution can be found in a
few intermediate steps. Next, define the intermediate variables:

t1
Wl = / qlqlet (4223)
0
to
W- :/ qzq2 T dt (4.22b)
0
Both W, and W can be further solved, as shown in [39].
Ry
Ptotalout = (Wl [27 2] + W2[27 2}) (423)

4.4.3. Fundamental output power

Note that the interest lies in the fundamental output power. This was not discussed in the cited paper
[39]; this analysis is, therefore, an extension of the original paper. To find the fundamental output
power, the fundamental Fourier series component of the current is found with:

Ry - ig g0 - i;,fo

> (4.24)

Pout,f(] =

Where: ) - y
i, f0 = T /U e 2T iy (t) dt (4.25)

The solution until now makes use of two different state-space equations, and in a next section up
to 23 state-space equations. All these equations hold for a certain time. The signal is defined in
separate time intervals, which can be separated as follows:

) t . t2 .

ipjo = — - (/ e™2mIT L (¢) dt+/ e 2T iy (¢) dt + . > (4.26)
T 0 t1

First, we know that the state-space variable is defined as q = [z’l iy VO vo], where i, is the

current that flows through the hybrid coupler. Defining q(1) as the fundamental component of the

state-space variables. Now equation 4.26 can be expressed using state-space variables as:

2 t ¢ t2 ¢

av =2 ([Tt awars [Cemtau-mas) (4.27)
0 t1

Where the whole state is integrated over time, this results in the fundamental currents and voltages in

one matrix. This is in the general case, in practice we only care about the fundamental output current

and fundamental drain-to-source voltage. The total period is the combination of the separate time

steps, the total number of time steps is called N:

N
T=to+li+...+tn=> tn (4.28)
n=0
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Next, we need to do some time shifting of the integral:

dtn bt
/ 2R () di (4.29)
0

Were dt,, is equal to ¢,, — t,,_1. Like before, to compute the integral, some derivation is required; this
can be found in Appendix B. The result is as follows:

9 omi N\
q(1) = = A, -0
a(1) Tﬂ;( T ) (4.30)
by Lty TBn o tn o itn
. <€27T_]T . Qn(tn _ tn—l) N 6—27rj Tl qn(O) —j? (6 2mj e 27y T1)>

The output power can thereafter be defined as:

Ry iz f0 - 1y 4o

. (4.31)

Pout,f(] =

Where i, s is equal to the second element of q(1).

4.4.4. Fundamental drain-to-source voltage and current

The final analysis is about the drain-to-source voltage and current. The problem is that the drain-to-
source current is not in the state matrix, but the drain-to-source voltage is. Therefore, we start by
defining the drain-to-source voltage, which is equal to v. This can be described as follows:

1 . to .
Uc,fozj-( [ et s e—%ﬂ'%-vcu)dw...) (4.32)

t1

The solution to this integral is the third element of §(1). Next, we can determine the drain-to-source
current as follows:

. 2 1 /t1 _92 j.i 1 /t2 9.t )
Bds, f0 = = - e “™'T . (t) dt + e T Lo (t)dt + ... (4.33)
w1=7 (foum | DI Ree@ ), “

Where R., is the matrix that combines R, and R,;; at each time moment, where the index rep-
resents the time step (see 4.42). And by applying the same analysis as for equation 4.30, we can
derive the following analysis:

2L 1 omi N\
wsfo=10 0 1 0]-= A, - g
iasgo=1[0 0 1 0] n§:1 Rog (1) ( T > (4.34)
in Sl TBn _ cin _ Sl
. <627ro 'qn(tn_tn—l) _6—27r] Tl qn(O) —j? (6 27r]tT e 2] T1)>

4.5. Hybrid Coupler state-space

The Z-matrix of a LMBA is given in 2.31, and for clarity, it is shown here again:

Vi 0 0 -j  —jiv2] [h
Vo 0 0 —jv2 —j I
o R S N I N I (4.39)

Vi —jiV2  —j 0 0 Iy
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Extra integrators will appear if the Fourier transform is taken from the matrix. This is because:

s {4} =2mrix(r) (4.3

A common LMBA configuration is as follows: three ports have different phases, and one port is
loaded with a resistor, as shown in Figure 4.2. These phase shifts can be implemented using another
hybrid coupler or digitally. The phase shift is added to both the voltage and current, resulting in a
matrix change. This is only accurate for the fundamental frequency; the second harmonic phase is
compensated by a factor of two and, therefore, is not accurately described as explained in Appendix
D. Note that only the typical phase shifts are applied; this is done to remove the complex part of the
matrix simply. This simplifies the mathematics later on.

Vioad 0 0 _t\j/> _]\/5 iload
1j-¢1 —i —i g1 . g
e -1 0 0 V2 7 e <11
, = . . . 4.37
eli®s . g Zo —ji —iV2 0 0 el b2 . g (4.37)
eld o2 .y, _]\/§ —j 0 0 elidz .4,
vy a1 exp(Lj-¢s) |4 31, vsexp(1j- ¢3) 2
i isexp(lj- ¢2) izexp(1j - ¢3) i3

v 15.
! z u exp( J 1)
(31 i1exp(1j- ¢1)

1

2
90 degrees
hybrid power
splitter

Figure 4.2: Applying rotation to the signal.

Next, the matrix can be transformed, for the fundamental frequency D, using ¢ = [18007 270° 2700],
the classical LMBA out-phasing angles, which results in the new equation:

Vload 0 0 _j _]\/§ iload
- 0 0 —jv2 —j —i
. =7 . . . o 4.38
—jrus| Y = =iv2 0 0 —j i3 (4.38)
—j -2 -jV2 =i 00 —j 2
This can be simplified as follows:
Vload 0 0 -1 _\/5 iload
v 0 0 -2 1 i
=7 | 4.39
V3 0 1 —\/5 0 O 13 ( )
V2 V2 -1 0 0 19
Next, we can substitute vj,.g = %10ad - Zo, Which reduces the rank of the matrix from 4 to 3:
0 Zy Zov2 i
o z i
U2 = _ZO 2 Rload 2 Rload ' 7/2 (440)
U3 V27, 2 i i 13

Rload Rload
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The last step is to transform the frequency domain matrix into the time domain matrix, but because
there are no complex parts anymore in the equation, the following holds:

0 Z 27
() o VA
Z32 Z32 .
wi)|=| -2 2 V| e (4.41)
V27 VaR A

Rioad Rivad

Where R;,.q is the real load, it can be a complex load, but in that case, complex parts will again
appear, making the solution more complicated. This result can connect three PAs together and find
the voltage and current waveforms. However, general phase rotation has not yet been implemented.
Moreover, this is important when, for example, the phase is optimized. In the next section, we will
discuss this problem.

4.6. Phaseshifting and combining three PAs

To solve a switching PA using the state-space method, the general solution in Equation 4.13 can
be applied, but this is just in the case of two switching moments. When three PAs are connected,
a maximum of 23 different state-space equations can be added together. During each switching
moment, the state-space initial solutions should be consistent with the end of the previous state-
space. This can be mathematically stated as follows:

qoz = e g1 + A (eAltl —-1I)- B,

dos = 222 . gy + Ayt (eA22 —T) - B,

The main problem when applying this method is that the number of unique state-space equations
depends on the number of out-of-phase amplifiers. To determine the sequential order of the different
state-space questions, the following is done:

Find the number of unique rising and falling edges within the range of 0 — 2.
Sort them in sequential time order.
Find the time difference between all unique edges.

Use the mod function to normalize the time difference.

o M wbdh =

Use logic to determine whether the time is shorter than the duty cycle, determining whether
the transistor is on or off.

6. Step to the next edge and repeat.

This algorithm can describe the R,,, matrix at each time step. For example, referring to Figure 4.3,
the on matrix looks something like this:

Ron :

o O O

1100
1100 (4.42)
0110

Where the columns represent the time steps and the rows which PA it is (three in this case). In
this case, five state-space variables need to be solved sequentially. To find the solution to these five
state spaces, we need to present them sequentially. To start, we need to rewrite the equations as
follows:

qoz = ™ . qo1 + Ayt (e . qop — 1) - By (4.43)

In which we define A;.(t,) as the exponential matrix at time step ¢x. Substituting this, we can rewrite
it in @ more readable form:

q0(2) = Ate(l) : QO(l) + Bte(l) (444)
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qo1 q02 qo3 qdo4 qos qdoe
tdel;zy,l
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Vgs,2 I ):
tdelay,3 :
Vgs,3 (_").
>
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Figure 4.3: For different time steps, for all three amplifiers separately, we have either R,, or R,;; . Depending on the
delay there can be two different state-spaces or more. In this figure there are five different state spaces, which all have a
different initial state.

Using this notation, we can state the total problem as follows:

qo(n) = Ate(n — 1) . qo(n — 1) + Bte(n — 1)
qo(1) = Ate(n) - qo(n) + Bie(n)

In this equation, n is the state-space number from 1 up to NV, where N is the maximum number of
state-spaces. The solution for NV > 1 can be found as follows:

IS Ave(N = k) - Bo(N) + 057 (T Ave(N = 1)) - Bee(k) ) + Bre(N — 1)

(4.45)

qo(N) -
1 -5 Awe(N — k) - Awe(N)
(4.46)
For example, when filling in N = 2:
Ate(l) : Bte(2) + Bte(l)

2) = 4.47
q0(2) 1— Ao(1)Ate(2) (4.47)

The other solutions can be found by substitution, using:
qo(n — 1) = Ate - qo(n) + Be(n) (4.48)

4.7. The complete solution

The final solution combines three Class E state-space equations into one. and combines it with the
hybrid coupler. One can again look at Figure 4.1, but in this case, v, is no longer connected to a
load R, but to the hybrid coupler. The voltage-to-current relationship of the hybrid coupler is defined
in 4.41. This relates the three state-space PAs together; the voltage over the inductor relates the

current to the voltage. .
(Lot 20) 2D — ) —0(t) — 00 (4.49)




4.8. Class ELMBA 49

Where in the previous case v, = R, - i,,, NOw, using Equation 4.41, v, is defined as follows:
Ve = Zo g2 + V2720 i (4.50)

Combining all three Class E Pas results, therefore in N 12x12 matrices where, for example, the total
matrix terminated by a load of 7 is as follows:

[0 0 -1/Lg 0 0 0 0 0 0 0 0 0
0 0 /(Lg+Lo) —1/(Ly+Lo) 0 —Zo/(Ly + Lo) 0 0 0 —V2Zy/(Lg+ Lo) 0 0
1/Cas —1/Cus ~1/(RonCuas) 0 0 0 0 0 0 0 0 0
0 1/C, +1/Cy 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 ~1/Ly 0 0 0 0 0
Al O Zo/(Ly + Lo) 0 0 0 —2Z/(Ly+Lo) 1/(Ly+Lo) —1/(Ly+Ly) 0  —vV2Z/(Ls+ Lo) 0 0 (4 51)
Tl o 0 0 0 1/Cas —1/Cas ~1/(RonCls) 0 0 0 0 0 '
0 0 0 0 0 1/Cp +1/Cy 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 ~1/L; 0
0 V2Zy/(Ls+ Lo) 0 0 0 —V2Zy/(Ls+ Lo) 0 0 0 —Zo/(Ly+ Lo)  1/(Ly+Lo) —1/(Ly+ Lo)
0 0 0 0 0 0 0 0 1/Cas —1/Cas ~1/(RonCis) 0
Lo 0 0 0 0 0 0 0 0 1/C, +1/Cy 0 0
The B matrix is as follows: ) )
Vbp/Ly
0
0
0
Vpp/Lg
0
B= 4.52
0 (4.52)
0
Vbp/Ly
0
0
0

The A matrix in Equation 4.51 is a 12x12 matrix where all PAs are on; in the case that one of the PAs
is not on, the on-resistance is equal to zero. The next step is to determine the solution to the matrix;
this can be done by using equations 4.46 and 4.48, which yields the initial matrix qo. These equations
need the matrices A, and By, which require equation 4.8. Next, to find the waveforms, equation
4.10 can be used. One can look at Subsection 4.4 to derive the output power and drain efficiency.
In Figure 4.4, the drain-to-source current and voltage are plotted, as well as the output current. One
can see in the figure that the drain-to-source waves are slighting out-of-phase. One can see that the
turn on moment of the third amplifier is slightly later compared to the first two power amplifiers. But,
the output currents have all their minimum all crosses 7 /2 perfectly. In other words, the fundamental
drain-to-source current are in-phase. The resulting currents can therefore be added in-phase at the
load. This design is shown in Figure 4.4a. But the switching moments are not simultaneously when
looking at Figure 4.4b. A design methodology is required to find the proper delay at the input so that
the currents are added in phase; this method is discussed in the next section. Note that the method
is turned into a MATLAB script seen in Appendix H.

4.8. Class E LMBA

This model can be extended to an LMBA configuration, as shown later. But for now, slightly more
analysis should be done on designing such an LMBA. This is to understand the necessity. In Figure
4.5, the combination of a possible matching network and the hybrid coupler is shown. The circuit uses
a reactance to compensate for the required reactance at the fundamental, and it uses a transformer
to provide the correct resistance at the fundamental. When the two peaking amplifiers have the
same output power, their matching network is the same. If the two peaking amplifiers have different
maximum output powers, their matching networks are not necessarily the same.

