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Abstract
The purpose of this master thesis was to study if the drain efficiency of power
amplifiers can be maintained at power back off using a technique called load
modulation. The amplifier classes studied are E, F and D-1. The target figure was to
obtain a 10 to 12 dB dynamic range of amplitude with reasonable efficiency. Studies
of power amplifiers have been made to understand how power is generated. Several
different load modulation networks have been evaluated. Attempts to derive design
equations for the modulation networks have also been done.
The thesis work was carried out with simulations in ADS 2006. As active devices
commercially available bare-die transistor models have been used. The power rating
of the dies are 15 W.
A dynamic range of amplitude of over 15 dB has been achieved with drain efficiency
greater than 60 percent. The peak output power is in the 40 – 45 dBm range.

Sammanfattning
Ändamålet med detta examensjobb på magister nivå är att studera om verkningsgraden på
effektförstärkare kan bibehållas hög även vid av backad uteffekt genom dynamisk last
modulering. De förstärkarklasser som studerats är E, F och D-1 . Målet var att bibehålla en
rimlig verkningsgrad över ett dynamiskt område på 10 – 12 dB. Studier av
effektförstärkare har gjorts för att förstå hur uteffekten skapas. Ett flertal olika last
modulerings nätverk har utvärderats. Ett försök att ta fram design ekvationer för
nätvärken har gjorts. Studierna har gjorts med hjälp av simuleringar med ADS 2006. De
aktiva komponenter som använts är kommersiella transistormodeller av bare die typ.
Effekt specifikationen på dessa transistorer är 15 W.
Ett dynamiskt område över 15 dB har åstadkommits med en verkningsgrad över 60
procent. Den maximala uteffekten är i området 40 – 45 dBm.
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1 Introduction
An issue in today’s third generation radio base stations is relatively high power
consumption. One reason for this is the complexity of the system with a lot of baseband
signal processing. However, the major source of power consumption is the base stations
power amplifiers. The high power consumption of the power amplifiers is mainly due to
low mean efficiency where a lot of the input power is converted into heat. This requires
both costly and space demanding arrangements to allow for sufficient cooling of the
system. Also, the power consumption of the system reflects on other aspects such as
battery backup systems and the operators cost of power over the lifetime of the radio base
station. All extra means needed to compensate for low efficiency and high power
consumption and will accumulate on the end customer’s price for the base station.
The low efficiency of the power amplifier is due to the amplifier working under backed
off conditions for most of the time. This is because the WCDMA signal has a high peak
to average ratio. Inherently the efficiency of an amplifier is at its best when the amplifier
is working close to saturation. For backed off conditions, the efficiency decays very fast
with reduced output power. For a Rayleigh envelope (multicarrier) signal with a 10 dB
peak to average ratio, the efficiency’s are as low as 5% and 28% for ideal class A and B
power amplifiers respectively according to [1].
Increasing the efficiency of the power amplifiers would ease the requirements of input
power, cooling systems and the cost for the operator.
There are several ways to increase the efficiency. Very crudely two categories could be
identified. The first is to use linear mode amplifiers, and second is switch mode
amplifiers.
A comprehensive example using linear amplifiers is stage bypassing [24] were a chain of
amplifiers is used and each stage can be bypassed. For low output powers the last stages
are bypassed and only the driver is used. For higher output power later stages is switched
in. This way the individual stages operate closer to saturation, even for signals with high
peak to average ratios. The problem with this configuration is to how realize the
bypassing of amplifier stages.
Linear amplifiers can be combined in other ways, such as Doherty [13] and Chireix [12]
architectures. In Doherty two or more amplifiers are connected in a parallel like
configuration with a main and peak amplifier. For low to medium output powers only the
main amplifier is active. To reach the peak output power the peak amplifier kicks in. By
the proper combining of the amplifier branches the impedance seen by each amplifier for
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different power levels is beneficial to efficiency, compared to a single transistor
amplifier.
In the Chireix architecture two amplifiers works in saturation but the phase is offset in
opposite directions. By changing the phase difference, the combined output power can be
changed since the changing phase will alter the load impedance seen by each transistor.
By changing the DC supply voltage to the amplifier, the transistor can be kept working
closer to saturation for different levels of output power. When the DC feed voltage
follows the envelope of the signal this technique is called Envelope Tracking [23].
In order to reach very high efficiency figures, at least in theory, switch mode amplifiers
can be used. This type of amplifiers work with either the current or voltage waveform
squared, and hence always in saturation. A problem of using switch mode amplifiers is
how to modulate an amplifier that always works in saturation. The phase information can
be feed through the amplifier in the same manner as for a linear amplifier, but the
envelope can not be changed and still keep the amplifier in saturation, with maintained
efficiency. One way to solve this is to dynamically change the drain DC voltage. By
adjusting the drain DC voltage, and thereby changing the maximum output power, this
can be changed with the transistor kept working in saturation. This technique of re
implementing the amplitude control is called envelope elimination and restoration [14].
Unfortunately, it is difficult to realize the DC – DC power supply with reasonable
efficiency since this must give several amperes and have a bandwidth to comply with the
modulation frequency.
Since the output power of an amplifier is depending on the voltage swing at the amplifier
output and the impedance seen by the amplifier another way to change output power
would be to change the load impedance seen by the transistor. This is known as load
modulation [1, 6, 8, 11]. This thesis work focuses upon the use of controlled tunable
capacitances to obtain load modulation. The goal of this thesis work is to be able to
maintain a high efficiency of the power amplifier over 10 to 12 decibels of dynamic range
of amplitude. The work includes studies of amplifiers of classes inverse D, E and F to
understand how power is generated and how different load impedances affects the output
power. Means of dynamically changing the impedance the transistor sees is studied.
Different networks with tuning elements such as varactor diodes and transistor output
capacitances are also studied. The focus is on electrically controlled load modulation
networks. The working frequency in this thesis work is two gigahertz.
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The studies are carried out by simulations in Advanced Design System 2006 with
commercially available transistor models. The active devices used in the amplifiers are
bare GaN die models. Most simulations are made with a 15 W bare die transistor model.

1.1

Thesis outline

Firstly, an introduction to power amplifiers is presented. This is followed by a short
section presenting the techniques known as load line matching and load modulation.
Then, the method of load pull is briefly described. A method to estimate the intrinsic
drain current is derived and presented. The most important figures of merit are explained.
Some theory of loss mechanisms present in non ideal amplifiers is then presented. Next, a
brief section presenting some tunable capacitor devices. Some very useful simple
networks is derived and presented.
Later on the theory for the load modulation networks are shown. This theory tries to
analytically find guidelines for network design. Some design guidelines are found and
presented. An attempt to derive design equations is also made and presented.
Finally the results are presented in a chapter with a lot of plots. This is followed by
discussion and future research sections.

1.2

Thesis limitations

This thesis work concentrates upon finding networks suitable for application in dynamic
load modulation. The main concern is to study how the output power of a high frequency
amplifier can be backed off without loss of efficiency. Also, what demands this creates on
components used in the networks. The figure of merit mainly used for efficiency
measurements is drain efficiency, since this reflects the efficiency of conversion of DC
power to RF power.
The concern of how to drive a switch mode amplifier efficiently is outside the scope of
this thesis work, and PAE concerns therefore are toned down. For this thesis the concerns
of intermodulation and bandwidth are also secondary.
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1.3

Abbreviations

DC

Direct current

DLM

Dynamic load modulation

RF

Radio frequency

WCDMA

Wideband code division multiple access

1.4

Previous achievements

Since load modulation is a relatively new technique the number of published articles is
low. The author of this paper has found two earlier published achievements. Table 1-1
lists these. Comparing work on GHz frequencies with [1] might be a bit misleading since
the parasitic effects of lumped components and active devices are greater at higher
frequencies.
Reference

Efficiency /

Frequency Output

dynamic

Comment

power

range
[1]

-

30 MHz

42.8 dBm

η = 66 % at Pmax Max dynamic
range 41 dB

[6]

> 60% over
5 dB

Table 1-1 Earlier achievements
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1 GHz

41.6 dBm

-

2 Theory

2.1

Introduction to power amplifiers

2.1.1 The basic example, Class A
The most basic amplifier is probably the class A configuration. This type is biased at
midpoint and hence will have a quiescent current even if there is no RF drive power feed
to it. For a pure class A operation, the voltage swing will never reach saturation nor zero.
This in turn means that the transistor is always in conduction. This makes it one of the
more linear amplifier class’s available. The voltage and drain waveforms are shown in
Figure 2.1.

Figure 2.1 Drain waveforms of class A amplifier.

The drawback of using a class A amplifier is the low drain efficiency. In theory, a
maximum drain efficiency of 50 % can reached. The low efficiency is due to the high DC
bias current. It is easy to understand that since the transistor is always conducting, there is
always simultaneous voltage and current over the transistor, and hence power dissipated
in the same. The 50 % drain efficiency is reached when the full voltage swing of the
amplifier is used. Backing off the output power reduces the efficiency severely, towards
zero.
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2.1.2 Reducing the conduction angle, Class AB, B, C
To reduce the DC power usage, the amplifier can be biased at a lower point than class A.
This means that the transistor will not conduct for the entire cycle. At a bias just below
the pinch off point the transistor will conduct for half of the RF period. The current
through the transistor will hence be shaped as a half wave rectified sinus. By using Taylor
series it can be shown that this waveform contains only even harmonics. By using a
resonator shorting the harmonics created, a sinusoidal output voltage can be obtained.
The transistor waveforms are shown in Figure 2.2

Ids

Imax

Iq
0

-0.5

0

Vds

Vo

Vq
0

-1

0

1

2

3

θ rads/π

Figure 2.2 Drain waveforms of a reduced conduction angle amplifier.

Table 2-1shows the conduction angles for classes AB, B and C.
Class

Conduction angle (rads)

AB

2π- π

B

π

C

<π

Table 2-1 Conduction angles of different amplifier classes.

As a example of the efficiency improvement from class A, the theoretical efficiency of a
class B amplifier is 78.5 % at best. By further reducing the conduction angle into deep
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class C, the efficiency tends towards 100 %. Unfortunately, the output power tends to
zero. The reduced conduction angle amplifiers still suffer of dropping efficiency at
power back off. The main factor reducing efficiency is the simultaneous voltage and
current over the transistor. For a deeper analysis of the reduced conduction angle
amplifier refer to appendix D.

2.1.3 Class F amplifier
Evolving from the class B amplifier, by suitable termination of harmonic frequencies, the
waveform can be squared. This is the class F amplifier [9, 16, 17, 18]. For a class F
amplifier, the voltage has a square waveform, and the current through the transistor has
the shape of a half wave rectified sinusoid. Since the voltage square wave is made up
from only odd harmonics, these frequencies is terminated by open circuit. The odd
harmonics however is terminated by short circuits to create the half wave rectified current
waveform.
By this termination of harmonic frequencies, the amplitude of the fundamental tone is
greater than the voltage amplitude over the transistor. Hence, the maximum output power
of the class F amplifier is greater than that of a class B amplifier using the same
transistor.
A more in-depth analysis of the harmonics termination and waveforms are made in
appendix E.
Due to the squared voltage waveform, there is no overlapping of voltage and current
waveforms and hence no power dissipation, at least not in theory. The class F waveforms
are shown in Figure 2.3. Due to the non overlapping current and voltage, the efficiency of
the class F amplifier is 100 % in theory.

Figure 2.3 Drain waveforms for class F amplifier.

17

2.1.4 Class E amplifier
In many amplifier designs it is not desirable to have a capacitance at the output of the
transistor. Class E [10, 19], however makes use of a transistor at the output. By suitable
arrangements the switching losses can be eliminated by making sure that the voltage over
the capacitor on the output of the transistor is zero before the same starts to conduct. A
simplified schematic is shown in Figure 2.4.

Figure 2.4 Simplified schematic of class E amplifier.

It is important to note that the output current of the amplifier is sinusoidal due to a series
resonator on the output. Further, the output current is offset by phase due to a additional
reactive element in the output.
The operation can be described by starting a cycle when the capacitor voltage is zero, at
point a in Figure 2.5. At this point the transistor starts to conduct, and a flow of current is
built up. It is interesting to note that even though the current increases as a ramp, the
transistor works as a switch.
The slow rise of current through the transistor is due to the output resonator. Hence,
during the entire time the transistor is conducting, the current through the transistor is
limited by the output resonator and not the transistor itself.
At time b, the transistor stops conducting. This forces the DC current to charge the
capacitor. However, the flywheel effect of the resonator will start to discharge the
capacitor at some point. For optimum class E operation, this makes the voltage over the
capacitor zero when the transistor turns on for the next cycle.
The current and voltage waveforms for the transistor, capacitor and output are shown in
Figure 2.5. For a more in-depth analysis of the class E amplifier see appendix F.
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2
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Figure 2.5 Drain and shunt capacitor waveforms of class E amplifier.

2.1.5 Class D-1 amplifier
By using two transistors, a push-pull amplifier can be designed. A very attractive
approach would be to use the totem pole outline which is a voltage switching amplifier,
with squared voltage. This type of amplifier is usually called class D. This type of
amplifier originally appeared as high power audio amplifiers. However, this type of
amplifier would need a P channel transistor. Since the electron-hole mobility is very
much lower than the electron mobility it is very difficult to realize a P channel transistor
at microwave frequencies. This in turn, makes is almost impossible to realize a class D
power amplifier in a totem pole configuration at these frequencies.
Instead, making a current switching amplifier needs only N channel devices. This is
called class inverse D or current mode class D [20, 21, 22]. The general outline of this
amplifier is shown in Figure 2.6.
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Figure 2.6 Simplified schematic of class D-1 amplifier

The operation can be described as follows. The transistors are used as switches to
minimize the dissipated power. These operate at 180 degree phase offset from each other.
When one is conducting, the other is at pinch-off. A resonator stopping the fundamental,
but passing all harmonic frequencies is placed across the differential output. This creates
a path for a square shaped output current where the fundamental frequency is forced
through the resistive load.
The waveforms are shown in Figure 2.7.
Due to the hard switching of the transistors and no overlap of voltage and current, an
efficiency of 100 % is reached in theory. The output power of the class D amplifier is
about twice that of a single transistor amplifier and hence the power versus cost is about
the same. An analysis of the class D amplifier is made in appendix G.
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Figure 2.7 Class D-1 amplifier drain waveforms.
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2.2

Load line theory

To obtain the maximum output power it is clear that the load impedance must be matched
to the transistor. For small power amplifiers the method used is conjugate matching on
the output of the transistor. For higher power amplifiers a load line match is used.
A given transistor has a maximum drain current, I max , which is dependent on transistor
technology and the size of the die. This is the maximum current the device can handle,
and hence will be a limiting factor of the output power. A second limiting factor is the
maximum drain bias voltage. The maximum voltage supplied to the drain might be
limited by the available power supply or the breakdown voltage of the transistor itself.
To obtain the maximum possible output power, both the voltage and current swing must
be used to its full values. The current swing goes from zero to Imax, and the voltage swing
from zero to 2VDC since the voltage is symmetric about VDC. This is shown in Figure 2.8.

Figure 2.8 Voltage and current waveforms over transistor.

From this it is obvious that the load will have a RF current of amplitude

I m ax
, and a RF
2

voltage of Vdc .
The available output power at optimum load impedance is

Popt = VDC ⋅

I max 1
= VDC I max
2
2

Thus, the optimum load resistance is
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(2.2.1)

Ropt =

Vdc
I max
2

(2.2.2)

For non ideal transistors, it is important to note that the actual amplitude of the voltage
waveform is less than Vdc. This is due to a small voltage is present over the transistor even
in saturation. The value of the saturation voltage, Vsat, is dependant of the resistance of
the transistor in saturation, Ron, and the drain current. In calculations of Ropt for non ideal
transistors Vdc may be substituted by Vdc − Vsat for greater accuracy. See section 2.7.4 for
a more in depth explanation of the non ideal effect of a transistor voltage knee.

2.3

Load modulation

Load modulation is a technique where the drain efficiency can be improved by changing
the effective load impedance seen by the transistor. It is important to remember that the
effective change in load impedance must be on the intrinsic drain of the transistor, since
this is the point where the drain voltage drives a current into the output network and thus,
where the power is generated. A change of impedance outside of the intrinsic drain of the
transistor may give unexpected results on the intrinsic drain when the impedance is
transformed through the parasitic elements.
The basic concept is to dynamically change the load line match depending on the instant
demand of output power. The effect of load modulation on the amplifier transistor drain
voltage and current can be simplified and condensed to two sentences.
The voltage swing of the transistor is kept at the same level for all output powers. The
change in output power is due to a change in output current only.
For high efficiency switch mode amplifiers which works in saturation or pinch off, the
above statement is important since it is the hard switching that gives the high efficiency.
This comes from the hard switching, of the squared voltage waveform, at no time
presents current and voltage at the transistor simultaneously. The current on the other
hand can be changed without loss of efficiency. See Figure 2.9 and Figure 2.10 for a
switch mode waveform with two different load impedances. Replacing the square voltage
waveform with a sinus shaped, would cause overlapping of current and voltage and
severely deteriorate drain efficiency.
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Figure 2.9 Switching waveform high power.

Figure 2.10 Switching waveform low power.

2.4

Load pull measurements

For an ideal transistor device the optimum load conditions is easy to find with load line
matching, see section 2.2. For a real device with nonlinear parasitic capacitances the
optimum load condition is a bit harder to find. Load pull measurement with real
transistors or in a simulated environment is a powerful method of finding optimum
conditions. The simulated environment has an advantage hard to realize in reality. This is
the possibility to terminate individual harmonics with arbitrary impedances.
The measurement is performed by measuring delivered power and drain efficiency at a
large number of load impedances represented by points in the smith chart.
The result of a load pull measurement is often presented as a smith chart with contours of
delivered power and drain efficiency. By inspection of these contours it is possible to find
the peak values of output power and efficiency and their respective impedance points.

24

Additionally, the optimum efficiency can be found for points with backed off output
power.
It should be noted that the points of optimum efficiency for a backed off power only are
optimum for that particular measurement setup. Changing a parameter such as drive
power or drain bias will give a new set of optimum points for that setup.

2.5

Estimation of intrinsic drain current

The transistor models used in this thesis work were of black box type, that is, there were
no probes to measure the intrinsic parameters of the transistor such as drain current. In
order to verify the amplifier class of operation, the intrinsic drain current should be
studied. The method described in this section is very much simplified and only applies to
the simple model in Figure 2.11.
Due to the parasitic capacitances of the transistor die, the external drain current is not
representative for the mode of operation. To make the scenario even worse, the parasitic
capacitances are nonlinear voltage dependent for most transistors. This makes the
currents through each of the parasitic elements change with voltage. So, the external
current will not only be offset by an angle, the shape of the external current is very
distorted compared to the intrinsic current.
For a transistor where the value Cdg is in the same order of magnitude as Cds, the effective
output capacitance is a combination of the two capacitances.
In order to find the intrinsic drain current this must be de embedded, that is, based on the
external currents and voltages calculate the intrinsic current. For this to be done, the
voltages over the capacitances must be known as a time domain waveform. These
voltages can easily be found from external voltages. For the voltage dependent
capacitances, the capacitance as a function of applied voltage must be known.
The current through a capacitor is described by a well known equation

iC =

dvC
C,
dt

(2.4.1)

Where iC is the capacitor current and VC the capacitor voltage.
By using the voltage on the gate terminal the gate capacitance can be disregarded since
this does not affect the drain current.
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Voltages and currents are defined according to Figure 2.11

Figure 2.11 Very simplified transistor equivalent.