The LMBA equations can be summarized as follows:

Zo = 2o <1 - \/51131—132)
Ic

Ipo + V21
Zp1 = ZOBQIB{C (4.53)

Igs — Ip1 +V2Ic

Zp2 = Zy T
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Figure 4.4: On the left, the input current is plotted at the input of the hybrid coupler. The current flows through the
resonator for each PA. The first two are equal PAg; and PAg2 and the third one is smaller PA<. The drain-to-source
voltage and current for all three PAs are shown on the right. All have ZVS and ZVSS, while the first two have a q of 1.3
and the last one a q of 1.55. Different q values result in different output phases that must be compensated accordingly

by changing the input delay.

For a Pseudo-Doherty LMBA, referring to Figure 2.15, the following holds:

» The two peaking amplifiers (Pg1 and Pg1) optimal matching networks are found when all three
amplifiers are turned on. In other words: i1, i and i3 are non-zero.

» The main amplifier (P¢) is matched at the point when the two peaking amplifiers are turned off.
In other words: i1, 75 are zero and 3 is non-zero.

Multiple options are possible to find the transformation ratios and the required reactance for each
PA. But my method is as follows:

» Solve each PA separately for ZVS and ZVSS by using [39]. The solution is the optimal load
impedance Z, and the output current .

Determine the current angle for all Class E amplifiers and compensate it by setting a compen-
sating delay at the input of each PA.

» Compensate the required reactive load by choosing j X, for each PA accordingly.

The next step is choosing the characteristic impedance. This depends on the application, buta
carefully chosen characteristic impedance results in lower impedance transformation ratios, or
even no impedance transformation is sometimes needed. A good starting value can be found
using Equation 2.48.

* When all previous steps are implemented correctly, the LMBA equations 4.53 are purely real,
and the remaining required load is purely real. This results in 3 equations and 3 unknowns.
By knowing the currents and the required load derived earlier, a nonlinear solver can be used
to solve the equations 4.54; these equations are derived in C. Anything from a simple semi-
Newtonian algorithm to a more complex particle swarm algorithm gives good results.
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Figure 4.5: Class E LMBA with matching networks. The matching networks exist out of a complex part in series with a
transformer; this is done for the simplicity of finding a solution.

When all the design parameters are known, the solution can be found. This can be done using a
nonlinear simulation like ADS Keysight or by applying the previous solution in Section 4.7.

4.8.1. Comparison between ADS Keysight and MATLAB

Although, a thorough discussion is needed to interpret the data and properly design a Class E LMBA.
For now, we will only look at the differences between the different models. The design chapter will
discuss the final design and how to interpret the voltage and current waves. In this subsection,
there are two methods to simulate a Class E LMBA: the linear model using the equations previously
discussed or the linear model using ADS Keysight. In the case of a high series Q-factor, the results
should be the same. This assumption should hold because the second harmonic is sufficiently low
at a high Q-factor for the series resonator, this assumption is further discussed in Appendix D. The
advantage of using linear models is that they are fast, relatively accurate, and insightful. The elapsed
time for a high-resolution LMBA simulation in ADS Keysight is around a second, and using MATLAB
takes under a second.

A limit of the LMBA is the maximum impedance transformation due to the phase and amplitude
modulation; as described by Equation 2.38. This results in no ideal load being presented, resulting
in non-ZVS. Non-ZVS results in losses that can be far greater than just increasing the on-resistance
by changing the number of turned-on transistors. Another effect is the changing of the slope (non-
ZVSS), which lowers the output power but, in turn, could increase the drain efficiency. All in all,
many possible configurations are possible, but a quick and accurate model should be implemented
to simulate them all.

By applying the methods previously discussed, some accurate parameters for the transistor can
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be derived. This transistor has an on resistance of 8 2 and a drain-to-source capacitance of 2.1 pF,
where the width of the transistor is 700 um. Next, a QLI Class E is chosen for the best load modulation
performance, at the cost of some wideband performance compared to the Parallel Circuit Class
E. Lastly, a Q-factor of 10 for the resonator is chosen. The reason is that at very low Q-factors,
the second harmonic becomes so high that Equation 4.37 no longer holds. The next important
discussion is the sizes of the three PAs, and the answer to this question is not straightforward; the
answer will be given in the next Chapter, but for now, we will design the most basic Class E LMBA
possible. For an OBO of -10 dB, we can assume that the power of PA¢ is one-tenth of the total
output power, using Equation 2.42. This makes the number of transistors for P A~ around one-tenth
of the total number of transistors. Everything is summarized in Table 4.1.

Figure 4.6 shows the good correspondence of the MATLAB model with the ADS Keysight simulation.
It is not perfect, the accuracy depends on the setup and simulation settings.

Parameters PApear1 (PA1) | PApear2 (PA2) | PApain (PAs) | Unit
Number of transistors 5 5 1 -
q 1.3 1.3 1.3 -
Qo 10 10 10 -
R, single transistor 8 8 8 Q
Cys single transistor 0.21 0.21 0.21 pF
voltage switching (VS) 0 0 0 \%
voltage slope switching (VSS) | 0 0 0 Vs/s

Table 4.1: The parameters where Figure 4.6 is made width.
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Figure 4.6: A quick example of a design for a Class E LMBA with >10 dB OPBO. The design uses the design parameter
values from 4.1. The ADS model is exactly the same as the MATLAB model in parameters, and therefore, one would
expect that they give equivalent results. The results for the drain efficiency are the same, with some numerical errors.
For the drain-to-source current, we see some differences; even though everything is automated, there still could be
rounding errors or implementation differences. Figure 4.6b can be explained by seeing that first the first main amplifier is
turned on, which saturates its drain voltage. Next, the first peaking amplifier is turned on, this saturates its drain voltage.
And in turn, the impedance for the main amplifier decreases, which in turn increases the output power of the main
amplifier. And lastly, the secondary peaking amplifier turns on, which counteracts the effect for the main amplifier. The
main amplifiers input impedance is again back at its original impedance, and all drain currents are added together. It can

best be understand using Equation 4.53.
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4.8.2. Comparison between linear LMBA and nonlinear LMBA

The linear LMBA uses a linear transistor with constants R,, and Cg;,; however, in reality, this is
not the case. The effect of the nonlinearities is highly dependent on the design of the LMBA. This
subsection presents two LMBA designs: the previous design and an improved one. These are not
the best designs possible, but just an example to show the model’s limits. The first design is the same
as before, shown in Figure 4.7, but the results are not good. Although the results are correct at both
the 10 dB OPBO point and maximum power, where the Equations 4.54 are calculated at, the results
between the two points are bad. The main reason is the bad approximation of the on-resistance,
which depends on the drain-to-source voltage. The unequal currents from the two peaking amplifiers
in PBO cause load modulation for the main amplifier. This load modulation results in a temporary
current increase; in this case, the transistor goes out of the triode region into the saturation region.
This not only increases the on-resistance significantly but also means that the phases are no longer

correctly predicted. If the phases are added wrongly, a negative impedance can be presented to the
PAs, as seen in the figure.

1
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Figure 4.7: This design uses the same design parameter values from 4.1. Differences are, this time, more pronounced.
The reason is that the main amplifier is matched at maximum power at OPBO; however, at -6 dB, the current increases
even more because of load modulation caused by the peaking amplifiers, which causes a decrease in drain-to-source
voltage and moves the transistor out of the triode region into the saturation region. Therefore, the approximated value of
Ro,n is no longer accurate.

The solution is to ensure the transistor never goes into the saturation region. In this case, the PA
keeps its high drain efficiency, and the approximated value of R,,, is good enough. This is done by
matching the main amplifier at a lower output power, not at the main PAs’ maximum output power.
To do this, Class E is matched for non-ZVSS, in this case -38 Vs/s, shown in Tabel 4.2. As a

result, the main amplifier stays in the triode region constantly. The resulting Figure 4.8 shows good
correspondence with the linear model.




4.8. Class ELMBA

54

Parameters

PApeakl PApeak2 PAmain Unit
Number of transistors 6 6 3 -
q 1.3 1.3 1.3 -
Qo 10 10 10 -
R, single transistor 8 8 8 Q
Cys single transistor 0.21 0.21 0.21 pF
voltage switching (VS) 0 0 0 \%
voltage slope switching (VSS) | 0 0 -38 Vs/s

Table 4.2: The parameters where Figure 4.8 is made width.
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Figure 4.8: In this case, the results are more accurate when compared to Figure 4.7. The main amplifier is no longer
matched for maximum output power at the total maximum output power but at a lower output power. This is done by
changing the slope of the Class E configuration, as seen in Table 4.2. In this case, the main amplifier increases output
power around a code of 0.5 and decreases output power at a code of 1. In this way, the transistor stays in the triode
region and the found value of R,,, stays accurate.




A wideband design

A simple radar signal like a chirp requires a wide range of frequencies, which in turn requires a
wideband amplifier. Hybrid couplers are inherently wideband and, therefore, should not limit the
wideband performance of the total amplifier. However, Class E is generally not wideband due to its
use of a resonating circuit. A continuous mode, Class E, is also hard to implement compared to
continuous mode Class J or continuous mode Class F/F~!. In this chapter, the wideband Class E
with a series filter is discussed.

5.1. Single-ended Class E with series resonator

The most common Class E variant is the series resonator version in Figure 4.1. The Q-factor of
the series resonator determines the wideband performance of such an amplifier. The ideal Q-factor
for a given operational bandwidth can also be calculated, as done by [27]. The goal is to have flat
imaginary Y-parameters over a certain bandwidth. This can be done by realizing that the series
resonator has a negative imaginary Y-parameter slope versus frequency, a parallel resonator has a
positive imaginary Y-parameter slope versus frequency, and when combined, the result in a slope
of zero at a certain frequency, as shown in 5.1. This point can be mathematically derived by putting
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Figure 5.1: Y-parameters for a parallel circuit Class-E.

the derivative of the Y-component to zero:

dS3{Yin(w)}

- =0 (5.1)

w=wq

55
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This is solved in [27] as follows:
1 2Ly

Cis — 5.2
ds + wl; R (5.2)

But in the case L, is added, we get the more complicated equation:

1 2Lo + Ly 2w3L2 - (2Lo + L)
Cys - St =0 5.3
T L IR (12wt R (5:3)
And C is the series resonator capacitance, defined as:
Co= —r (5.4)
0~ w% . Lo '

Where C; is the drain-to-source capacitance of the transistor, which is given for a chosen gate width.
Next, L is the DC-feed inductor that can be chosen; this depends on the parameter ¢. Besides L,
L, also depends on the parameter ¢. All summarized as follows:

1
Lp—e o
! w(z)QQCds

woLy 1

R, = - 55
Ki(q) ~ aoCod?Ke(q) (5:5)
K "

L, = X(Q)R

wo

The solution to Equation 5.2 is when combining with Equation 5.5 as follows:

_ KLKXq2—KLK§< Q—Kgl(qQ—K;L( —2K)2(q2—2K§(—q2—1

L 5.6
0 20ds - wiq*K? (K% — 1) (5:6)
And lastly, Q) for the series resonator is defined as:
wo(Lg + Ly
Qo = oo+ La) 0 ) (5.7)

The choice of ¢ depends on the requirements. Wide bandwidth Class E configurations most of
the time use the parallel-circuit Class E. An alternative configuration is the QLI Class E. Both are
summarized as follows:

Configuration | ¢ | Ki | Kx | Qo
Parallel-circuit Class E 1.412 | 0.73 | 0.00 | 1.03
Quasi-Load Invariant Class E | 1.30 | 1.01 | 0.26 | 1.09

Table 5.1: The given parameters for different Class E configurations are obtained using equations from Section 2.1.5.

One can easily see what is unique to the parallel-circuit Class E variant: no reactance compensation
is needed because Kx = 0. Next, we can plot the Y;,, parameters for both the parallel-circuit class
E and the QLI Class E variants, shown in Figure 5.2.

This figure shows that the parallel-circuit Class E has a more flat response versus frequency com-
pared to Quasi-Load independent (QLI). However, the QLI Y-parameters are also reasonably flat,
ranging from 0.7 to 1.1. In the end, we design a load modulated amplifier, and if the load stays only
in the real domain, the efficiency of a QLI Class E amplifier stays high, which simplifies the design
significantly. For this reason the QLI Class E amplifier is chosen instead of the parallel-circuit Class E
amplifier. Therefore, the parallel-circuit Class E configuration is outside the scope from now on. We
need to determine the frequency range to determine efficiency and output power versus frequency.
The design requirements range from 2.9 to 3.4 GHz; therefore, a center frequency of 3.15 GHz is
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Figure 5.2: The imaginary part of the input Y-parameter is plotted versus the normalized frequency. One can quickly see
that the parallel circuit produces a more flat Y-parameter response compared to QLI. This is the reason that this
configuration is often used for wideband performance.
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Figure 5.3: For a single-ended QLI Class E, the output power and drain efficiency are plotted. It is simulated using ADS
Keysight using a linear model with an on-resistance of 1.33Q2 and a drain-to-source capacitance of 1.26 pF. The
matching elements are lossless. The bandwidth is determined based on a 10% drain efficiency drop and a 1 dB output
power drop. In this case, the bandwidth can be approximated as around 0.8 GHz for a center frequency of 3.15 GHz.

chosen. This can be simulated using a linear model in ADS Keysight with finite on-resistance, as
shown in Figure 5.3. When the bandwidth is defined as a 10% drain efficiency drop and a 1 dB
output power drop, the bandwidth is around 0.8 GHz. This is well above the required bandwidth of
0.5 GHz.

The next step is to add a nonlinear transistor model with lossy components. The components used
are from the UMS GH15 PDK, provided by TNO. The model used is the GH15; the width is 175 um,
and the number of fingers is 24. This is around the size of a single peaking amplifier. The drain
efficiency is calculated by dividing the fundamental output power on the load resistor by the DC
power supplied by the voltage source. The result is Figure 5.4, where the bandwidth shifted a little
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Figure 5.4: For a single-ended QLI Class E, the output power and drain efficiency are plotted. It is simulated using a
nonlinear model from UMS. The model used is the GH15, the width is 175 um, and the number of fingers is 24. And the
lumped components are lossy, implemented using the UMS PDK. The bandwidth of 0.8 GHz is larger than the required

operating range that lays between 2.9 and 3.4 GHz, which results in a bandwidth of 0.5 GHz.

bit, but the bandwidth stayed the same around 0.8 GHz. A big downside of the lower Q-factor of
the resonator is the higher second harmonic on the load, which results in power loss, and therefore
in a lower drain efficiency. Therefore, it is important to know the value of the second harmonic with
respect to the fundamental. This can be calculated as follows:

AS’D,dB = Pdrain,fo - Pdrain,2f0 =44 dBm — 33 dBm =11dB (58)
ASO7dB = Pload,fo — Pload,2f0 =42 dBm — 30dBm =12 dB (59)

Therefore, the second harmonic’s output power is around 12 dB lower than that of the fundamental
frequency of operation. The attenuation at the second harmonic due to the series resonator is around
1 dB; this is very low and mainly results from a low Q-factor. Note, that these values are found by
using a linear model, but the nonlinear model has around a 1 dB difference.

5.2. Wideband matching

Up until now, an ideal transformer has been used for the analysis. However, in practice, a matching
network has losses and finite bandwidth. Implementing such a matching network could take many
forms, but this project is restricted to integrated circuitry. This results in the limited use of transmission
lines. The result is, ideally, a combination of lumped components. In this section, two solutions
are discussed: using lumped components and transformers. The transformer should be avoided
because of the additional losses; at high power, losses can become a cooling and current density
issue. Nevertheless, both are discussed, and the design methodology is presented.

The goal is not just to have a constant impedance over the required bandwidth but also a correct
response when the real load increase in power back-off. In this application, the load is modulated;
ideally, the response stays on the real axis. In Figure 5.5, 50 Q) is matched to a far higher impedance
(2000 ©2). In Figure 5.5a, the first design is a one-stage matching network using both an LC network.
The input impedance shifts to the complex domain when the load impedance increases. In the next
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design, in Figure 5.5b, we can see that the input impedance moves down when the load impedance
increases. Although the impedance stays on the real axis, the response differs from an ideal trans-
former’s. The ideal transformer is shown in Figure 5.5¢, where an increase in load impedance results
in an equal increase in input impedance.

No load modulation Zload = 50

No load modulation Zload = 50 ©
= \\/ith example load modulation Zload = 85

No load modulation Zload = 50 ©
= \\ith example load modulation Zload = 85 Q)

= \\ith example load modulation Zload = 85 Q

(a) Using a one-stage lumped component  (b) Using a two-stage lumped component (c) Using a transformer as a matching
matching network. matching network. network.

Figure 5.5: The three Smith charts show how the different matching networks depend on an increasing load: the
one-stage LC network moves the input impedance to the complex domain, the two-stage LC network decreases the
input impedance, and the ideal transformer increases the input impedance.

5.2.1. One stage matching network

A second order one-stage matching network uses capacitors or inductors as lumped components.
Such a circuit is shown in Figure 5.6. One can design a low-pass or high-pass filter depending on
the inductor’s and capacitor’s placement. To design a step-up impedance transformer instead of
step-down (from left to right), the input and output ports must be exchanged. The imaginary part at
the designed frequency needs to be zero to design a real impedance transformation.

S{Zin} =0 (5.10)
The derivation is not given and can easily be derived, but the result for the variables is as follows:

V (Rin — Rp)RrRin,
Xo = 11
c - (5.11)
Xr, =—+v/(Rin — Rr)RL (5.12)

When the impedance converter needs to be downstepped, the configuration changes slightly, but
the math stays very similar. In this case, R; and R;, need to be exchanged, and X and X, are
exchanged.

5.2.2. Two stage matching network

A two-stage network contains four elements, as shown in Figure 5.7, two single stages in series.
This changes the impedance in two steps. For example, from 50-75-100. The goal is not to design
an optimal filter; therefore, the single impedance must be chosen by hand. The improvement that
the two stages bring is that the bandwidth is usually larger, and the response when the real load
increases is that the input impedance stays close to the real axis. The resulting equations are similar
to Equation 5.12 but generalized for IV steps.
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Figure 5.6: One stage low-pass LC impedance transformer using lumped components.

Figure 5.7: Two-stage low-pass LC impedance transformer using lumped components.

5.2.3. Resonating transformer matching network

The ideal transformer is not frequency-dependent; however, a transformer consists of two inductors
coupled with a coupling factor of k. In the ideal case, the coupling factor is 1, but in practice, it is more
like 0.7. The transformation ratio n describes the ratio of the two inductors; all in all, this equates to:

o In

-7 (5.13)

n
According to [5], the equivalent circuit for a transformer is Figure 5.8. The capacitor C' is added
to resonate out the inductor kL. If this is not done, the circuit is a high-pass filter, requiring very
high inductance values to operate at 2.9 GHz. When the inductance kL- is ignored, the resonating

capacitance should equate to:
1

N wikLyn?

And lastly, the required inductance value of the transformer depends on the required bandwidth. The
Q-factor of the parallel RLC resonator is defined as follows:

_fo

(5.14)

Using the Q-factor, we can find the size of L as follows:
Ly R__R-AF (5.16)

T Q2nfy 27 f?

Where Af is the -3 dB bandwidth, which is not the required -1 dB bandwidth but around three times
as much; this equates to around 1.5 GHz. In other words, the larger the required bandwidth, the
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larger the required inductance, and the higher the losses because an inductor has reasonably high
losses.

When the inductor is lossy, it has a series resistor R; associated with it. In this case, both the
resonating frequency and the transformer ratio are off. The derivation is not presented here, but the

new values are as follows:
. kLle

R 5.17
o (5.17)
(1— k)L, kL,
o O
kL, ——cC R,
R{Z;,,} >R, n:l

Figure 5.8: A resonating impedance matching transformer.
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5.3. Wideband hybrid coupler

The hybrid coupler up until now was assumed to be ideal and described using the ideal Z-matrix
from Equation 2.31. But in reality, a hybrid coupler can be realized with transmission lines or lumped
components. Transmission lines are preferred because of lower losses and ease of implementation,
but at lower GHz frequencies, the size can become too large. When transmission lines are used,
there are still two main options to implement the hybrid coupler: using a branchline coupler or cou-
pled lines. The branchline coupler is often used because it is easier to implement. In contrast, the
coupled lines need precise manufacturing control over the spacing between the lines. However, an
advantage of the coupled lines is that they generally have a higher bandwidth than the branchline
coupler. Also, the total size of the design is smaller because it needs two 90-degree transmission
lines instead of four. In Figure 5.10a and 5.9, both the branchline coupler setup and the coupled
lines are shown. To compare the losses, we first need to design a basic transmission line, for that,
the technology used is shown in Table 5.2. The substrate has a height of 70 um, which makes the
lines very narrow. Besides that, the 90-degree line will be very long at 3.15 GHz. This makes the
design of such a hybrid coupler unpractical, but nevertheless, we can still compare the results. Note
that a better approach would be to implement the lumped equivalent. The chosen parameters are
given in the Appendix E in Table 4.1. And in Appendix E, the results are plotted. One can see that
the branchline coupler has higher losses (1.5 dB compared to 1 dB) and a lower bandwidth com-
pared to coupled lines. However, coupled lines need a very small gap. In the end the coupled lines
are implemented using lumped components, with inductors with a Q-factor of 10. The circuit can be
found in Figure 5.9. In [37] it is explained how the values for such a lumped equivalent coupled line
topology is found. The parameters can be found according to the following equations:

k= ! (5.18)

7 .

Where k is the coupling factor for the two inductors. Altough other values are possible, for -3 dB
hybrid coupler this is most often chosen. Next, the value of the inductor and capactiance need to be
chosen for propper matching. This is done as follows:

L= V2Zo (5.19)
wo
C = V2 (5.20)
woZo
The values of the actual capacitances follow from this:
C
Cvy=— 5.21
M=7 (5.21)
Cqa=0C-— < (5.22)
G = NG .
Parameter | Value
e 10.43
tan o 0.01
H 70 um
T 2um
o 3.7e7

Table 5.2: Layer description parameters
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Figure 5.9: Lumped equivalent of the coupled lines.
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(a) Basic branchline coupler setup, the branches are not needed for  (b) Basic coupled line setup. The value of W, and Sy can be
matching but to get the correct Z-matrix that is used in Equation determined by using EM simulations or tools like ADS Keysight
4.37 linecalc

5.4. Asymmetrical peaking amplifiers

Asymmetrical LMBA, also called ALMBA, has proven benefits, such as higher VSWR resilience
and improved average drain efficiency in OPBO. However, a digital LMBA provides difficulties for
implementing such a structure. The reason is that one can only turn one peaking amplifier on and,
after that, the second one; this is because of the losses involved when switching the on-resistance
becomes dominant. In the analog case, the two peaking amplifiers can be turned on together, and
the voltage saturation is only at peak power. Instead, in the digital case, the voltage saturation for
the first peaking amplifier is already in the middle.

To move the first peak in the middle, we need to decrease the power of the first peaking amplifier and
increase the power of the second peaking amplifier. Ideally, the waves coming from the two peaking
amplifiers cancel at the main amplifier (the isolation port of the hybrid coupler). But when they are
asymmetric, they do not cancel, and there is load modulation for the main amplifier. This behavior
could improve or worsen the performance of the main amplifier.

To improve the result, one can look at Figure 4.8b; this figure shows that the main amplifier’s current
first rises and thereafter falls back to its value at OPBO. To keep the main amplifier’s output power
(output current) high, the two peaking amplifiers must have different sizes. To achieve the load
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impedance for the main amplifier should stay lower compared to its initial value, when looking at
Equation 4.53, we can see that the primary peaking amplifier current needs to stay larger compared
to the secondary peaking amplifier, but this will move the middle peak to the left instead of to the
right. The solution is to use a two-stage real impedance transformer for the main amplifier. The two-
stage impedance transformer has a negative response to increase the load impedance. As a result,
the middle peak moves to the left instead of the right; this greatly improves the result. However,
this matching network limits the achievable bandwidth. The best case (this author found) with ideal
components is shown in Figure 5.11. This implementation is more bandwidth-limited and, therefore,
not chosen as the final design but can be found in Appendix G.

1r

0.95
— 0.9r
(=]
. - - - - -10dB OPBO
50851 Linear model phase optimized (2.9 GHz)
qc, Linear model phase optimized (3.0 GHz)
:g 0.8 r Linear model phase optimized (3.1 GHz)
w Linear model phase optimized (3.2 GHz)
£ 0751 Linear model phase optimized (3.3 GHz)
g Linear model phase optimized (3.4 GHz)
0.7
0.65
0.6 Il Il Il Il Il

34 36 38 40 42 44 46
Total Output Power [dBm]

Figure 5.11: The drain efficiency is plotted versus total output power for an asymmetrical configuration, where the first
turned-on peaking amplifier is twice as large as the other peaking amplifier. The simulation uses the linear model with
realistic on-resistance, but the rest of the circuit is ideal and lossless. Phase optimization is applied to optimize the best
drain efficiency.

5.5. Wideband Class E LMBA

The full chain is discussed in this section, from the chosen size of the transistors and the matching
networks for a full design. The design is separated into multiple steps. First, the losses of the Class-E
matching network are added. Thereafter, the non-ideal hybrid coupler is added. Next, the matching
network is designed, together with the losses. In the end, a full design is presented. Note thatin each
step, the losses are very significant; in the end, there is not much left of the ideal performance. Also,
some components, like a transformer, are likely not implementable at high power. The asymmetrical
impedance transformer hybrid coupler is not discussed in this chapter. In this section, only the linear
switching model is used; the non-linear one is very similar but has major convergence problems
when phase-optimized.