Using (2.4.1) the currents through the capacitances can be calculated

dvds
Cds (vds )
dt
dv
= dg Cdg (vdg )
dt

iCds =

(2.4.2)

iCdg

(2.4.3)

Where Cds (Vds ) and Cdg (Vdg ) are functions of capacitance versus applied voltage for Cds
and Cdg respectively.
Subtracting the currents through the capacitors,(2.4.2) and (2.4.3), from the external drain
current gives the intrinsic drain current (2.4.4).

ids ,int = ids , ext − iCds − iCdg

(2.4.4)

This method of de embedding the intrinsic current is a rather rough approximation only
taking the capacitances into account. Depending on the complexity of the model the
accuracy of this method varies. However, the simplicity makes it suitable to quickly
implement in software simulations.

2.6

Terms of comparison

To be able to compare different amplifiers from an efficiency point of view some sort of
figure of merit must be defined. There are two different definitions commonly used. The
power added efficiency, PAE and drain Efficiencyη .
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A second interesting point is to compare the available output power of different amplifier
classes with a given transistor. A weighted measurement of the output power is the power
capability factor, CP. This figure, together with the efficiency measurement gives a good
picture when different amplifier classes are compared in theory.

2.6.1 Drain efficiency
Drain efficiency is the efficiency of converting DC power into RF power at the
fundamental frequency. Drain efficiency is a very useful figure when different amplifier
types are compared in theory since the driving requirements is unknown.

η=

Pout
Pdc

(2.5.1)

However, drain efficiency do not account for the power required to drive the transistor
and might therefore be misleading as an efficiency figure for a full amplifier system.

2.6.2 Power added efficiency
To be able to make fair comparisons and evaluations of amplifier systems, a figure of the
overall efficiency is needed. This is done by looking at the efficiency of power added to a
RF signal. Hence, the required drive power to the amplifier is also taken into account.
This gives,

PAE =

Pout − Pavs
,
Pdc

(2.5.2)

where Pout is the output power at the fundamental frequency, Pavs is the power available
from the source and Pdc is the dc power fed to the amplifier.

2.6.3 Power capability
A term for theoretical comparison of different amplifier classes is the power capability or
power utilization factor. This measurement gives information about the power output for
a given amplifier class. The power capability can also be seen as a figure of the output
power compared with the stresses the transistor will experience. This makes it possible to
compare different amplifier classes in a fair way independently of the number of
transistors. Also, for a given transistor, the output power from different amplifier classes
can be compared.

27

CP =

P0
NI D , pkVD , pk

(2.5.3)

Where N is the number of transistors in the amplifier, ID,pk is the peak drain current and
VC,pk is the drain peak voltage.
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2.7

Transistor loss mechanisms

2.7.1 Ron loss
An unavoidable loss mechanism in any transistor amplifier is the Ron loss. This is due to
the transistor has a parasitic resistance even in saturation. This resistance leads to a small
voltage will be present over the transistor in saturation and hence, power will be
dissipated in the transistor. The power dissipated Pdis, in the transistor due to Ron will be

1
Pdis = ids 2 ⋅ Ron
2

(2.7.1)

One way to lower this type of loss is to use a larger then necessary transistor, in a I m ax
sense, with a lower Ron. Using a larger transistor may create other problems since all
transistor parasitic capacitances are scaled up with about the same factor as Ron is
reduced.

2.7.2 Cds loss
All real transistors have a parasitic capacitance at the output, the drain-source capacitance
Cds. The impedance seen looking towards the load from the transistor is a parallel
connection of Cds and the load impedance. For any amplifier a fraction of the output
power will be lost through the output capacitance. If the output power is set at a fixed
level, the loss will also be fixed. For a load modulated amplifier the load impedance may
be several times higher than the impedance of Cds. This will result in more current going
through the capacitor than the load and thus severely deteriorate drain efficiency.
From this it is easy to understand the importance of resonating out Cds with an inductive
reactance. This will then create a parallel resonator with high impedance at the
fundamental frequency. For amplifier configurations requiring an open circuit harmonic
termination, other means must be provided since Cds will effectively work as a harmonic
short circuit. See section 2.9.2 for a method to resonate out Cds at two frequencies.

2.7.3 Reactive loads
Ideally, the impedance seen from the intrinsic drain should be pure real impedance in
most cases, except class E configurations. By providing a real impedance at the intrinsic
drain, the phase angle between voltage and current will be 180°. A phase angle of 180°
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will minimize the overlapping of current and voltage in the drain waveforms of the
transistor, and hence minimize the power dissipation. In reality the parasitic output
capacitance together with inductances and capacitances from the package have to be
compensated for. The result is that a complex impedance has to be presented on the
output of the bare die or package.
Adding or removing reactive impedance from the optimum, and thus introducing a phase
angle other than 180° on the intrinsic drain will cause overlapping of current and voltage
in the transistor drain waveforms. Multiplying voltage and current gives power dissipated
in the transistor. This will reduce the power reaching the load and lower the efficiency of
the amplifier.

2.7.4 Effects of transistor knee voltage
For an ideal transistor device, plotting the load line in the I/V plot will yield a straight line
from Imax to 2 Vdc . However, a real device has a limiting effect known as the knee
voltage. This will set a limit to the useful voltage swing of the device and hence a
degradation in output power. Figure 2.12 shows the I/V plot with the knee effect taken
into consideration.

Figure 2.12 Transistor I-V plot with knee effect.

As can be seen, the knee effect reduces the useful voltage swing to about 90 percent in
this example. Figure 2.13 shows the time domain current waveform for a class B
amplifier with the knee effect taken into consideration
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Figure 2.13 Time domain waveform of drain current showing the knee effect.

From the figure it is rather easy to see that the amplitude of the fundamental tone is
severely reduced by the presence of the transistor knee. The remedy is to reduce the drive
power and hence the voltage swing at the transistor. This in turn will reduce the
efficiency of the amplifier since a small voltage will always be present over the transistor.

2.8

Tunable elements

2.8.1 Varactor
A Varactor or varicap is a diode in which the junction capacitance is used with the diode
reverse biased. The junction capacitance can be controlled by changing the reverse bias
voltage. Depending on doping profile the characteristics of the capacitance as a function
of bias voltage can be controlled. On die level, the quality of the varactor is set by the
series resistance where the size of the P-N junction is one contributing factor. For a
packaged device there are additional parasitic elements such as inductance and resistance.
Equation (2.8.1) is the small signal representation of the capacitance of a varactor diode.

Cd (Vd ) =

A
⎛ Vd ⎞
⎜1 − ⎟
B⎠
⎝

M

+ C0

(2.8.1)

Where A is a scaling constant, B is the built in potential of the PN junction, M ideality
factor and C0 is the residual capacitance.
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For increased linearity and power handling the methods described in [4] and [5] is
applicable in a load modulation network.
.

2.8.2 Transistor CDS
Most transistors have a nonlinear output capacitance and can thus be used as a tunable
capacitance. In this type of operation of a transistor it is important to select a gate voltage
that keeps the transistor well below pinch off. Of course manufacturers are trying to make
the output capacitance as small and linear as possible and this might make them
unsuitable to use as voltage dependent tuning elements. The effective output capacitance
Coss of a transistor is a parallel connection of Cds and Cdg. Figure 2.14 shows a very
simplified model of the nonlinear capacitances of a transistor bare die.

Figure 2.14 Simplified transistor equivalent
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2.9

Auxiliary networks

2.9.1 Impedance inverter network
Some network configurations need a tunable inductance in addition to tunable
capacitance. This is possible to do since a quarter wavelength transmission line can be
used as a reactance inverter. Using a well-known transmission line relation, equation
(2.9.1).

Z IN =

ZL + jZ 0 tan( βA)
Z 0 + jZ L tan( βA)

For a quarter wavelength line βA =

π

2

(2.9.1)

substituting and taking the limit, equation (2.9.1)

yields

Z IN = Z 0

ZL + jZ 0 tan( β A)
Z2
⇒ Z IN = 0
Z 0 + jZ L tan( β A)
ZL

(2.9.2)

Looking into a quarter wavelength transmission line with capacitive load impedance
gives,
2

Z IN =

Z0
2
= jωC ⋅ Z 0 .
1
jωC

(2.9.3)

Thus, Zin has positive imaginary impedance part and represents an inductor. Setting this
equal to an inductor and solving for C.

jωL = jωC ⋅ Z 0 ⇒
2

C=

L
2
Z0

(2.9.4)

From (2.9.4) it is clear that an inductive reactance can be replaced by a capacitor loaded
transmission line.
The relations of equivalence for replacing both a shunt and a series inductor is shown in
Figure 2.15

33

Figure 2.15 Equivalence relations replacing a inductor with a capacitor.

2.9.2 Multi resonant double stub
For some amplifier configurations, the transistor should see an open circuit on one or
more harmonic frequencies. In these configurations the output capacitance, Cds, of a
transistor creates some difficulties. Since it is in the nature of a capacitor to have lower
impedance for higher frequencies, an open circuit on a harmonic frequency is hard to
realize.
If the output capacitor can be resonated out at two frequencies, for example fundamental
and third harmonic, the effects of the capacitance can be substantially reduced.
A way to do this is to use two stubs that resonate in parallel with the capacitance, see
Figure 2.16.

Figure 2.16 Dual stubs for resonating out a capacitance.