5.5.1. The starting point

The starting parameters are similar to earlier, but in this case, the series resonator Q-factor is one, to
fulfill the wideband requirement. This reduces the maximum drain efficiency attainable from 90% to
87% at PBO, at higher output powers. The second harmonics cancel using a wide bandwidth coupler,
increasing the attainable drain efficiency. The results are in table 5.3, and the phase-optimized figure
is Figure 5.12. Phase optimization is done by applying a phase compensation of —45° — 45° with a
delay for the main PA. All simulations are done in ADS Keysight, and the optimization is performed
in MATLAB.
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Parameters PApeart | PApeak2 | PAmain | Unit
Number of transistors 6 6 3 -

q 1.3 1.3 1.3 -
Qo 1 1 1 -
R, single transistor 8 8 8 Q
Cys single transistor 0.21 0.21 0.21 pF
voltage switching (VS) 0 0 0 Vv
voltage slope switching (VSS) | 0 0 -36 Vsl/s

Table 5.3: The starting design parameters for a Class-E LMBA.

1 -
0.95r
— 09r )
(=}
>, \j\ / -----10dB OPBO
085 u Linear model phase optimized (2.9 GHz)
GC) Linear model phase optimized (3.0 GHz)
S 08 Linear model phase optimized (3.1 GHz)
E Linear model phase optimized (3.2 GHz)
S 0751 Linear model phase optimized (3.3 GHz)
g Linear model phase optimized (3.4 GHz)
0.7
0.65
0.6

34 36 38 40 42 44 46
Total Output Power [dBm]

Figure 5.12: The drain efficiency is plotted versus total output power by using the parameters from Table 5.3. The
simulation uses the linear model with realistic on-resistance, but the rest of the circuit is ideal and lossless. Phase
optimization is applied to optimize the best drain efficiency. The main amplifier has a higher drain efficiency when the two
peaking amplifiers are enabled, the reason is that second harmonic from the main ampilifier is canceled by the second
harmonics of the two peaking amplifiers. This is commonly seen in LMBAs.

5.5.2. A lossy single-ended QLI Class E

A Class-E configuration has two primary lossy components: the feed inductor and the resonator
inductor. If they have a finite ); of 15, the new values can be found by adding these losses to the
state-space and finding the new optimal design parameters. The drain-efficiencies are after this
highly decreased. The result is shown in Figure 5.13.

5.5.3. Adding the lossy coupled lines

The next step is to add the lossy coupled lines discussed earlier. It is quite important to note that
the losses could be lower, depending on the implementation. The implementation of Table E.1 is
used for the coupled lines, and the result is Figure 5.14. When the OPBO point is not in the desired
position, the VSS for the main PA can be made less or more negative. By changing the voltage
slope we can change the output power of the main amplifier at power back-off.

5.5.4. Adding the matching networks

The next step is to replace the transformers with matching networks. The difficulty lies here with the
high impedance transformations. The hybrid coupler is designed for 50 2, the two peaking amplifiers
for 25 2, and the main amplifier for around 200 €2, all in the ideal case. The main amplifier matching
network is, therefore, the most important. Its implementation uses a two-stage low-pass filter, where
the values are given in the Appendix F. The good thing about the two-stage filter is that it has lower
losses compared to a wideband resonating transformer and is also implementable for high powers.
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Figure 5.13: The drain efficiency is plotted versus total output power by using the parameters from Table 5.3. This time,
the Class-E matching network is no longer ideal but has a @, of 15. Phase optimization is applied to optimize the best
drain efficiency.
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Figure 5.14: The drain-efficiency is plotted versus total output power by using the parameters from Table 5.3. This time,
the hybrid coupler is added.

The bad thing is that the input impedance decreases with increased load impedance. This can be
solved by changing the turn-on order for the peaking amplifiers. Instead of turning on the primary PA
and then the secondary PA, we first turn on the secondary PA and then the primary PA. This problem
is also present for the two peaking amplifiers in the matching network. However, we can design an
asymmetrical hybrid coupler as an impedance transformer, but this is likely not implementable either,
and this has not been implemented, a simple lossy (Q; = 15) wideband resonating transformer is
used for now. The ADS Keysight implementation can be found in Appendix F. The final result is a
peak drain efficiency of 45% and a PBO drain efficiency of 25% at the lowest.

5.5.5. Dealing with peak drain voltage

One of the main downsides of using Class E is its high peak drain voltage. For this design, it is
chosen to be out of scope; when the drain-to-source voltage is too high, the DC supply can be
decreased from 25 V down to 20 V or even lower. Note that this will decrease the total output power,
depending on the actual performance. However, the drain efficiency will not decrease, so the result
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Figure 5.15: The drain efficiency is plotted versus total output power. This time, the lossy matching network, consisting
of a two-stage lumped-component matching network and two transformers, is added.

will not significantly change. The PAE and the gain are out of scope and will be affected the most by
a decrease in output power. An alternative is to design a Class E/F3, which limits the drain-to-source
voltage. This seems to be the most promising solution. In the end, there was no time to research
this further.

5.5.6. Final design

In the final design, an ALMBA configuration is chosen; here, the secondary peaking amplifier is first
turned on and is larger than the primary peaking amplifier. The reverse order of turn-on is because
of the matching network. The wrong sizing may be perceived as counter-intuitive, and it is, but the
cause of this improvement needs more research. Note that one of the main problems of an LMBA is
the low reflection for the main amplifier at the two peaking amplifiers’ sides. The final improvement is
made by changing the parameter q of the main amplifier. In the ideal case, all three PAs should be a
quasi-load invariant (QLI) Class E, but by trial and error, it has been found that for the main amplifier,
a g of 1.2 improves the result; in the case that losses are included. The final chosen parameters are
in Table 5.4. The final component values are in Appendix J. The results are shown in Figure 5.16. It
is clear that the middle peaking shifts to the right, but at 10 dB OPBO, the drain efficiency is between
33-43%. At peak power, the drain efficiency is between 53-57%, having a peak power of 45 dBm.

Parameters PApear1 | PApear2 | PAmain | Unit
Number of transistors 4 8 3 -

q 1.3 1.3 1.2 -
Qo 1 1 1 -
R,y single transistor 8 8 8 Q
Cys single transistor 0.21 0.21 0.21 pF
voltage switching (VS) 0 0 0 Vv
voltage slope switching (VSS) | 0 0 -11 Vs/s

Table 5.4: The final design parameters for a Class-E LMBA.
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Figure 5.16: The drain-efficiency is plotted versus total output power by using the parameters from Table 5.4. This is the
best design found until this point, improvements should be possible.



State-of-the-Art

Comparing this work to state-of-the-art is difficult. The main reason is that there are only a few
integrated LMBAs designed. The integrated variants seem to have a significantly lower peak drain
efficiency, but they are often also operating in higher frequency bands. This work has comparable
drain efficiencies, output powers, and bandwidth ratios to these designs. The discrete designs could
reach average drain efficiencies of 70%, which this design is not close to. But this design shows that
there are lots of improvements to be made. The theoretical average drain efficiency of 82%, using
lossless components but with a realistic transistor model, is not found in any paper about LMBAs to
this date. The main reason is that there is no fully Class E LMBA designed yet.

Ref/ Year Architecture Freq. (GHZ) FBW (%) Pz (dBm) DE @ Pz (%) DE @ 10 dB BO (%) Technology
[28] 2020 2-way-Doherty, Class AB/C 2.8-3.5 24 42-43 66-78 50-61 GaN discrete
[35] 2014  3-way-Doherty, Class AB/C 1.9-24 23 40-44 60-75 60-69 GaN discrete
[11] 2021 H-ALMBA, Class F-1/C 1.7-3.0 55 42-43 63-81 50-66 GaN discrete
[29] 2022 PD-LMBA, Class AB/C 2.5-35 33 47-48 50-65 45-67 GaN discrete
[36] 2020 PD-LMBA, Class B/C 3.0-3.6 15 42-44 61-75 43-51 GaN discrete
[18] 2021 Outphasing LMBA, Class E 0.7 - 37 60 80 GaN discrete
[14] 2023 LMBA, Class AB/C 4.2-52 21 30-32 34-59 28-40 GaAs integrated
[44] 2021 LMBA 8.0-12.0 40 43 52-57 41-44 GaN integrated
This work H-ALMBA, Class E 2.9-34 16 45-47 54-57 32-44 GaN integrated

Table 6.1: Comparison table where all the references are measured, while this work is a simulation with approximated
losses. Another problem with comparing this work is that there is no work to compare it with. There is neither a full Class
E LMBA nor an integrated LMBA using GaN in this frequency band.
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Conclusion

In this thesis, research is done on different ways to implement digital power amplifiers. Starting with
the digital Class AB and C, which provide the possibility for an increase in output power with the same
drain efficiency, Next, a short discussion is done on Class D/D-1, which is promising in its differential
configuration. There is Class F, which has the same promise compared to Class-E but with a more
complicated implementation and lower drain efficiencies. Class E is the chosen design because of
its simple typology and its promising drain efficiency. The Class-E/F topology has promises but is
more difficult to implement, with one of the main improvements being a lower peak drain voltage and
improved load modulation.

The goal of this thesis was to design a load-modulated balanced amplifier; therefore, a lot of re-
search was done on different types of LMBAs. After that, the Hybrid Asymmetrical Load-Modulated
Balanced Amplifier (H-ALMBA) was chosen for its high drain efficiency in the power back-off region.

Before starting the design, the GaN transistor was accurately modeled using a switch with finite on-
resistance and a parallel drain-to-source voltage. This was done because it could be used for further
mathematical modeling, and the model provided had significant convergence problems.

Next, a state-space model was used to find the required parameters for the matching network. Using
these parameters, the total performance of a Class E LMBA could be calculated using a new semi-
analytical mathematical model.

In the end, afinal wideband design is presented first using a lossless matching network. This resulted
in an H-LMBA with peak drain efficiencies of 88-85 % with 10 dB PBO and a minimum drain efficiency
of 72 %. It was also shown that the H-ALMBA could have an average drain efficiency of 82 %,
however, at the cost of bandwidth. The final design is also an H-ALMBA with an average drain
efficiency of 45%, operating between 2.9—3.4 GHz with an output power of 45 dBm using GaN.
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Future Work

The Class E LMBA could be improved further, especially since the losses in the matching network
are currently very large. Therefore, more work should be put into having lower losses in the matching
network. Also, the efficiency of the main amplifier at OPBO is decreased a lot by losses due to a low
reflection coefficient at the peaking amplifiers. To solve this properly, more research is needed.

Next, a layout is not yet created; this could improve or worsen the result depending on the losses in
the matching. Next, drivers for each transistor should be designed, preferably in CMOS. But in this
case, an interface between GaN and CMOS is also required; this probably needs something like a
flip-chip implementation, which is difficult to do.

Besides this, more work should be put into looking at the breakdown voltage of the GaN transistor,
which is ignored in the current design. This would probably result in a Class E/F design that is more
reliant on phase optimization for high efficiencies in output power back-off.

Lastly, one should start designing a fully digital Class B LMBA instead of starting at Class E. This
will result in lower losses in the matching network and, therefore, a better overall result. A mix of
classes is also proven to be useful.
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A simple Switch Mode Power Amplifier

The most simple SMPA using an ideal switch is shown in Figure A.1. A perfect switch is either short
or open and has either voltage-zero drop or zero current flow. As a result, the voltage or the cur-
rent is never present simultaneously, resulting in zero power dissipation. All the power could be
delivered to the load using a DC feed from the power supply. This results in a square wave on the
load. The square wave is a combination of the fundamental harmonic and higher harmonics. The
drain efficiency is defined as the power of the fundamental frequency f; divided by the DC power,
shown in equation A.1. A time-domain square wave exists from odd frequency components and its
fundamental frequency. The only frequency of interest is the fundamental frequency. The ratio of
the fundamental frequency and odd multiples depends on the duty-cycle «.

P, P,
77d = OUT"fO = load’f() (A1 )
PDC Boad,fo + Pswitch

In Figure A.1, the current and voltage waveforms over the switch can be seen. Changing the con-
duction angle a(can be seen as a variant on the duty cycle) would change the efficiency as given in
A.2, where the maximum drain-efficiency achievable is 8 /72 or, in other words, 81%.

2 - sin(a)?

Nd=—F—"~ (A.2)
a- (m—a)

It is essential to realize that the FET cannot be reduced down to an ideal switch. When the transistor
behaves in its triode region, it can be simplified as a resistor with on-resistance R,,. This feature

creates a current division from the base to the load, as shown here:

Vbec + R - Ipc
R; + R,

Isw(o) = lpk = (A3)

This reduces the SMPA’s efficiency due to the extra power consumption of the on-resistance. Note
that this on-resistance can also be changed by either changing the width of the transistor, the thresh-
old voltage when possible, or the number of fingers enabled; this can then be used as a form of
power modulation. When a non-zero on resistance is included in the drain-efficiency equation, the
equation becomes:

2sin(a)? Ry,
a-(m—a) . Ry +2- Ry,

Nd = (A.4)

Even with zero on-resistance will the drain effiency not be a 100%. This is caused by the additional
higher harmonics still pressent on the load. The losses due to the higher harmonics can be removed

77
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by using a correct matching network, some possible matching networks are Class-E, Class-F and
Class-D~!

o —
Vdc ’swtﬂl =
|| ’u
C 0 — < § ¢ T 1,
'I‘dc IDIC
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Figure A.1: The most simple SMPA with at its right the voltage and current waveforms from [15].