The impedance seen looking into an open stub is

Z in = − jZ 0 cot β A

(2.9.5)

To resonate a capacitance at two frequencies the electrical length of the stubs is
calculated by solving (2.9.6) for θ1 and θ 2 .
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1
1
⎧
=−
⎪
1
1
jω C
+
⎪
⎪ − jZ 0,1 cot (θ1 ) − jZ 0,2 cot (θ 2 )
⎨
1
1
⎪
=−
1
1
⎪
j 3ω C
⎪ − jZ cot ( 3θ ) + − jZ cot ( 3θ )
0,1
1
0,2
2
⎩

(2.9.6)

The characteristic impedance of the stubs Z 0,1 and Z 0,2 can be chosen almost arbitrarily.
C in (2.9.6) and Figure 2.16 is the output capacitance of the transistor.

2.9.3 Compensated open stub
An open stub can be used as a short circuit if the electrical length is

λ
4

, this comes from

(2.9.5).
An effective way of realizing a short circuit harmonic termination is by a stub.
Unfortunately, this way has a drawback. For other frequencies the stub might contribute
with imaginary admittance. This can be solved by using a second stub to compensate the
imaginary admittance. The outline is shown in Figure 2.17.

Figure 2.17 Compensated open stub.

The mathematical derivation is simple and straightforward.
Since cotangent is an odd function and the range is ± n [ 0,π ] , where n = 1, 2,3....n gives
the two relations (2.9.7) and (2.9.8).

cot(α ) = − cot(−α )
cot (α ) = cot (π + α )

(2.9.7)
(2.9.8)

cot(α ) = − cot(π − α )

(2.9.9)

Combining this gives
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Using two stubs of length θ and π − θ gives a short circuit at the harmonic frequency at
which θ is

.
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λ
4

, and no reactive impedance contribution at other harmonics.

3 Network design considerations
This section will explain some of the design considerations made in this thesis work.
Firstly, some design conditions is defined. The purpose of these conditions is to minimize
the power loss in the network and maximize the dynamic range. This section is general in
the sense of tuning element used and should apply for most tuning elements. Next, a
dynamically tunable T network is derived and evaluated against the design conditions.
After this, the procedure is repeated for a Pi network.

3.1

Definition of terms

In the coming sections derivations and explanations for load modulation networks will be
done. The terms used in these sections are briefly explained here to make the analysis
more clear, see Figure 3.1. In some cases the strict nomenclature is abandoned for more
linguistic variation.

Figure 3.1 Terms used in derivation of networks.

Zratio or Yratio is the ratio of the impedance transformation, that is, the quotient of the
highest and lowest impedance. In most cases this is a value greater than one.
ΔC is the ratio of capacitance of a variable capacitor or tuning device.
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Z1, also called low end of tuning range refers to the lowest value of input impedance seen
looking into the tuning network.

3.2

Design conditions

In a dynamic load modulation network rather high impedance transformations occur. This
means that the voltage to current ratio will change. Therefore it is important to verify the
operation conditions for all nodes in the network. This is especially true for the node with
the tuning element since this component probably has the lowest maximum rating of
voltage, current or power.
The tuning element node is shown in Figure 3.2. As shown this is a tunable capacitive
shunt element. Placing the tuning element as a series element is not viable since then all
power must pass this device. The control voltage is applied at the UCTRL input.

Figure 3.2 Tuning element connection in network, left using varactor, right using transistor.

From this rather simple schematic a more comprehensive graphical representation can be
derived.
Figure 3.3 presents the capacitance, bias voltage and RF voltage relations in a graphical
manner. In this figure, the normal X-Y plot represents the capacitance function of the
tunable element. Overlaid and rotated is a representation of the RF voltage amplitude. In
the figure, the symmetry line of the RF voltage is placed coincident at the bias voltage.
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Figure 3.3 Graphical representation of capacitance and voltages.

From inspection of Figure 3.3 several important conclusions can be drawn. For simplicity
it is assumed that the RF waveform is a pure sinus.
Since it is in the nature of a sinus waveform to have its line of symmetry or mean value
coincident with the DC voltage, the RF voltage will be symmetrical on the bias voltage.
If a tuning element of diode type is used in the network a forward biasing of the diode
will occur for low bias levels if the RF amplitude is greater than the bias voltage. If
instead, the tuning element is a transistor, this will experience a reverse voltage. Forward
biasing of diodes or reverse voltage of the transistor must be avoided since this can lead
to device destruction or distortion of the RF signal. Also, the amplitude of the RF voltage
added to the bias voltage must not exceed the breakdown voltage of the device used.
A mathematical representation of the useful bias voltage range

U Bias , Min = 0 + U RF
U Bias , Max

⎫⎪
⎬ ⇒ U Bias ∈ [U RF ,U Br − U RF ]
= U Br − U RF ⎪⎭

(3.2.1)

Where U Bias max is the maximum allowed bias voltage and U Br is the absolute maximum
voltage of the tuning element.
From (3.2.1) it is easy to see that the effective range of the bias voltage is limited by
twice the RF voltage swing.
It is important to be aware of the fact that the capacitance as a function of bias voltage is
very nonlinear. For a realistic device with a maximum bias voltage of 100V half of the
tuning range might be below 10V of bias voltage. A limitation of bias voltage at the low
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voltage end of the tuning range severely deteriorates the dynamic range of the
capacitance.
The loss in the tuning element is mainly due to parasitic series resistance. The resistance
mainly comes from resistances on the die but package parasitic resistances are also added.
In this analysis it is assumed that the series resistance is fixed for a given tuning device
and proportional to the Q value of the device at its nominal capacitance. In this paper the
nominal capacitance is defined as the mean value of the capacitance tuning range. This
gives

Cnom =

C + ΔCC
,
2

(3.2.2)

where C is the smallest value of the tuning capacitor and ΔC the capacitance tuning ratio.
The relation of tuning capacitor Q value, QC, and series resistance of the same is

Rs =

1
ω QC Cnom

(3.2.3)

Using this simplifying assumption the power dissipated in the tuning device is

Pd = i 2 Rs

(3.2.4)

Where Rs is the series resistance and i is the current through the device.

Since the device is a tunable capacitor in this case, both the voltage applied on the
capacitor and the capacitance may change. It should be considered how changes in both
voltage and capacitance affect the power loss in the device.
The current through the capacitive device as a function of applied RF voltage is

iC = jω CU RF ,
where C is the instant capacitance of the tuning device.
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(3.2.5)

Assuming a constant RF voltage, the current through the capacitor is linearly dependent
on the capacitance. Hence, using (3.2.4) and (3.2.5), the power loss in the device is
quadratically proportional to the capacitance. However, assuming a constant capacitance,
the loss of power is also quadratically proportional to the voltage applied. From this it is
obvious that high RF voltage amplitudes simultaneously as tuning the capacitor to large
values of capacitance will give the highest loss of power in the tuning element.
The voltage over the tuning device can be found by complex Ohms law, where the
voltage is the product of the impedance at the interface of the device and the current
going into this interface.
If the RF voltage at the tuning element node could be decreased for increasing values of
capacitance the dynamic range will be greatest. This depends on the rate of change of the
RF amplitude in relation to the change of the bias voltage. Ideally the RF voltage
amplitude would be slightly less than the current bias voltage for all values of bias
voltage.
A reduction of RF amplitude at the node of the tuning element will have a very beneficial
effect on the power dissipated in the capacitor. Earlier in this section it was said that the
dissipated power was quadratically dependent on both the voltage and the capacitance.
Hence, if both these parameters are reduced simultaneously the reduction in power
dissipation will be significant.
Assuming that the power delivered to the load is proportional, in the sense that it is not
inversely proportional, to the RF voltage amplitude at the tuning node. The impedance
looking into the network should increase for increasing values of capacitance. Thus,
reducing the current into the network and the voltage over the capacitance.
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3.2.1 Design guidelines
From the analysis in the previous section a few guidelines for the design can be made.
These guidelines strive to get the most dynamic range of the tuning element and minimize
the power dissipated in the same.
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•

In order to minimize the loss of power in the tuning capacitor assuming a fixed
series resistance, the capacitance value should be small for high RF voltages,
that is, at the low capacitance end of the tuning range.

•

To obtain the highest usable dynamic range of the tuning element, the RF
voltage should be small for high capacitances.

•

Thus, using the assumption that the voltage at the capacitor node is proportional
to the power passing the network. The input impedance should be high for large
values of capacitance of the tuning element.

3.3

Derivation of T network based tuning network

A commonly used network for static impedance transformations is the T network. This
type of network can be equipped with a tunable element as shown in Figure 3.4. The
tunable element in this configuration is the center capacitor. Due to the symmetry of the T
network, it seems very suitable to use with a single tuning element.

Figure 3.4 T-network with single tuning element.

The contribution of each component to the complex impedance can be seen in the smith
chart in Figure 3.5.

Figure 3.5 The contribution to the complex impedance from each component.

From Figure 3.5 it is possible to see that reduction of capacitor C will give higher input
impedance. Unfortunately this is not in accordance with the guidelines of section 3.2.1,
but don’t let this discourage the continued analysis at this point.
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3.3.1 Derivation of component values
To calculate the component values some design parameters are used. The tuning ratio
input impedance Zratio is the ratio of the tuning range. The ratio of capacitance of the
tuning element is also important since this is limited depending on several factors. An
important design parameter is the input low end impedance of the tuning range Z1. This is
a absolute value of impedance. To be able to calculate component values with the above
mentioned parameters the impedance seen by the output of the network must also be set
to a specific value. This value is defined as ZL.
The input impedance seen looking into the network from the input is

1
jω C
Z in ( C ) =
+ jω L2
1
( Z L + jω L1 ) +
jω C

( Z L + jω L1 )

(3.3.1)

The impedance transformation of interest is the pure resistive part. Therefore the
impedance equation is separated into the real and imaginary parts of (3.3.1).
The ratio of the real input impedance Z in can be defined

Z ratio =

Re {Z in ( C )}

Re {Z in ( Δ C C )}

(3.3.2)

where Δ C and is the ratio of capacitance of the tuning element.
For given values of Δ C and Z ratio the component values can be calculated by setting up
enough relations and then solving them simultaneously. The first condition is found in
(3.3.2).
From Figure 3.5 it can be seen the inductor L2 does not contribute to the real impedance
transformation. The function of the fixed value inductor L2 is to compensate for the
reactance created by L1 and C.
For the imaginary part of the input impedance to be zero, the reactive impedance part
created by L1 and C must be the same at both ends of the tuning range.
The reactance to be compensated by L2 is defined by
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1
jω C
Z C (C ) =
.
1
( Z L + jω L1 ) +
jω C

( Z L + jω L1 )

(3.3.3)

To be able to compensate the imaginary impedance at the tuning range ends with a fixed
value inductor, the second relation is

Im {Z C ( C )} = Im {Z C ( Δ C C )} .

(3.3.4)

Then, the imaginary part of the input impedance should be zero at the ends of the tuning
range. This gives

Im {Z C ( C )} = 0

(3.3.5)

The last condition needed is the input impedance at the low impedance end of the
tuning range,
Z1 = Z in ( Δ C C ) .

(3.3.6)

This is the point where the current going into the network is the greatest.
Equations for the component values is obtained by solving (3.3.7)

⎧
Re {Z in ( C )}
Z
=
⎪
ratio
⎡ L1 ⎤
Re {Z in ( Δ C C )}
⎢ L ⎥ ⎪⎪
⎢ 2 ⎥ = ⎨Im {Z C ( C )} = Im {Z C ( Δ C C )}
⎢C ⎥ ⎪
⎢ ⎥ ⎪Im {Z C ( C )} = 0
⎣ZL ⎦
⎪
Z1 = Z in ( Δ C C )
⎩

(3.3.7)

The voltage at the tuning element is calculated with Ohms law.
The current going into the network at the input is

I in =

U
Z in

(3.3.8)
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Where U is the voltage amplitude at the input and Z in is according to (3.3.1).
The impedance looking towards the load at the interface of the capacitor from (3.3.3) is

1
jω C
ZC =
1
( Z L + jω L1 ) +
jω C

( Z L + jω L1 )

The voltage at the capacitor node using (3.3.8) and (3.3.3) is

U C = Z C I in

(3.3.9)

It is important to note that the voltage amplitude over the capacitor is the magnitude of
the complex voltage U C . An analytical solution to evaluate the relations of input
impedance and the voltage of the tuning node is rather tedious. A more attractive way to
verity if the design guidelines have been fulfilled is to select an arbitrary network and plot
the parameters to be verified.
The smith chart representation of a network with R, L1 and ω set to unity and L2 set to 0.5
is shown in Figure 3.6.

Figure 3.6 Smith chart representation of arbitrary network

The tuning range of C is chosen to the range between the points where the imaginary
impedance is zero. Plotting the network input impedance and tuning node voltage versus
capacitance gives the plot in Figure 3.7.

46

Clearly, neither the network input impedance nor the tuning node voltage follows the
design guidelines set up in section 3.2.1.

Figure 3.7 Input impedance and tuning node voltage

There is a simple nevertheless elegant remedy to this problem. An impedance inverter,
more commonly known as quarter wave transformer, is added to the network. With
correct choice of characteristic impedance this transmission line will mirror the high and
low impedance ends of the tuning range.
Figure 3.8 shows the outline of the configuration.

Figure 3.8 T network with added impedance inverter.

This arrangement transforms the input impedance to

Z in =

Z02
Z in ,Tnet

(3.3.10)

where Z in is the input impedance of the entire network, Z in ,Tnet is the impedance looking
into the T network and Z 0 the characteristic impedance of the quarter wave transformer.
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The length of the transmission line θ1 is a quarter wavelength. Verifying (3.3.10) it is
found that the input impedance now complies with the design guidelines of section 3.2.1.
The characteristic impedance of the quarter wave transmission line is chosen as the
geometric mean value of the tuning range. This choice inverts the input impedance in a
symmetric manner mirroring the high and low end of the tuning range.

Z 0 = Z12 Z ratio .

(3.3.11)

Due to the addition of the transmission line (3.3.6) must be substituted with (3.3.12) and
then (3.3.7) can be solved to calculate the component values. The equations for
component values can be found in section 3.3.2

Z1 = Z in ( C )

(3.3.12)

Evaluating the RF voltage amplitude at the tuning element node using the same method
as earlier, see Figure 3.6 and Figure 3.7, gives Figure 3.9. From this figure it can be seen
that the network input impedance is increasing for increasing values of tuning
capacitance. Also, the RF voltage at the tuning node is decreasing for increased values of
capacitance. This is in accordance with the guidelines of section 3.2.1.

Figure 3.9 Input impedance and tuning node voltage
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The major factor limiting the output power of this network is the RF voltage over the
tuning capacitor. It is fairly easy to derive that the voltage can be expressed as

UC =

ω L1
ZL

PL Z L .

(3.3.13)

Evaluation of (3.3.13) shows that the design guide lines from section 3.2.1 have been
fulfilled.
The bandwidth of the network is set by its Q-value. This can be found by smith chart
analysis of the network or deriving it mathematically. The point in the smith chart with
the highest Q-value sets the Q value of the entire network. The highest Q value occurs
when the impedance transformation is the greatest. That is, with the greatest value of the
tuning capacitor. The network node with highest Q value is the tuning element node. The
network representation in the smith chart is shown in Figure 3.10.

Figure 3.10 Network representation of Q value in smith chart

Deriving analytically and simplifying, the Q value is

Q = Z ratio

(3.3.14)
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3.3.2 Design equations
This section presents the equations for calculating component values for a T shaped load
modulation network. It is assumed that the network is ideal and lossless. The placement
of the components can be seen in Figure 3.8.
The design parameters are the ratio of input impedance Z ratio and the ratio of capacitance
of the tuning element Δ C . The impedance seen from the output of the network is ZL.

L1 = Z1

Z ratio ( Z ratio + 1)( Δ C − 1)( Z ratio − Δ C )

ω

( ΔC − Z ratio )
L2 = Z1

C=

2

+ Z ratio ( Δ C − 1)

Z ratio

2

(3.3.15)

(3.3.16)

ω

( Z ratio − 1)
1
Z1ω Z ratio ( Δ C − 1)( Z ratio + 1)

(3.3.17)

( Z ratio + 1)( ΔC − 1)
Z L = Z ratio Z1
2
2
( ΔC − Z ratio ) + Z ratio ( ΔC − 1)

(3.3.18)

Z 0 = Z12 Z ratio

(3.3.19)

2
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3.4

Derivation of PI network based tuning network

Probably as common as the T network is the PI network. It is called a PI network due to
its shape reassembles the shape of the Greek letter π, Π, see Figure 3.11. This network
does not have the elegant symmetry with a center capacitor as the T network, but for use
as a dynamic tuning network it is still interesting.
The real impedance transformation comes from the ratio of C1 to L, so instead of tuning
the center element, L, of the network, tuning C1 gives the same effect regarding input
impedance.

Figure 3.11 Pi network with a single tuning element.

The contribution to the complex impedance in the smith chart from each component is
shown in Figure 3.12
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Figure 3.12 Contribution to impedance from each component

3.4.1 Derivation of component values
For a given ratio Z ratio of the input impedance and a given ratio of the tuning element

Δ C the components can be calculated. Z ratio is the real impedance transformation ratio.
The value C1 represents the capacitance at one of the input impedance range. The value
for the other end of the range is Δ C C1
Looking at the smith chart in Figure 3.12 it is clear that C2 does not contribute to the real
impedance transformation. The only function of C2 is to compensate for the reactive part
created by C1 and L.
Since C2 follows a line of constant admittance, it is vise to solve for the component values
using admittance in calculations. Accordingly, Z ratio is replaced with Yratio .
The input admittance for the network is

1

Yin ( C1 ) =

1
1
+ jω C1
ZL

+ jω L

+ jω C2

(3.4.1)

To calculate the component values a number of relations must be set up and solved
simultaneously. The first relations is the tuning ratio of the input impedance.
The tuning ratio expressed in admittance is

Yratio ( C1 ) =

Re {Yin ( C1 )}

Re {Yin ( Δ C C1 )}

(3.4.2)

For a fixed value of C2 the reactive part of the impedance created by C1 and L must be the
same for the two endpoints of the tuning range. Defining YLC as the input admittance
with capacitor C2 removed gives
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YLC ( C1 ) =

1
1
1
+ jω C1
ZL

+ jω L

(3.4.3)

This can now be used to set the susceptance equal at the two endpoints of the tuning
range.

Im {YLC ( C1 )} = Im {YLC ( Δ C C1 )}

(3.4.4)

Then, the reactive parts of the input admittance should be zero at the end points giving

Yin ( C1 ) = 0

(3.4.5)

Finally, in order to get the desired input admittance of the network, the low impedance
end of the range is set to a desired value

Re {Yin ( C1 )} = Y1

(3.4.6)

Solving (3.4.2), (3.4.4), (3.4.5) and (3.4.6) ,see (3.4.7),

⎧
Re {Yin ( C1 )}
Yratio =
⎪
C
⎡ 1⎤ ⎪
Re {Yin ( ΔC ⋅ C1 )}
⎢C ⎥ ⎪
⎢ 2 ⎥ = ⎨Im {YLC ( C1 )} = Im {YLC ( ΔC ⋅ C1 )}
⎢L⎥ ⎪
⎢ ⎥
Yin ( C1 ) = 0
⎣R⎦ ⎪
⎪ Re Y C = Y
⎩ { in ( 1 )} 1

(3.4.7)

simultaneously gives the explicit equations for the component values, see section 3.4.2.
The voltage at the tuning node, U C , is the same as for the load since these components is
in parallel. Relating the power in the load PL to U C gives,

U C = PL Z L

(3.4.8)
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From (3.4.8) it is clear that the RF voltage at the tuning element node follows the power
passing through the network.
Evaluating the input impedance for two values of C, gives that the impedance is greater
for greater values of C. This can also be seen in Figure 3.12.
This shows that the PI network in the configuration shown in Figure 3.11 follows the
guidelines set up in section 3.2.1.
The bandwidth of the network is set by its Q-value. This can be found by smith chart
analysis of the network or deriving it mathematically. The point in the smith chart with
the highest Q-value will set the Q value of the entire network. The highest Q value occurs
when the impedance transformation is the greatest. That is, with the greatest value of the
tuning capacitor. The network representation in the smith chart is shown in Figure 3.13.