Derivation of Output Currents

First, the integral is taken:

d [ _gpitttn _omjtitn dqy(t 2mj  _gnitttn
g (7 () = e S T et g, (B.1)
Now, the general state space equation 4.1 is injected:
d [ _gpitttn o itttn 2wy o i
(e ) = e (At +By) = T e qu() (B2)
Next, integrate both sides:
dtn dtn dtn
d ( —opjtitn _opitttn 27
/ £< 2] -qn(t)> dt:/ e T (A - qu(t) / RiEA qn(t)dt
0 0 0
(B.3)
dtn it dtn . tn
:/ efZWj% .qn(t) dt - n _ 7] I _|_/ 727r] + 'Bn di
0 T 0
(B.4)
dtn . 9
:/ e~ 2T L g (1) dt - (A _ﬂ I>
0
‘]72]3” (67271-]'% —e T ) (B.5)
i
On the left side, the following can be worked out:
dtn
d —27j H‘tn o _ +tn dtn
[ g (5 aun) @ [ a, )
cdtnttg, Lty
— e T L q(dtn) — e 2T - gy (0) (B.6)
Combining both B.5 and B.6:
27.(_] dtn 727|-]t+tn jTBn 7271_].17” *27Tjtn71 B
<An—TI>/O e qn(t)dt+ - (e T —e T )_
.d n n— - tn—
e 2T g (dbn) — e 2T g, (0) (B.7)
dtn
/ e_Qﬂ_j t+itn . qn(t) dt _
0
2 ! S iTB,, ta e
<An - & 1) . (2 (dta) = 277" - qu(0) = L0 (720 — e T1)> (B.8)
T
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First, we know that the state space variable is defined as: q = [i; i, vc vo], Where i, is the

current that flows through the hybrid coupler. To determine the fundamental current component, we
can set up the following equations:

T .
/ e 2mMT . q(t) dt
0
t1 4 to 4
/ e ?™T . qy(t) dt+/ e 2T . qo(t)dt + .. >

dty ot dta bt
/ e Ly (t) dt + / e qo(t) di + .. )
0 0

|
TN N

Nl Nl Sl gl

3
[ MZ
—
N\
N
&
3
ml
[\&)
3
<
T
S
e}
3
—~
Na
<
~
~__

(B.9)

Where T =to 4 t1 + ... +ty = SN  t,and dt, = t, — t, 1



Matching derivations

Start with the basic LMBA equations:

V1 0 ZO \/§Z0 11
vl =| -2y 22y V2Z| |i2 (C.1)
U3 —V2Zy 22y Zy i3

When the transformers are added, both the voltages and the currents are changed. The relationship
of a transformer is as follows:

Vg
Vg new = ni
x

Iz new = Naly (C.2)

Implementing this in the complete equation is as follows:

nt 0 0 Vlnew 0 Zo \@ZO 1/nl 0 0 t1new
0 n2 O V2new | = —Z 2729 \/§ZO 0 1/”2 0 19new (C3)
0 0 nsg V3new —\/520 \/§ZQ Z0 0 0 1/”3 13new
—1 .
Vlnew ny 0 0 0 Zo \/§ZO 1/”1 0 0 tlnew
Vonew| = |0 m2 0 —Zy 27y  V2Z, 0 1/ng 0 i2new (C.4)
U3new 0 0 ns _ﬂZO ﬁZO ZO 0 0 1/”3 Z'?mew
0 A V22,
v neni  ning i
1Inew P 7 32 .1new
V2new | = | — n221 2,?% Tn; L2new (C.5)
U3new V220 V22 Zo 13new
n3n1  nang n2
This can be rewritten into the impedance matrix as follows:
0 Zo V22
l/ilnew 0 0 Vlnew 1/7;1new 0 0 nant mns U new
0 1/i 0 v = 0 1/i 0 _ _Zg 9Zo 27y :
3new ‘ 2new | — 2new . nani n% nans Z.2new
0 0 1/Z2new U3new 0 0 1/13new V2Zy V22 Zo 3new
T ngn1 nang n2
(C.6)
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0 Zo V2Zy
Lnew 1/711new 0 0 2 n2;1 \n/”; Unew
. 2 .
Zonew | = 0 1/Z2new 0 - n221 2 n% nzn; 2new (C.7)
Z3new 0 0 1/Z3new 22y V22 Zo 13new
ngni  n3n2 n2
7 7 i2new \/§i3new
lnew — 40 . + -
UnewN1M2 U1newN1M3
2 \/iiSnew Z'1new
Zonew = 2o 5 + - . (C8)
ny 2newM213 12new172
1 \/iiZnew \/§i1new
Z?mew = ZO — +

2 .
ni3 L3newM213

Z’Elnewnln?)



The Fourier transform of a square wave
with a delay

The square wave can be described by adding odd harmonics, as follows:

4 N (sin((2k — 1) - wot 4 )
wé( 2%k — 1 ) (0-1)

When we look at only the fundamental and its first harmonic, we have the following:

4i sin((2k — 1) - wot + )
T 2k —1

) = _% sin(wot) — % SiH(?}Wot) (D.2)

Therefore, there is no phase rotation at the fundamental and third-order harmonics. Next, we can
add a delay of ¢4 to the input as follows:

4 G~ (sin((2k — 1) - wo(t — ¢ 4 4
- ; <Sm(( )%‘f(l a) + ”)) = ——sin(wo(t — ta)) — 5 sin(wo(t — ta)) (D.3)
We can apply the Fourier time delay property:
St —ta)} = Fla(t)}e 74 (D.4)

Next, we want to compensate for the phase shift (¢,,f;) at the fundamental frequency by applying
a time delay to the input:

wotqd = Pshift (D.5)

2 ; Pshift
4 Sln((Zk_l)’WO(t_td+To)+7T) 4 . 4 )
- Z ( 2% — 1 R sin(wo(t — tq) + ¢shz‘ft) T3 sin(3wo(t — tq) + ¢shz‘ft)

4 . 4
= sin(wot) — 3. sin(3wot — 2wotq)
(D.6)

In this equation, we see that at the fundamental frequency, the phase shift is properly compensated,
but at the third harmonic, this is not the case; therefore, the simplification of 4.37 can only be applied
to the fundamental frequency.
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Coupler designs

Parameter \ Value

w 18 um
S 2um
L 10% um

Table E.1: Design parameters for a -3dB coupled line.

Parameter | Value
Wsoa 64 um
Lson 9152 um
Wisq 122 um
L350 8834 um

Table E.2: Design parameters for a 90 degrees branchline coupler.
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Figure E.1: The input reflection S-parameters, where all are properly matched to 50 Q2. However, the branchline coupler
is more narrowband.
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Figure E.2: The transmission S-parameters, where all split the input. But the coupled lines are less lossy compared to
the branchline coupler. The coupled lines are also wide bandwidth.



Matching network

The implementation of the matching network, consists out of three matching networks:
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C> . — oV Y\ . — N\ C>

C L C L
P1 P2
_ cl4 L10 c15 L1 .
Num=1 l c=C132  L=L132 l c=C13 L=L13 Num=2
I R=L132*omega0/Ql I R=L13*omega0/Ql
Var | VAR var | VAR
VARG68 VAR71
C13=-1/(X13*omega0t) X13=-sqrt((RL13 - ZinNew13)*ZinNew13)*RL13/(RL13 - ZinNew13)
L13=X23/omega0t X23=-X13*RL13"2/(RL132 + X13"2)
VARG7
ZinNew13=r3 * (n3)**2
RL13=r3 + (r3 * (n3)**2 - r3)/imp_step
Var | VAR Var | VAR
VAR72 VAR70
C132=-1/(X132*0megalt)  X132=-sqrt((RL132 - ZinNew132)*ZinNew132)*RL132/(RL132 - ZinNew132)
L132=X232/omegalt X232=-X132*RL132/2/(RL132"2 + X132"2)
< vAR69
ZinNew132=r3 + (r3 * (n3)**2 - r3)/imp_step
RL132=r3
VAR
VAR75

omegaOt=omega0

Figure F.1: The two stage matching network consists out of two low-pass filters which keeps the load modulation on the

real-axis.
Vt1 vb
C L ol ! Tlo
l C13 o L9
C=Cp1 L=k*L11
I R=(k*L11*omega0)/ql2
—— p— — TF
- - — TF4 -
T=n1
VAR
VARG64

L21=L11*n1**2
L11=r1/(omega0*Qbw)

VAR

VAR63
Cp1=qI2**2/(k*L11*omega0**2*(ql2**2+1))*asdf1

<
=
()

=
[S3

I C L o|l! Tlo
C12 o L8
C=Cp2 L=k*L12
I R=(k*L12*omega0)/ql2
— — — TF —
- - — TF3 -
T=n2
N
VARG1

L22=L12*n2**2
L12=r2/(omega0*Qbw)

VAR

VARGO
Cp2=ql2**2/(k*L12*omega0**2*(ql2**2+1))*asdf1

Figure F.2: The transformer based matching network is simplified, but the main important part is the resonating
behaviour, the bandwidth of the resonator is chosen to be 2 GHz.
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Figure G.1: Using lossless components, an almost ideal response can be found. This is simulated using linear model

and nonlinear models give equivalent results.

Parameters PApeart | PApeak2 | PAmain | Unit
Number of transistors 8 4 -

q 1.3 1.3 1.3 -
Qo 1 1 -
R, single transistor 8 8 Q
Cys single transistor 0.21 0.21 0.21 pF
voltage switching (VS) 0 0 0 Vv
voltage slope switching (VSS) | 0 0 -27 Vsl/s

Table G.1: The alternative design parameters for a Class-E LMBA.
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Figure G.2: The drain-efficiency is plotted versus total output power by using the parameters from Table G.1. This is an

alternative design.



MATLAB code

%% Main script to find the solution for a single Class E
clear all
clc

close all

% Chosen parameters

omega3d = 2*pi*3.15e9; % The center frequency

vdd3 = 25; % The supply voltage

ql = 15; % The g-factor of the inductors

roff3 = 1e9; % The transistor off impedance

nscale3 = 3; % The number of transistors parallel

pdrive03 = 0.3; % The driving power for one transistor

ron03 = 8; % The on-resistance for one transistor

cds03 = 2.1e-13; % The drain-to-source capacitance for one
transistor

g3 = 1.3; % The parameter q for finite Class E

q03 = 1; % The g-factor for the series resonator

isf23 = 0; % Enabling this finds a solution for E/F2 (not
recommended)

xx3 = 0; % Not used

vs3 = 0 % The voltage at the time of switching

vss3 = 0;

g % The voltage-slope at the time of switching
ronlin3 = 1; % Apply non-linear on-resistance (not
recommended)

lambda3 = [ron03, cds03, omega3, vdd3, nscale3, g3, isf23, xx3, vs3,
vss3, ronlin3,pdrive03,roff3,1, q03, qll;

% Solving for the required vs and vss

alpha0O = [0, 0];

xunc3 = [2.9549 1.1553];

vd = @(x) Class_E_ss_matrix(x,lambda3,alpha0,xunc3,0);

options = optimoptions('lsqnonlin','Display','off','Algorithm',"
levenberg-marquardt ') ;

x0 = [50, 0];
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[x3, ~] = 1lsqnonlin(vd,x0,[10,-300],[300,300]1,[1,01,01,[1,[]1, options);

[vd, Pout, Pdc, Pdrive, ix] = Class_E_ss_matrix(x3,lambda3,alphal,xunc3
5@ 5

% Printing the values

r3 = x3(1);

x3 = x3(2);

angle03 = rad2deg(-angle (ix));

fprintf ('Rx: %.1f \n',r3)
fprintf ('Xx: %.1f \n\n',x3)

fprintf ('Pout: %.1f W \n',Pout)

fprintf ('Pdc: %.1f W \n',Pdc)

fprintf ('Pdrive: %.1f W \n',Pdrive)

fprintf ('Drain efficiency: %.1f %% \n',(Pout/Pdc)*100)

function [vd, Pout, Pdc, Pdrive, ix] = Class_E_ss_matrix(x,lambda,alpha,
xunc,plott)
b HHHHHBHBHFHBHBBBGA SRR AR R RRBHBH SR BB RS S SR H R BB R R BRBH SRS RS S S S H
% Code to solve finite inductance Class-E(/F2)
%
7 ###### Input:

% x

% Rload = load impedance

% Xload = load reactance

b

% lambda

yA ron0 = on-resistance when nonlin initial guess

% cdsO = drain-source capacitance of one transistor

yA omega = operating angular frequency

% vdd = supply-voltage

% nscale = number of parallel transistors

% q = resonating factor of cds: omega*qg=1/(sqrt(lfeedx*
cds))

% isf2 = if '1l' cds is resonated out at the second harmonic

% XX = added reactance in series with the load can be
either...