Figure 3.13 Network representation of Q value in smith chart

Using mathematical analysis the closed expression for the Q value of the entire network
is

Q = Yratio
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ΔC ⋅ Yratio − 1
Yratio − ΔC

(3.4.9)

3.4.2 Design equations
This section presents the equations for calculating component values for a Pi
configuration load modulation network. It is assumed that the network is ideal and
lossless. The component placement is shown in Figure 3.11.
The design parameters are the ratio of input impedance (admittance) Yratio and the ratio of
capacitance of the tuning element Δ C . The impedance seen from the output of the
network is Z L . Finally the low end tuning range input impedance is
2
Y1 (Yratio − 1) ( ΔC − 1)
C1 =
2
Yratio ω (Yratio − ΔC )

(3.4.10)

Yratio
Yratio − ΔC
Y1 ω (1 + Yratio )( ΔC − 1)

(3.4.11)

Y1
ΔC ⋅ Yratio − 1
Yratio ω (Yratio − ΔC )

(3.4.12)

L=

C2 =

ZL =

3.5

1
Y1

( ΔC − Yratio )

2

Y1 ( ΔC ⋅ Yratio + ΔC 2 − 2 ⋅ ΔC + Yratio + 1)

(3.4.13)

Theoretical comparison

Table 3-1 lists some important characteristics of the T and Pi network from the previous
sections analysis. From this table together with the design equations of section 3.3.2 and
3.4.2 some important features can be identified.
The main feature of the T network is low Q value and hence better bandwidth.
A Pi network with the same design parameters as a T network has a much better power
handling capability, but higher Q value. An interesting feature of the Pi network is the
possibility to trade power handling capability for lower Q- value. This tradeoff is
depending on the choice of ΔC. Lower ΔC gives a lower Q but higher ZL, a higher ZL will
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increase the voltage at the tuning capacitor and hence lower the power handling
capability.
T network
Tuning element voltage
versus output power
Node of highest Q-value

UC =

Pi network

PL
Z L 2 + ω 2 L12
ZL

(

)

U C = PL Z L
Q = Yratio

Q = Z ratio

Δ CYratio − 1
Yratio − Δ C

Table 3-1 Comparison of theoretical characteristics.

For a more hands on numerical example comparing the two network configurations Table
3-2 presents calculated values for Δ C = 4 and Z ratio = 20 , which is fairly realistic
values. The low end tuning range input impedance is set to 10 Ω. The amplitude of the
source is set to give a maximum output power of 30 dBm.

T network

Pi network

Tuning element voltage [V]

14.5

3.7

Q value

4.5

22

Load impedance [Ω]

87

14

Table 3-2 Numeric comparison.

From the comparison of Table 3-2 and the text above in this section it can be seen that the
choice of network type is not obvious. For a given application it is vise to evaluate both
network types and then select the type giving the best performance.
As a general guide line it can be said that for higher power levels and higher impedances
the Pi type network is preferred. Section 4.1 shows simulations of standalone network to
point out the characteristic properties.

3.6

Further developments

3.6.1 Dual tunable elements
If only one tuning element is used the trajectory in the smith chart will become a arc.
Thus, the trajectory cannot be chosen arbitrary. Using two tuning elements the reactance
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can be compensated and the trajectory can be chosen with much greater freedom. The
dynamic range of the tuning elements has to be considered when choosing trajectory and
fixed component values.
The use of an extra tuning device gives the possibility of reducing the effect of reactive
loading of the transistor. And hence power dissipated in the same. The complexity adding
an extra tuning element and the added power loss of this component can be weighted
against the reduced power dissipation in the amplifier transistor. It might not be necessary
to reduce the reactive impedance to zero for the entire tuning range, but to compensate
partly and thus create a flatter trajectory when plotting the impedance in the smith chart.

3.6.1.1 For T network
Using two tunable elements the imaginary part of the input impedance can be
compensated. This can give pure real impedance for the whole tuning range. The network
configuration can be seen in Figure 3.14. The theory for substituting inductors with
capacitors is found in section 2.9.1.
Values for inductor L and capacitor C1 are calculated in the same manner as the
component values in section 3.3.2.

Figure 3.14 T-network with two tuning elements.

For a pure real impedance over the entire tuning range, the value of the equivalent
inductor is simply

0 = Im {Z in } .

(3.6.1)

Where Z in is found in (3.3.1) then solving for L2.
The voltage at C2 can be calculated in a similar manner as done in (3.3.9). But a simpler
way with reference to input voltage
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U C 2 = U in

ZL
Z 0,2

(3.6.2)

3.6.1.2 For Pi network
Replacing C2 with a tunable capacitance gives the possibility to compensate the reactive
impedance part and thus maintain a pure resistive input impedance over the entire tuning
range. Figure 3.15 shows this configuration.

Figure 3.15 Pi-network with two tuning elements.

The second tuning element capacitance is calculated by solving

0 = Im {Yin }

(3.6.3)

where Yin is found in (3.4.1) and then solving for C2.
The voltage over this second tuning device is the same as the input voltage. Due to this,
the range of the second tuning element will be very limited.

3.6.2 Three tunable elements
Using the impedance inverter theory of section 2.9.1 a three tunable element
configuration with capacitors only can be realized. Depending on the if the three tunable
elements network is derived from a T network or a Pi network there is a small difference.
The basics of the network are still the same. See Figure 3.16 and Figure 3.17 for networks
derived from T and Pi configurations respectively.

58

Figure 3.16 Three tunable elements T network

Figure 3.17 Three tunable elements Pi network

The characteristics of this network are very similar to that of a quarter wave long
transmission line for the fundamental frequency. This is not so odd, since this network
configuration is often used as a lumped element equivalent of a transmission line
This network is very common so the component values is calculated as can be found in
any textbook, but for clarity is presented here as well.

L1 = L2 = L =

C=

Z0
2π f

1
2π fZ 0

(3.6.4)

(3.6.5)

Where Z 0 is the characteristic impedance of the lumped element transmission line
equivalent.
The input impedance is

Z in =

Z02
ZL

(3.6.6)

Where Z L is the load impedance as seen from the output of the network looking towards
the load.
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From (3.6.6) it can be seen that the ratio of impedance versus capacitor change is
quadratic.
This type of network still has limitations regarding the RF voltage amplitude at the tuning
element nodes. Especially the capacitor placed at the input of the network since this will
have a constant amplitude regardless of capacitor value. Thus, the tuning range of this
element will be limited.

3.7

Implementation on amplifiers

In order to select the proper load modulation network for a given amplifier the output
requirements of the amplifier must be studied. A load pull simulation is a good tool to get
a picture of the power back off conditions. Ideally, the optimum trajectory to follow for
power back off is smoothly curved through the smith chart. This gives the possibility to
use a single tuning element network and still follow the optimum trajectory. If the
optimum trajectory has a different shape, a point based design can be done.
A good starting point for this design is still the load pull simulation. From this simulation
an initial network can be designed. The trajectory of this network is then optimized to
pass through the peak performance points of the load pull simulation. The points of
interest is the maximum output power, the point of highest efficiency and then a couple of
points giving reasonable efficiency and power back off. The optimization of the network
can preferably be done by numerical simulation software.
It should also be studied how the output power, efficiency and load impedance is affected
by drive power back off. This can be done by several load pull simulations for different
levels of drive power. Alternately, selecting a number of load impedances and then
optimizing the drive power for each of these points. This data can then be plotted and a
function relating the load impedances to drive levels fitted.
It must also be verified that adding a load modulation network to an amplifier does not
affect the harmonic terminations in a way which severely reduces the efficiency of the
amplifier . If possible, a good way is to make the amplifier immune to changes in
harmonic terminations. For example, a harmonic frequency terminated by an open circuit.
This could be realized with a short circuit at the output of the amplifier and transformed
to an open at the transistor by a transmission line. Since a short circuit can not be changed
by adding impedance in parallel, this harmonic termination is immune to changes in the
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load impedance. Amplifiers using a series resonator only letting the fundamental
frequency through are more or less immune to load impedance changes too.
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4 Results

4.1

Stand alone load modulation networks

In this section simulation results are presented to point out the features and drawbacks
explained in chapter 3.

4.1.1 T Network
The T network in combination with a quarter wave transformer has some very attractive
features.
In the following section a simulation with two different T networks is presented and the
features explained. The same T network with and without a quarter wave transformer are
evaluated. The network’s lumped components are calculated according to the theory
found in section 3.3.2. The design was made with an impedance tuning ratio of 20 for a
capacitance ratio of four. The lowest input impedance into the network is 15Ω
The simulation setup for a T network without a quarter wave transformer is shown in
Figure 4.1 and the setup for a T network with a quarter wave transformer in Figure 4.2

Figure 4.1 Simulation setup T network without quarter wave transformer

Figure 4.2 Simulation setup T network with quarter wave transformer

Simulations where carried out with ideal voltage sources with unity amplitude. All
components are ideal except the tunable capacitor which has a Q value of 100 at the
nominal capacitance value. The variable swept is C, which is capacitance.
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Network with quarter wave transformer is represented by ‘○’ and network without by ‘□’.
Figure 4.3 shows the output power of the two networks. As can be seen, there is a
difference of 0.65 dB in power. This is due to the lower loss using a T network in
conjunction with a quarter wave transformer. Also from Figure 4.3, it can be seen that the
design parameter of a tuning ration of 20 (13 dB) have been reached.

Output power

Power [dBm]

20
15
10
5
0
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Tuning element capacitance [pF]
Figure 4.3 Delivered power to load, ‘○’ with quarter wave transformer, ‘□’ without quarter wave
transformer.

The RF voltage amplitude at the tuning node is shown in Figure 4.4. The difference in RF
voltage amplitude of the networks is due to more power being lost in the network without
a quarter wave transformer and hence gives a lower RF voltage at the tuning node.
Recalling that the input voltage in this simulation is unity, it is clear that there is a
significant transformation in RF voltage amplitude. This is the most significant factor
limiting the power level this type of network can be used for. The high RF voltage is
according to the theory of section 3.3.
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Voltage at tuning element node

Voltage [V]
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Output power [dBm]
Figure 4.4 Voltage at tuning element node, ‘○’ with quarter wave transformer, ‘□’ without quarter
wave transformer.

The major benefit with the network using a quarter wave transformer is the lower power
dissipation at high power levels. Figure 4.5 illustrates the dissipated power. From this plot
it is clear that the quarter wave T network has a power loss about 12 dB less for
maximum power in the load. It should be noted that for low output power levels, the
network without a quarter wave transformer has a lower power dissipation in the tuning
device. The point where this happens is in the region of 7.2 dB power back off.
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Figure 4.5 Power dissipated in tuning element, ‘○’ with quarter wave transformer, ‘□’ without
quarter wave transformer.

4.1.2 Comparison of T- and Pi- network
This section will present a simulation comparing the quarter wave T network with the Pi
network. For simplicity the networks were designed with the same parameters as in the
previous section. That is, an impedance tuning ratio of 20 for a capacitance ratio of four.
The lowest input impedance into the network is 15Ω.
Simulation where carried out with ideal voltage sources with unity amplitude. All
components are ideal except the tunable capacitor which has a Q value of 100 at the mid
point of the capacitive tuning range. The simulation setup for the T network is presented
in Figure 4.6, this is the same setup as in 4.1.1 but presented here too for reference. This
network will be referred to only as T network in this section. The equivalent simulation
setup for the Pi network is in Figure 4.7.
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Figure 4.6 Simulation setup T network with quarter wave transformer

Figure 4.7 Simulation setup Pi network

The variable swept is C, which is capacitance of the tuning element.
Comparing the output power of the two networks, the difference is negligible. The tuning
range of the two networks is also the same.
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Figure 4.8 Output power ‘○’ - T network ‘□’ – Pi network

A striking difference between the two network types is the RF voltage amplitude at the
tuning element node which can be seen in Figure 4.9. The Pi network has a significantly
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lower RF voltage swing. This is in accordance with the theory in chapter 3. From the
same chapter it is clear that the lower voltage swing is traded for a higher Q value of the
Pi network. However, the much lower RF voltage swing of the Pi network eases the
limitations on maximum output power. Thus, a much higher output power can be
transferred in the Pi network compared to a T network.
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Figure 4.9 Voltage at tuning node ‘○’ - T network ‘□’ – Pi network

The final simulation result comparing the two network types is regarding the power
dissipation in the tuning device. This is done with the assumption of a constant nominal Q
value. That is, the series resistance is proportional to the mean value of the tuning range
for each tuning capacitor. Figure 4.10 shows the power dissipation in the device, there is
a small but negligible difference.
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Figure 4.10 Power dissipation in tuning device, ‘○’ - T network ‘□’ – Pi network
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4.2

Class F amplifier

This section presents the simulated results of a load modulated class F amplifier.
The outline of the amplifier is shown in section 4.2.1. A functional description is also
found in the same section.

4.2.1 Amplifier schematic
The amplifier schematic is shown in Figure 4.11, a full size schematic can be found in
appendix A. The load modulation network has two control inputs which controls the
trajectory of the load impedance. The input signals to these are the result of optimizations
to find the optimum trajectory. The signals are created by mathematical functions from a
common control variable. The drive power into the RF input is also controlled from the
same variable by a mathematical function.

Figure 4.11 Class F amplifier schematic

Capacitors C1 and C4 are DC blocking capacitors for the RF input and output respectively.
TL1and OS1 creates a matching network to the gate of the amplifier transistor.
Transmission line TL2 shorts even harmonics on the input to maintain the gate waveform.
TL3 is a part of the output network and short circuit even harmonics in the drain
waveforms to obtain class F working conditions.
OS2 and OS3 resonate with the output capacitance of the amplifier transistor Q1 to
resonate out the output capacitance at the fundamental and third tones.
OS4 and OS5 is a compensated open stub that creates a short circuit for the odd harmonics
at the output of the amplifier. The short circuit is then transformed by TL4 to give an open
circuit on the intrinsic drain of Q1 at odd harmonics.
TL4 also transforms the impedance seen looking into the load modulation network to a
lower impedance at the drain of Q1
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The load modulation network is of T network with quarter wave transformer type. Since
TL4 transforms the impedance to lower impedance level it is possible to connect the load
modulation network directly to the load and no static transformation network is
necessary. The characteristic impedance of TL5 and TL6 is chosen to reduce the RF
voltage swing over tuning element Q2 but still keep reasonably small capacitance values.
Capacitors C5 and C6 gives DC decoupling for the tuning elements Q2 and Q3. L2 and L3
provides RF blocking into the bias control signal voltage source. The tuning of the load
modulation network is controlled by applying voltages to the UCTRL1 and UCTRL2 inputs.

4.2.2 Peak performance
This section briefly presents the peak performance of the simulated Class F amplifier.
These performance figures are taken from simulations with fixed load conditions.
Table 4-1 shows the peak performance values of the class F amplifier.
Output power

26.8 W at 77 % Drain efficiency

Drain efficiency

88.7 % at 10.2 W output power

Power added efficiency

84.5 % at 10.2 W output power

Table 4-1 Peak performance

In Figure 4.12 the drain current and voltage waveforms are shown. Clearly the shapes
reassembly a class F waveform with squared voltage and half sinus current. The dashed
curve is external drain current and solid curve is estimated intrinsic drain current.
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Figure 4.12 Drain waveforms of class F amplifier
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4.2.3 Amplifier performance
The results of the class F load modulated amplifier are shown in this section. The setup of
the simulation is from the schematic in section 4.2.1. The simulation method used is
harmonic balance. Table 4-2 shows a quick reference of the primary results of the
simulation.
Maximum output power

44.3

dBm

Dynamic range with drain efficiency > 60 %

16.1

dB

Total dynamic range

18.7

dB

Linear mean drain efficiency 18 dB dynamic Range

77

%

W-CDMA weighted mean efficiency 18 dB dynamic Range

84

%

Table 4-2 Performance of load modulated class F amplifier

The output power and efficiency of a power sweep is shown in Figure 4.13. Since there
are several different parameters to sweep, a common control signal has been defined. This
signal controls the bias voltage of the two tuning capacitances and the input drive power.
No means have been used to make the output power linear to the control voltage.
Power and efficiency
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Figure 4.13 Output power and efficiency of class F amplifier

As mentioned, to maintain class F operating conditions and hence efficiency, the RF
drive power must be reduced for reduced output power levels. The input drive power is
shown in Figure 4.14.
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RF drive power
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Figure 4.14 RF input drive power of class F amplifier

As shown in section 3.3 the RF voltage amplitude at the tuning node, Q3 in Figure 4.11,
is transformed to a much higher level using a T network as modulation network. This
shows in Figure 4.15 where the RF voltage amplitude and tuning device Q3 bias voltage
is plotted. In the same figure it shows that for low levels of output power there is a slight
reverse voltage over the tuning device. This may not be desirable. Figure 4.16 shows the
RF amplitude and bias voltage for tuning device Q2. Note that the RF voltage is almost
constant since this device is directly connected to the amplifier output via an impedance
transformer.
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Figure 4.15 Voltages at tuning node at Q3,’○’ - RF voltage ‘□’ – Tuning voltage
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Figure 4.16 Voltages at tuning node at Q2,’○’ - RF voltage ‘□’ – Tuning voltage

The power dissipation in the tuning elements is shown in Figure 4.17. From this it is clear
that using a second tuning device in the modulation network creates some extra loss of
power. This extra loss of power in the tuning network gives a nearly optimum load
impedance trajectory and hence reduces the power losses in the amplifier driving
transistor.
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Figure 4.17 Power dissipation in tuning devices,’□’ – Q2 ‘○’ – Q3.

4.2.4 Conclusions
The target value of a dynamic range of amplitude of 10 – 12 dB has been fulfilled with
only reasonable loss of efficiency. This shows that load modulation can give beneficial
effects on class F amplifiers, at least in a simulated environment.
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The voltage at tuning device Q3 is perhaps unnecessary high. It might be difficult finding
a device with this voltage rating. However, using a Pi network configuration removes TL5
and TL6, and hence gives a higher RF voltage on tuning node Q2. The compromising
solution is to change the characteristic impedance of TL5 and TL6. This in turn creates a
need for a fixed impedance transformation network to match the load.
To maintain class F operating conditions it has been found that the RF drive power must
be reduced for high load impedances. Otherwise, at least in simulations, the third
harmonic becomes the significant tone in the drain waveform with deterioration of
efficiency.

4.3

Class E amplifier

4.3.1 Amplifier schematic
The schematic of the simulated load modulated amplifier is found in Figure 4.18. A full
size schematic can be found in appendix B.