% positive and negative

yA Vs = required voltage switching when closed

% vss = required voltage-slope switching when closed

A isronlin = '0' if on-resistance should be evaluated non-
linearly

% pdrive0 = power to drive one transistor

% roff = off-resistance

% xresolution = resolution of simulation

% qo = q-factor of series resonator

% ql = g-loss-factor of each inductor

b

% alpha

yA phimod = adding phase delay at the gate

% foff = ratio of transistors being off is between O and 1




% where 1 is all on and O is all off

% ######  Output:

7 Pout = output power at the load in Watt

/A Pdc = DC power supplied in watt

7 ix = complex current flowing through the load
b vd = difference betweeb required and resulting
7 switching conditions

Do HUBHHHAHAHAHAHAHSH AR A HH AR AH AR SRS RSB R HR R B AR AR SH SRS RS HHHHH

» Initialize default parameters
q20 = 100;

% Initialize parameters given by the user
ron0 = lambda (1) ;

cdsO = lambda(2);

omega = lambda(3);

vdd = lambda(4);

nscale = lambda(5);

q = lambda(6);

isf2 = lambda(7);

xx = lambda(8) ;

vs = lambda(9);

vss = lambda (10) ;
isronlin = lambda(11);
pdrive0 = lambda(12);
roff = lambda(13);
xresolution = lambda(14);
q0 = lambda(15);

ql = lambda(16);

% Parameters for controll
phimod = alpha(1);
foff = alpha(2);

% Deriving the functional parameters

cds = cdsO*nscale;

ron_actual = 0;

ron_actual_n = ronO/nscale/(1-foff);

Y

%» Lomegaooping over the non-linear on-resistance

q02(3) = 0;

while (abs(ron_actual-ron_actual_n)>0.03 || q02(3)==0)
ron_actual = ron_actual_n;
rx = x(1);

100 = (rx*q0)/(omega) ;
c0 = 1/(omega~2%100) ;
1x (x(2)+xx)/omega;
10 1x+100;
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1f = 1/(omega”2*xq~2*cds) ;
rf = omegax1f/ql;

rl0 = omegax*x10/ql;

rcO = 0;

c20 = 1/(2*xomega*50xq20) ;

1200 = 1/c20/(2*xomega) ~2;
1c20 = 1/cds/(2*xomega) ~2;
120 = 1200+1c20;

% The differential matrices are defined as follows:
if (isf2==1)
Al = [[-rf/1f, O, -1/1f, O, 0O, 0O]; ...
[0, -(rx+rcO+rl0)/10, 1/10, -1/10, O, O0];

[1/cds, -1/cds, -1/ron_actual/cds, 0, -1/cds, 0];...
[0, 1/cO, O, O, O, O];...
[0, 0, 1/120, O, O, -1/120];...
[0, 0, O, O, 1/c20, 011;
A2 = [[-xrf/1f, 0, -1/1f, 0, 0,
0ol; ...
[0, -(rx+rc0+rl0) /10, 1/10, -1/10, 0,
01;
[1/cds, -1/cds, -1/roff/cds, 0, -1/cds, 0l;...
[0, 1/c0, 0, 0, 0, 0l;...
(o, 0, 1/120, o, 0, -1/1201;...
[0, 0 0, o, 1/c20, 0l1]1;

Bl = [vdd/1f; 0; O0; 0; O0; 0O];
B2 = [vdd/1lf; 0; 0; 0; O0; 0];
else
Al = [[-xf/1f, O, -1/1f, O]; ..
[0, -(rx+rcO+rl0)/10, 1/10, -1/10];
[1/cds, -1/cds, -1/romn_actual/cds, 0];...
[0, 1/c0, O, 011];
A2 = [[-rf/1f, O, -1/1f, O]; ..
[0, -(rx+rcO+rl0)/10, 1/10, -1/10];
[1/cds, -1/cds, -1/roff/cds, 0];...
[0, 1/cO, O, 0]1];
Bl = [vdd/1f; 0; 0; 0];
B2 = [vdd/1f; 0; 0; 0];
end

% Initializing the switch time

N = length(Al);
T = 2xpi/omega;
tl = 0.5%T;

t2 = (1-0.5)*T;

%» Calculating the solution of the State-Space
A2e = expm(A2x*t2);

B2e = A2\ (expm(A2*t2)-eye(N,N))*B2;

Ale = expm(Alx*tl);

Ble = A1\ (expm(Al*tl)-eye(N,N))*B1;
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qo01
q02

linsolve (A2e*Ale-eye(N,N),-B2e-A2e*Ble);
AlexqO1+Ble;

% The on resistance at the time the switch opens
xdata = q02(3);

xunc = [2.9549 1.1553]*(xresolution/nscale/(1-foff));
nl = xunc(1l) + xunc(2) .*xdata;
ron_actual_n = nl;

% In the case that the resistance should be evaluated linearly
if (isronlin)

break;
end

% The resulting waveforms for both when the switch is closed and
open

@(t) expm(Alxt)*qO01+A1\(expm(Al*t)-eye(N,N))*B1;

@(t) expm(A2xt)*q02+A2\(expm(A2*t)-eye(N,N))*B2;

ql
q2

% To determine the output and input power we can derive the
following:

Gl = (A1°(-1))*(q1(t1)-q1(0)-Bi*t1)*B1."'...
+ Blx(ql(t1).'-q1(0).'-B1l.'*xt1)/ALl."'...
-(q1(t1)*q1(t1).'-q1(0)*q1(0).");

G2 = (A27(-1))*(q2(t2)-q2(0)-B2*t2)*B2."'...
+ B2%(q2(t2).'-q2(0)."'-B2.'*t2)/A2."'...
-(q2(t2)*q2(t2).'-q2(0)*q2(0)."');

W1l = lyap(A1,G1);

W2 = lyap(A2,G2);

igl = (A17(-1))*(q1(t1)-q1(0)-B1x*tl);
iq2 = (A2°(-1))*(q2(t2)-q2(0)-B2%t2) ;
CDC = [sqrt(vdd) zeros(1,N-1)1];

% Deriving the input current (copy pase from the lmba script)
n = 2;

A_N = length(Al);

cl = zeros(A_N,1);

AC:,:,1) = AL,

AC:,:,2) = A2;

B(:,1) = B1;

B(:,2) B2;

X0(:,1) = q01;

X0(:,2) = q02;
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tn(1l) = 0;

tn(2) = t1;

tn(3) = (t1+t2);

dt (1) = ti1;

dt(2) = (t1+t2)-t1;
for ni = 1:n

X_t = @(t) Function_X_t(t, X0(:,ni), A(C:,:,ni), B(:,ni));
cl = cl + (A(C:,:,ni)-2xpi*l1j*eye(A_N)/T) -1 * (exp(-2*pi*1j*tn(
ni+1)/T)*X_t(dt(ni)) - (exp( -2%pi*lj*tn(ni)/T ) *X_t(0)) -
(1j*T*B(:,ni) /(2*pi)) *( exp(-2*pix*1j*tn(ni+1)/T)-exp (-2*pix*1j
*tn(ni)/T) ) );
end
ix = 2xc1(2)/T;

%» Resulting output power

Pout = real(rx) .*(abs(ix).~2/2);

Pdc = (1/T)*CDC*(iql+iq2)*sqrt(vdd);
Pdrive = nscale*(l-foff)*pdriveO;

%» Voltage switching points

vsr = q2(tl)-vs;

vssr = (A2xq2(t1)+B2)/omega-vss;
vd = sqrt(vsr(3) "2+vssr(3)~2);

%» Plotting the time domain wave forms
if (plott)
clf (figure (1))
tx=linspace(0,t1,100);
glsol=zeros(length(B1l) ,length(tx));
g2sol=zeros(length(B1l) ,length(tx));

for i=1:length(tx)
qlsol(:,1i) ql (tx(i));
g2s0l(:,1) 92 (tx (1)) ;

end

figure (1)

yyaxis right

hold on

plot(tx,qlso0l(3,:),'r-")

hold on

plot (tx+tx(end),q2s0l1(3,:),'r-")
xlabel ('Conduction angle (\theta)')
ylabel('Voltage [V]')

% hold off

yyaxis left

plot (tx,qlso0l(3,:)/ron_actual_n(l),'b-")

hold on

plot (tx+tx(end), (qlsol(3,end)/ron_actual_n(1l))*exp(-tx*x1lel6), 'b-
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)
ylabel ('Current [A]')
xticks (0:tx(end) :tx(end) *2)
xticklabels ({'0"', '"\pi', '2\pi'})

hold off

title ("Output power: " + num2str(Pout) + " W", " Drain
efficiency: " + num2str ((Pout/Pdc)*100) + " %")

set (gcf, 'color','w');

end
end

function X = Function_X_t(t, X0, A, B)
% Function to derive the states versus a time matrix t
Ate_add = zeros(size(A));
Bte_add zeros (size(B));
for m = 1:length(t)
Ate_add(:,:,m) = expm(A(:,:,m)*xt(m));

Bte_add(:,m) = A(:,:,m) \ (Ate_add(:,:,m)-eye(size(A))) * B(:,

X(:,m) = Ate_add(:,:,m)*X0(:,m)+Bte_add(:,m);
end
end

m)

%% Main script to find the solution to a Class E LMBA
clear

close all

clc

% Set the global parameters

omega = 2*pi*3.15e9; % The center frequency

vdd = 25; % The supply voltage
xresolution = 10; % The extra resolution added

ql = 1e23; % The gq-factor of the inductors

% Set the parameter for the first peaking amplifier

xresolutionl = xresolution;
roffl = 1el12;

nscalel = 6*xresolutionl;
pdrive0l1 = 0.3/xresolutioni;
ron0l = 8*xresolutionl;

cds01 = 2.1e-13/xresolutioni;
ql = 1.3;

q01 = 10;

isf21 = 0;

xxl1l = 0;

vsl = 0;

vssl = 0;

ronlinl = 1;

lambdal = [ronOl, cdsOl, omega, vdd, nscalel, ql, isf21, xx1, vsl, vssl,

ronlinl, pdriveOl, roffl, xresolutionl, qO01, qll];
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% Set the parameter for the secondary peaking amplifier
xresolution2 = xresolution;
roff2 = 1el12;

nscale2 = 6*xresolution?2;
pdrive02 = 0.3/xresolution?2;
ron02 = 8*xresolution?2;

cds02 = 2.1e-13/xresolution?2;
q2 = 1.3;

q02 = 10;

isf22 = 0;

xx2 = 0;

vs2 = 0;

vss2 = 0;

-

ronlin?2 1;
lambda?2 [ron02, cds02, omega, vdd, nscale2, q2, isf22, xx2, vs2, vss2,
ronlin2,pdrive02,roff2,xresolution2, q02, ql];

% Set the parameter for the main amplifier

xresolution3 = xresolution;
roff3 = 1el12;

nscale3 = 3*xresolution3;
pdrive03 = 0.3/xresolution3;
ron03 = 8*xresolution3;

cds03 = 2.1e-13/xresolution3;
q3 = 1.3;

q03 = 10;

isf23 = 0;

xx3 = 0;

vs3 = 0;

vss3 = -38;

ronlin3 = 1;

lambda3 = [ron03, cds03, omega, vdd, nscale3, q3, isf23, xx3, vs3, vss3,

ronlin3,pdrive03,roff3,xresolution3, q03, ql];

%» Set the asymmetrical hybrid coupler parameters
Z1 = 50;

Z2 = 50;

zeta = [Z1, Z2];

%» Find the transformer ratios, reactance compensation, and required
delays

alphaO = [0, O];

[beta, ~] = Class_E_find_beta(lambdal, lambda2, lambda3, alphaO, alphaO,
alphaO, zeta);

lambda = [lambdal; lambda2; lambda3].';

% Find the resulting powers, voltages, currents and impedances at peak

% power

alpha = zeros(3,2);

[vd, Pout, Pdc, Pdrive, ix, zload, ids] =
Class_E_LMBA_ss_matrix_phase_shift(beta, lambda, alpha, zeta, Plot=0)

b
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% Find all the resulting powers, voltages, currents and impedances
[p_opbo, zload_opbo, ix_opbo, ids_opbo] = Class_E_ss_asym_OPBO(beta,
lambda, zeta, Phiopt=0);

NON3 = 1:nscale3;

% NON1 = [zeros(l,nscale3), l:nscalell;

% NON2 = [zeros(1l,nscale3), zeros(l,nscalel), l:nscale2];
NON1 = [zeros(l1,nscale3d), zeros(l,nscale2), 1:nscalel];
NON2 = [zeros(l,nscale3), 1l:nscale2];

% The design parameters:

% disp(beta)

%% Plot either the resulting waveforms either from imported data or
MATLAB

logplotefftotADSMATLAB(p_opbo,drain_efficiency=1,adsmatpath="")

%% Plot the impedance, voltage and current curves vesus code
plotzloadixADSMATLAB(zload_opbo, ids_opbo,adsmatpath="")

%% Function to find the optimal design parameters
function [beta, xsol] = Class_E_find_beta(lambdal, lambda2, lambda3,
alphal, alpha2, alpha3, zeta)

% For PA1l:
% Function to determine the maximum output power x value
xuncl = [2.9549 1.1553];

vd = @(x) Class_E_ss_matrix(x,lambdal,alphal,xuncl,0);

options = optimoptions('lsqnonlin', 'Display','off','Algorithm',"
levenberg-marquardt ') ;

x0 = [50, 0];

[x1, ~] = lsqnonlin(vd,x0,[5,-300],[300,300],[]1,[1,[]1,[0]1,[], options

)
% For PA2:
% Function to determine the maximum output power x values
xunc?2 = [2.9549 1.1553];

vd = @(x) Class_E_ss_matrix(x,lambda2,alpha2,xunc2,0);

options = optimoptions('lsqnonlin', 'Display','off','Algorithm',"
levenberg-marquardt ') ;

x0 = [50, 0];

[x2, ~] = 1lsqnonlin(vd,x0,[5,-300],[300,300],[1,0]1,[1,[0]1,[], options

);
% For PA3:
% Function to determine the maximum output power x values
xunc3 = [2.9549 1.1553];

vd = @(x) Class_E_ss_matrix(x,lambda3,alpha3,xunc3,0);

options = optimoptions('lsqnonlin', 'Display','off','Algorithm',
levenberg-marquardt ') ;

x0 = [100, O0];

[x3, ~] = 1lsqnonlin(vd,x0,[5,-300],[300,3001,[01,01,[1,0]1,[], options
i
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end

[~, ~, ~, ~, ix1] Class_E_ss_matrix(xl, lambdal, alphal, xuncl,0);

[~, ~, ~, ~, ix2] Class_E_ss_matrix(x2, lambda2, alpha2, xunc2,0);

[~, PBO, PDC, ~, ix3] = Class_E_ss_matrix(x3, lambda3, alpha3, xunc3
5@

xsol = [x1, x2, x3];

% Compensate the angles like as also done in simulation
beta (10)
beta (11)
beta (12)

angle(ix1);
angle (ix2) ;
angle (ix3);

% The currents are now equal to the absolute values
ixl = (ixl)*exp(-1j*angle(ix1));
(ix2)*exp(-1j*angle (ix2));
(ix3) *xexp(-1j*angle (ix3));

ix2
ix3

% Solving the Z-matrix equations with the particle swarm algorithm

fun = @(xz) find _nx(xz, x1, x2, x3, ixl, ix2, ix3, zeta);
options = optimoptions('particleswarm', 'Display','off');
[xzsol, ~] = particleswarm(fun

,6,[0.3,0.3,0.3,-400,-400,-400],[2,2,2,400,400,400] ,options);

beta (1)
beta (2)
beta (3)

sqrt (zeta (1) *xzeta(2));
zeta (1) ;
zeta(2);

beta (7:9)
beta(4:6)

xzso0l(1:3);
xzso0l (4:6) ;

beta(13:15) = [x1(1), x2(1), x3(1)];

function feval = find_nx(xz, x1, x2, x3, ixl, ix2, ix3, zeta)

% Function to be minized
% The input are currents and the required input impedances

n(1:3) = xz(1:3);

% Z-matrix equations written inside a function

Z1 = zeta(1);
Z2 = zeta(2);
ZB = [[0, Z2/(n(1)*n(2)), sqrt(2xZ1x22)/(n(1)*n(3))];...

[-22/(n(1)*n(2)), 2%Z2/n(2)"2, sqrt(2*Z1%22)/(n(3)*n(2))]1;...
[-sqrt (2*%Z1%Z2) /(n(1)*n(3)), sqrt(2*Z1%Z2)/(n(3)*n(2)), Z1/n(3)"211;

% First setup: match at maximum output power
ZBsol = [x1; x2; x3];
ix = [ix1; ix2; ix3];

Zin = ZBx*ix./ix;

ZinImDiffl = xz(4:6).' + imag(Zin) - ZBsol(:,2);
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end

ZinReDiffl = real(Zin)-ZBsol(:,1);

fevall = [abs(ZinImDiff1).', abs(ZinReDiff1).'];

% Third setup
ZBsol = x3;
ix = [0; 0; ix3];

Zin = ZB*ix./ix;

ZinImDiff3
ZinReDiff3

xz(6).' + imag(Zin(3)) - ZBsol(2);
real(Zin(3))-ZBsol (1) ;

feval3d = [abs(ZinImDiff3).', abs(ZinReDiff3).'];

feval = rms([fevall(1:2) ,fevall(4:5), feval3]);

fun

ction [vd, Pout, Pdc, Pdrive, ixt, vds, ids, angleO] =
Class_E_LMBA_ss_matrix_phase_shift(beta, lambda, alpha, zeta, options
)

b HUHHHHHHHHHHARBS S AR H R R B R BB S SB GGG SRR R B HHH SSRGS S S S S SR R R 1Y
% Code to solve finite inductance Class-E(/F2)

A

% ###### Input:

hox:

% Rload = load impedance

%  Xload = load reactance

% beta:

yA Z0 = charasteristic impedance

% n(1:3) = transformer ratios

% x(1:3) = reactance compensation

% angle(1:3) = delay compensation

% x1, x2, x3 = optimum loads for PAs

b

b

b

b

% lambda:

% ron0 = on-resistance when nonlin initial guess

yA cdsO = drain-source capacitance of one transistor

% omega = operating angular frequency

yA vdd = supply-voltage

% nscale = number of parallel transistors

% q = resonating factor of cds: omegax*q=1/(sqrt(lfeedx*
cds))

% isf2 = if 'l' cds is resonated out at the second harmonic

yA XX = added reactance in series with the load can be
either...

yA positive and negative

% Vs = required voltage switching when closed
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% vss = required voltage-slope switching when closed

b isronlin = '0' if on-resistance should be evaluated non-
linearly

% pdrive0 = power to drive one transistor

% roff = off-resistance

% xresolution = resolution of simulation

% qo = q-factor of series resonator

% ql = gq-loss-factor of each inductor

b

% alpha:

yA phimod = adding phase delay at the gate

% foff = ratio of transistors being off is between 0O and 1

A where 1 is all on and O is all off

b

% ######  Output:

% vd = difference between required and resulting

yA switching conditions

% Pout = output power at the load in Watt

% Pdc = DC power supplied in watt

yA Pdrive = Total drive power depending on fon

% ixt = complex current flowing through the load

yA vds = drain-to-source voltage

% ids = drain-to-source current

yA angleO = output current angle

T HUHHHHHAHHHHSAHHAHSAHSAH SR H S ARG ARG AR SRR SRR SRR HH SRR SRR SRR SR RSB S H

arguments

beta (1,15) double

lambda (16,3) double

alpha (3,2) double

zeta (1,2) double

options.Plot (1,1) {mustBeNumericOrLogical} = 1
end

% Design specified
n = beta(1,7:9);
xx = beta(1,4:6);

% Initialize default parameters
q20 = 1e3;

% Initialize parameters given by the user
ron0 = lambda(l,:);

cds0 = lambda(2,:);
omega = lambda(3,:);

vdd = lambda(4,:);
nscale = lambda(5,:);

q = lambda(6,:);

isf2 = lambda(7,:);

vs = lambda(9,:);

vss = lambda (10, :);
isronlin = lambda(11,:);
pdrive0 = lambda(12,:);
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roff = lambda (13, :);
xresolution = lambda (14, :);
q0 = lambda(15,:);
beta(13:15) ;

lambda (16, :) ;

rx
ql

7% Parameters for controll
phimod = alpha(:,1).' + beta(10:12);
foff = alpha(:,2)."';

% Deriving the functional parameters
cds = cdsO.*nscale;
ron_actual_n = ronO./nscale./(1-foff);

ron_actual = ron_actual_n;

100 = (rx.*q0)./(omega);

cO = 1./(omega.”2.%100);

1x = (xx)./omega;

10 = 1x+100;

1f = 1./(omega.”2.%q. 2.%cds);

c20 = 1./(2.*omega.*5.%q20) ;
1200 = 1./c20./(2.%omega) ."2;
1c20 = 1./cds./(2*%omega) . 2;
120 = 1200+1c20;

% Define the LMBA matrix

Z1 = zeta(1);

Z2 = zeta(2);

A2cctn = [[0, Z22/(n(1)*n(2)), sqrt(2%¥Z1*Z2)/(n(1)*n(3))];...
[-22/(n(1)*n(2)), 2*Z22/n(2) "2, sqrt(2*Z1%Z2)/(n(3)*n(2))];...

[-sqrt (2*%Z1%Z2) /(n(1)*n(3)), sqrt(2*xZ1xZ2)/(n(3)*n(2)), Z1/n(3)"2]1];
A2cc = A2cctn./10."';

% Add zero rows and collumns for propper addition

A2c = [zeros(1,3);A2cc(1,:);zeros(3+2*%(isf2(1)==1),3);A2cc(2,:);
zeros (3+2x(isf2(2)==1) ,3) ;A2cc(3,:) ;zeros (2+2*x(isf2(3)==1),3);]1;

H A2c = size(A2c,1);

As = -[zeros(H_A2c,1) ,A2c(:,1),zeros(H_A2c,3+2*x(isf2(1)==1)),A2c
(:,2) ,zeros(H_A2c ,3+2*x(isf2(2)==1)),A2c(:,3) ,zeros (H_A2c ,2+2%*(

isf2(3)==1));1;

% Define the state-space for three PAs with or without F2
for k = 1:3
if (isf2(k)==1)
rf = omega.*1f(k)./ql;
rl0 = omega.*10(k)./ql;
funA{k} = [[-rf/1f(k), O, -1./1£(k), O, O, 0]; ...
[0, -(rlo(k))/10(k), 1./10(k), -1./10(k), O, OI;
[1./cds(k), -1./cds(k), O, 0, -1./cds(k), 0l;...
[0, 1./c0(k), O, O, O, O];...
(0, o, 1./120(k), 0, 0, -1./120(k)1;
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[0, 0, O, O, 1/c20(k), 011;
funB{k} = [vdd(k)/1f(k); 0; 0; 0; 0; 0];
else
rf = omega.*1f(k)./ql;
rl0 = omega.*10(k)./ql;
funA{k} = [[-rf(k)/1f(k), 0, -1./1f(k), 0];
[0, -(r1o(k))/10(k), 1./10(k), -1./10(k)1;
[1./cds(k), -1./cds(k), 0, 0];...
[0, 1./cO0(k), O, 011;
funB{k} = [vdd(k)/1f(k); 0O; 0; O0];
end
end

Af = blkdiag(funA{1},funA{2},funA{3});
%» Add the state-spaces and the hybrid coupler z-matrix

At (:, ) As+Af;
Bt(:,:) [funB{1}; funB{2}; funB{3}];

phi_delay = phimod.';
duty_cycle = [0.5;0.5;0.5];

amount_runs = O0;
while (any(abs(ron_actual-ron_actual_n)>0.03) || amount_runs==0)
% Create the Ron-Roff matrix
ron_actual = ron_actual_n;
[Aron, phimodsort_diff, phimodsort_LU, ronm, ronmv] = find_Aron(

ron_actual,cds,phi_delay, duty_cycle, roff, isf2);

for i ron = 1:size(Aron,3)
Aron(:,:,i_ron) = Aron(:,:,i_ron)+At;

end

A = Aron;

A N = size(Aron,1);

n_steps = length(phimodsort_diff);

B = repmat(Bt,[1, n_steps]);
T = 2xpi/omega(l);
t = Txphimodsort_diff/2/pi;

tn = T*phimodsort_LU/2/pi;

% Find the expm matrices

Ate = zeros(size(A));
Bte = zeros(size(B));
for i = 1:n_steps
Ate(:,:,1) = expm(A(C:,:,i)*t(i));
Bte(:,i) = A(C:,:,i) \ (Ate(:,:,i)-eye(A_N)) * B(:,1i);
end

% Just for clearity redefine n
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n = n_steps;

% Initialize the solution variable
X = zeros([A_N,n]);

% Initialize product and sum variables
productl_A eye(A_N);

sum_term = zeros(A N, 1);

% Compute the product and sum terms
for i_p = 1:(n-1)

productl_A = Ate(:,:,i_p) * productl_A;
end

for i_s = 1:(n-2)
product2_A = eye(A_N);
for j_p = 1:(n-1-1i_s)
product2_A = product2_A * Ate(:,:,n-j_p);
end
sum_term = sum_term + product2_A * Bte(:,i_s);
end

%» Compute xn using the formula
X0(:,n) = (eye(A_N) - productl_A * Ate(:,:,n)) \ (productl_A x
Bte(:,n) + sum_term + Bte(:,n-1));

X0(:,1) = Ate(:,:,n) * X0(:,n) + Bte(:,n);

% Compute xn-1 iteratively knowing =xn
j=0;
for j = 2:n-1
X0(:,3j) = Ate(:,:,j-1) * X0(:,j-1) + Bte(:,j-1);
end

% In case the non-linear on-resistance is badly approximated

quit

amount_runs = amount_runs+1;

if (amount_runs==30 || (anynan(X0)))
vd = 1le4;

Pout = zeros(3,1);
Pdc = zeros(3,1);
Pdrive = zeros(3,1);
return;

end

tswitch = T*phi_delay/2/pi;
tswitch_moved = [tswitch+duty_cycle*T; tswitch+duty_cycle*T-T];
[t_index, ~] = find(abs(tn-tswitch_moved.')<le-14);
%» The on resistance at the time the switch opens
if (isronlin (1) ~= 1 )
xdata = X0(3,t_index(1));
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% Non-linear apprximation of the on-resistance

xunc = [2.9549 1.1553]*(xresolution (1) /nscale (1) /(1-foff
(1))
nl = xunc(1l) + xunc(2).*abs(xdata);
ron_actual_n(1) = nl;
else
ron_actual_n(1) = ron_actual (1);
end
if (isronlin(2) ~= 1 )
xdata = X0(3+4,t_index(2));
xunc = [2.9549 1.1553]*(xresolution(2) /nscale(2)/(1-foff
(2)));
nl = xunc(l) + xunc(2).*abs(xdata);
ron_actual_n(2) = nl;
else

ron_actual _n(2) ron_actual (2) ;

end
if (isronlin(3) ~= 1 )
xdata = X0(3+8,t_index(3));
xunc = [2.9549 1.1553]*(xresolution(3)/nscale(3)/(1-foff
(3)));
nl = xunc (1) + xunc(2).*abs(xdata);
ron_actual _n(3) = nl;
else
ron_actual _n(3) = ron_actual (3);
end

% The on-resistance is correctly approximated now
% derive the waves and output powers

dt = t;
tn = tn;

% First the output load current is derived
cl = zeros(A_N,1);
for ni = 1:n
X t = @(t) Function X t(t, X0(:,ni), A(:,:,ni), B(:,ni));
cl = cl + (A(:,:,ni)-2*pi*lj*xeye(A_N)/T) -1 *x (exp(-2*pi*1ljx*tn(
ni+1) /T)*X_t(dt(ni)) - (exp( -2*pi*1j*tn(ni)/T ) *X_t(0)) -
(1j*T*B(:,ni)/(2%pi) ) *( exp(-2*pi*1j*xtn(ni+1)/T)-exp(-2*pix1j
*tn(ni)/T) ) );
end

select matrix_ix = [2, 6+2xisf2(1), 10+2*xisf2(1)+2*%isf2(2)];
ix = 2*cl(select_matrix_ix)/T;
ixt = ix;

% The angle that is extracted from the derived current
angle0 = angle(ix.*x(foff~=1)."');
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% Next step is to determine the DC current

X _t = @(t) Function_X_t(t, X0, A, B);

Btemp = X_t(t)-X_t(zeros(size(t)))-B.*xt.';
Btempn(:,1,:) = (Btemp);

idct = pagemtimes (pageinv(A) ,Btempn);

idc = sum(idct(select_matrix_ix-1,1,:),[2,3]1)/T;

%» The drain-to-source voltage is a readout of the state-space
solution

select matrix = [3, 7+2*xisf2(1), 11+2*xisf2(1)+2*xisf2(2)];

vds = 2xcl(select_matrix)/T;

% The load impedance can be derived as follows
Zload = (A2cctnx*ix./ix) + 1j*xx.';

% And finally the resulting output powers
Pout = real(Zload) .*x(abs(ix).~2/2);

Pdc = abs(idc)*vdd(1);

Pdrive = (nscale.*(l-foff) .*pdrive0).';

[t _index, ~] = find(abs(tn-tswitch.')<le-14);

% Next step is deriving the voltage slope and voltage switching
moment
for 1=1:3
vsrt = X0(:,t_index(1));
vsr(l) = vsrt((1l-1)*4+3)-vs(1l);
vssrt = real(A(:,:,t_index(1))*X0(:,t_index(1))+B(:,t_index(1)))

./omega (1) ;
vssr(l) = vssrt((1l-1)*4+3)-vss(1l);
end
vd = sum(abs(sqrt(vsr. 2+vssr.”2)));

% And lastly the drain-to-source current
cl = zeros(3,1);
select_matrix = [3, 7+2*isf2(1), 11+2*xisf2(1)+2*xisf2(2)];
for ni = 1:n
X t = @(t) Function X t(t, X0(:,ni), A(C:,:,ni), B(:,ni));
temp = ((A(:,:,ni)-2xpixlj*eye(A_N)/T) -1 * (exp(-2*pi*1lj*tn(ni
+1)/T)*X_t(dt(ni)) - (exp( -2*pi*1j*tn(ni)/T ) *X_t(0)) - (1j
*T*B(:,ni)/(2*xpi))*x( exp(-2*pi*lj*xtn(ni+1)/T)-exp(-2*pix*x1j*tn
(nid)/T) ) ) );
cl = c1 - temp(select_matrix) ./ ronmv(:,ni);
end
ids = 2%cl/T;

% The last part is just plotting the voltage and current waves
if (options.Plot)

t_resolution = 100;

span_t = linspace(0,1,t_resolution);

tx = span_t.x*xt;
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X t = @(t) Function X _t(t, X0, A, B);
Xsol = zeros(A N,n,t _resolution);
for j = 1:size(tx,2)
Xsol(:,:,3) = X_t(tx(:,3));
end

clf (figure(2))
tiledlayout ("vertical")
fig2 = figure(2);

for 1 = 1:3

nexttile
hold on
tstep = O;
for p

1:n

plot (tx(p,:)+tstep,real (reshape (Xsol (2+4x(1-1),p,:),[1,
t_resolution])),'r-','Linewidth',1.2);

tstep = tstep + tx(p,end);
end
ylabel ('Current [A]')
xlabel ('Conduction angle (\theta)')
xticks (linspace (0, tstep,5))

xticklabels ({'0',"'1\pi/4"','\pi/2"','3\pi/4"',"'\pi'})

end

fig2.Position = [100,100,500,450];
fontsize(fig2, scale=1.2)
exportgraphics(fig2, 'gsol_il.pdf ')

clf (figure (1))

tiledlayout ("vertical")

figl = figure(1l);

set(figl, 'defaultAxesColorOrder',[[1,0,0];
for 1 = 1:3

nexttile
yyaxis right

hold on
tstep = 0;
for p = 1:n

[0,0,111)

plot (tx(p,:)+tstep,real (reshape(Xsol (3+4*(1-1),p,:),[1,
t _resolution])),'r-','Linewidth',1.2)

tstep = tstep + tx(p,end);
end
ylim ([0 1001)
xlabel ('Conduction angle (\theta)')
ylabel('Voltage [V]')

yyaxis left
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end

fun

tstep = O;
for p 1:n
plot (tx(p,:)+tstep,real (reshape (Xsol (3+4x(1-1),p,:),[1,
t_resolution]))*ronm(l,p)/ron_actual_n(l), 'b-"',"
Linewidth',1.2)
tstep = tstep + tx(p,end);
end
ylabel ('Current [A]")
ylim ([0 7])
hold off
xticks (linspace (0, tstep,5))
xticklabels({'0"','1\pi/4"','\pi/2"','3\pi/4"','\pi'})

end

figl.Position = [700,100,500,450];
fontsize(figl, scale=1.2)
exportgraphics(figl, 'gsol_vdsids.pdf')

ction [A, phimodsort_diff, phimodsort_LU, ronm, ronmv] =
find_Aron(ron, cds, phi_delay, duty_cycle, roff, isf2)

% Function to derive the Ron-Roff matrix

N = 3;

AN = 12+2*sum(isf2);

phimod_tot = [phi_delay; phi_delay+2*pi*duty_cycle; phi_delay+2*
pi; phi_delay - 2*pi; phi_delay+2*pix*duty_cycle - 2x*pi];

phimodsort = sort([0; phimod_tot; 2*pil);

phimodsort_unique = (uniquetol (phimodsort,le-5));

phimodsort_LU = phimodsort_unique(phimodsort_unique >= 0 &
phimodsort_unique <= 2%*pi);

phimodsort_diff = diff (phimodsort_LU);

angle_c=0;
ronm = zeros(N,length(phimodsort_diff));

for i = 1:length(phimodsort_diff)
ronm(:,i) = fsquare(round(angle_c-phi_delay(:),4),duty_cycle

)
angled = phimodsort_diff (i);
angle_c = angle_c + angled;

end
n_steps = length(phimodsort_diff);

% The Ron-Roff matrix is there after determined at each step
A = zeros(A_N,A N,n_steps);
for k = 1:n_steps
ronmn = @(i) [zeros(4+isf2(i)*2,2),[zeros(2,1); ronm(i,k);
zeros (1+isf2(i)*2,1)], zeros(4+isf2(i)*2,1+isf2(i)*2)];
AC:,:,k) = -blkdiag(ronmn(1)/ron(1l)/cds (1) ,ronmn(2)/ron(2)/
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cds (2) ,ronmn (3) /ron(3) /cds (3)) ;
ronmv (:,k) = [ronm(1,k)*ron(1l);ronm(2,k)*ron(2);ronm(3,k)*
ron(3)1];
end

for k = 1:n_steps

ronmn = 0(i) [zeros(4+isf2(i)*2,2),[zeros(2,1); not(ronm(i,
k)); zeros(1+isf2(i)*2,1)], zeros(4+isf2(i)*2,1+isf2(i)
*x2)1];

AC:,:,k) = A(:,:,k)-blkdiag(ronmn (1) /roff (1)/cds (1) ,ronmn(2)
/roff (2)/cds(2) ,ronmn(3)/roff (3)/cds(3));
ronmv (: ,k) = ronmv(:,k) + [not(ronm(l,k))x*roff (1) ;not(ronm
(2,k))*xroff (2) ;not (ronm(3,k))*roff(3)];
end
end

function s = fsquare(t,duty)
% Editted square() function

% Compute values of t normalized to (0,2%pi)
tmp = mod(t,2%pi);

% Compute normalized frequency for breaking up the interval
(0,2%pi)
w0 = 2*pix*xduty;

% Assign 1 values to normalized t between (0,w0), O elsewhere
s = (tmp+le-3 < w0);
end

function X = Function X t(t, X0, A, B)
% Function to derive the states versus a time matrix t
Ate_add = zeros(size(A));
Bte_add = zeros(size(B));
for m = 1:length(t)
Ate_add(:,:,m) = expm(A(:,:,m)*t(m));
Bte_add(:,m) = A(:,:,m) \ (Ate_add(:,:,m)-eye(A_N)) * B(:,m)
X(:,m) = Ate_add(:,:,m)*X0(:,m)+Bte_add(:,m);
end
end
end

function [xopt, ymin] = bruteforce(fun,lb,ub,n)
%» function to find brute force the optimal phase

nm = (1b~=0 | ub~=0)*n + (1b==0 & ub==0) *1;
x1 = linspace(1lb (1), ub(1l) ,nm(1));
x2 = linspace(1lb(2), ub(2),nm(2));
x3 = linspace(1lb(3), ub(3),nm(3));

for x1i = 1:length(x1)
for x2i = 1:length(x2)
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end

for x3i = 1:length(x3)

end
end
end

y(x1i,x2i,x3i) = fun([x1(x1i) x2(x2i) x3(x3i)]);

y= y.x(y>-1);
[ymin, index] = min(y,[],"all");

(i, j, k] =

ind2sub ([nm,nm,nm] , index) ;

xopt = [x1(i), x2(j), x3(k)];
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Final Design Component List

First it is important to note that the design is not made with directly the achievable components
in mind, by reducing some inductors, the design could even improve. But because of limited time
additional tuning is ignored and a simple design method was preferred. All inductors have a Q-factor
of 15, independent of their size. Only the coupled lines have a lower Q-factor of 10, because this
seemed more reasonable compared to the losses in the transmission line equivalent. The losses in
the capacitors were ignored because its losses were found to be negligible compared to the losses
in the inductors. The resulting table is Table J.1.
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sub-part which amplifier | Component | Value | Unit
Class E matching network main amplifier
min R,y 2.66 Q
Cus 0.63 pF
Ly 2.8 nH
Lo 3.419 | nH
Cy - F
L, 1.926 | nH
Class E matching network primary peaking amplifier
min R, 2 Q
Ods 0.84 pF
Ly 1.798 | nH
Ly 2.39 nH
Cy - F
L, 0.878 | nH
Class E matching network secondary peaking amplifier
min Ry, 1 Q
Cis 1.68 pF
Ly 0.9 nH
Lo 1.195 | nH
Cy - F
L, 0.439 | nH
Two-stage matching network main amplifier
Cis 0.380 | pF
0132 0.271 pF
L3 1.155 | nH
L132 1.106 nH
Transformer matching network primary peaking amplifier
k- Ly 1.265 nH
Cp 2.001 pF
n 1.95
Transformer matching network | secondary peaking amplifier
k- Lo 0.6327 | nH
Cp 4.017 | pF
n 2
Coupled lines lumped network -
L 0.224 | nH
Cum 1.011 pF
Ca 0.4186 | pF

Table J.1: Component values for the final design
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