Figure 4.18 Schematic of the load modulated class E amplifier

C1 and C4 are DC blocking capacitors. Inductor L1 is a high frequency block, or RF
choke. TL1, OS1 and OS2 create an impedance transformation and input matching for the
gate.
The purpose of TL2 is to short out even harmonics in the gate waveform and hence keep
the driving waveform sinusoidal. Capacitor C2 is a RF short needed for TL2.
Inductor L2 resonates out a fraction of the output capacitance of transistor Q1. C3 gives
DC decoupling for L2. Care must be taken not to create a resonance of L2 and C3 in the
working band frequency.
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L3 and C4 create a relative high Q value resonator on the working frequency. The function
of this is to only let the fundamental tone through.
The tuning network is of T network with quarter wave type with only one tuning element.
The length of TL3 is adjusted to rotate the load impedance trajectory in the smith chart.
L6,C6 and L7 constitutes a fixed T network that transforms the impedance to the desired
characteristic system impedance.

4.3.2 Peak performance
This section presents the peak performance of the simulated Class E amplifier. These
performance figures are taken from simulations with fixed load conditions.
The peak performance values are presented in Table 4-3.
Output power

18.8 W at 77 % Drain efficiency

Drain efficiency

90 % at 4.8 W output power

Power added efficiency

84 % at 8.7 W output power

Table 4-3 Peak performance figures of class E amplifier

The drain waveforms of the amplifier is shown in Figure 4.19. The dashed current curve
is the external drain current and the solid line is the estimated intrinsic drain current.
From the figure it can be seen that the amplifier works in a class E mode.
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Figure 4.19 Class E amplifier drain waveforms

4.3.3 Load pull simulation
A load pull simulation of the class E amplifier is shown in Figure 4.20. The data for the
load pull simulation is presented in Table 4-4. In the same figure, the load impedance
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trajectory of the output network is also plotted as large dots. The network was designed as
indicated in section 3.7.

Figure 4.20 Class E load pull simulation with load impedance trajectory

Maximum delivered power

42.8

dBm

Maximum drain efficiency

90.48

%

Delivered power contours

3

dB / div

Drain efficiency contours

10

% / div

Table 4-4 Data for load pull contours of fig Figure 4.20

4.3.4 Amplifier performance
The performance of the load modulated class E amplifier is verifies by simulations using
the setup in Figure 4.18. The simulation method used is harmonic balance. For a quick
reference, the primary results are presented in Table 4-5.
Parameter

Value

Unit

Maximum output power

42.6

dBm

Dynamic range with drain efficiency > 60 %

15.3

dB

Total dynamic range

21

dB

Linear mean efficiency 18 dB dynamic range

74

%

W-CDMA weighted mean efficiency 18 dB dynamic range

80

%

Table 4-5 Performance of load modulated class E amplifier
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The output power and drain efficiency from simulations is presented in Figure 4.21.
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Figure 4.21 Output power and efficiency of class E amplifier

The voltages at the tuning element are presented in Figure 4.22.
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Figure 4.22 Tuning node voltages. ’○’ - Bias voltage ’□’ – RF voltage
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Figure 4.23 Power dissipation in tuning element

4.3.5 Conclusions
The target figure of dynamic range has been fulfilled for this type of amplifier.
As seen in Figure 4.20 the optimum load impedance trajectory of the class E amplifier
has a curved shape. A single tuning element network gives a load impedance trajectory
which also is curved. Matching these trajectories, a network with only one tuning element
can follow the optimum trajectory closely. This makes the class E amplifier is very
suitable to use with a single tuning element network.
The drawback of the class E amplifier is ts lower power capability CP. This makes the
maximum output power for a given transistor less than, for example, the class F
amplifier.
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4.4

Class D-1 amplifier

4.4.1 Amplifier schematic
The schematic of the simulated class D amplifier is presented in Figure 4.24. A full page
size schematic can be found in appendix C. The output power of this type of amplifier is
very hard to back off by reducing the input drive signal. Doing this, the amplifier tends to
deviate from the inverse class D working conditions. Hence, with no use of drive power
back off, the gate matching network in simulations has been replaced with source tuner
elements.

Figure 4.24 Class D amplifier schematic

C1 and C2 are DC decoupling capacitors for each amplifier drive transistor gate.
L1 and L2 supplies gate bias voltage. L3 and L4 supplies drain bias voltage. C3 and L5
constitutes a parallel resonator for harmonics termination.
The load modulation networks are placed in a balanced output configuration, with one Pi
type network for each transistor. Capacitors C6 and C7 provides DC decoupling for the
tuning elements Q3 and Q4. L8 and L9 provides a high impedance RF block for the bias
voltage input.
The balanced output is transformed by a balun to a single ended RF output.
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The tuning of the load modulation networks is done by applying a bias voltage on the
UCTRL1 input.

4.4.2 Peak performance
This section presents the peak performance of the simulated Class D amplifier. These
performance figures are taken from simulations with fixed load conditions.
The peak performance values are presented in Table 4-3. The output power level is set by
setting the load impedance.
Output power

32 W at 67 % Drain efficiency

Drain efficiency

93 % at 7.4 W output power

Table 4-6 Peak performance figures of class D amplifier

A reduction of output power gives the possibility to get 96% drain efficiency. At this
conditions the output power is only 5.6 W.
The drain waveforms can be seen in Figure 4.25, it is clear that the shape of the
waveforms reassemble the class D-1 waveforms. The solid line represents the estimated
intrinsic drain current and dashed line the external drain current.
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Drain waveforms
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Figure 4.25 Drain waveforms of class D amplifier

4.4.3 Amplifier performance
In this section the results of a load modulated inverse class D amplifier is shown. The
simulation setup is according to the schematic in section 4.4.1. The method of simulation
is harmonic balance. The primary simulation results are shown in Table 4-7.
Parameter

Value

Unit

Maximum output power

45

dBm

Dynamic range with drain efficiency > 60 %

14.8

dB

Total dynamic range

17.6

dB

Linear mean efficiency 18 dB dynamic range

66

%

W-CDMA weighted mean efficiency 18 dB dynamic range

73

%

Table 4-7 Primary simulation results for class D amplifier

Figure 4.26 presents the drain efficiency and output power for the load modulated inverse
class D amplifier. The controlling input variable is the capacitance of the tuning
capacitor. It can be seen that the efficiency is maintained at reasonably high level for
about 15 dB of dynamic range of output power.
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Figure 4.26 Output power and drain efficiency for Class D amplifier

The RF amplitude at the tuning node for the power sweep is shown in Figure 4.27. As
explained in chapter 3.4, the voltage is closely related to the output power and this can be
seen in the figure.
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Figure 4.27 Voltages at tuning node. ○’ - Bias voltage ’□’ – RF voltage

The power dissipated in the device and hence never reaching the output is presented in
Figure 4.28. This figure shows the power dissipated in one of the tuning devices. Thus,
the total power loss for the amplifier is twice of the in Figure 4.28.
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Power loss in tuning element
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Figure 4.28 Power dissipated in tuning element

4.4.4 Conclusions
The load modulated inverse class D amplifier fulfills the target figures set up in this work.
An even better performance could probably be obtained by using two tunable elements
per network.
A higher maximum power level was expected, about 47 dBm, but could not be realized
with maintained efficiency for high dynamic range. For power levels of over 45 dBm the
efficiency at power back off deteriorated severely.
One possible reason of lower than expected output power is the output capacitance of the
transistors. Since this capacitance is connected in a single ended way that is to ground,
while the output network is balanced, some power will be lost through this path to
ground. It is difficult to embed this capacitance into the output network.
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5 Discussion
It has been found in this work that load modulation of power amplifiers is a mean for
power back off with maintained efficiency, at least in a simulated environment. Using
commercial models of the amplifier transistor and the tuning element transistor should
count for the largest sources of power loss.
The results in this paper could probably be improved further by spending more time on
optimizations of the amplifiers and networks. Many questions have been raised while
writing this paper. Unfortunately, many of these questions have not been answered due to
the limited timeframe. Also, since this is a master’s thesis a lot of mistakes have been
made and most of them corrected.
The limiting factor for load modulation found in this work is the limitations of the tunable
capacitances. The maximum voltage rating is the most limiting factor. This is not so
strange since the voltage over these devices is an addition of the bias voltage and the RF
voltage. With the very nonlinear characteristic of the voltage to capacitance function
rather high bias voltages are necessary to obtain the dynamic range needed.
In this work, the main reason for using the transistors as tuning elements was the
availability of commercial transistor models. The varactor models available were more or
less untested. Still, the limitations of today’s varactor diodes regarding maximum voltage
are not in favor of using varactor diodes for high powers.
The ideal tuning element for load modulation would be a three terminal device having
isolation between the control signal and the capacitor terminals. This would give benefits
not only regarding voltage swing over the device. This would also be beneficial regarding
distortion of the RF signal since there would be isolation between the RF and the
mechanism controlling the capacitance.
Letting go of the idea of a ideal three terminal tuning device for now.
Next in the wish list is a varactor diode type device with a capacitance of voltage function
which is constant up to a point and then, preferably but not necessary, linearly decreasing.
Some work of this has been done in [7]. This would create a space for the RF amplitude
swing without loss of dynamic range of capacitance. Also, if the capacitance-voltage
function is linear, this would be beneficial from a distortion point of view.
Simplifying the demands on the device further gives a varactor diode with a capacitance
of voltage function as linear as possible.
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Still, as this thesis work has shown, load modulation using devices as described in this
paper can increase the efficiency of a power amplifier at backed off conditions, at least
regarding the output power.
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6 Future research
•

A very attractive looking tunable capacitance is the barium-strontium-titanate
tunable capacitance. This technique is built on materials were the relative
permittivity of the dielectric is a function of applied bias voltage. This could be
used for tunable capacitors, tunable quarter wave transformers etc.

•

Very interesting developments have been achieved on MEMS components.
Especially continuous tunable capacitor. These devices could be suitable for use
in dynamic load modulation networks.

•

The development of new semiconductor devices especially high voltage and
power varactor diodes could raise the power levels where dynamic load
modulation use.

•

A problem discovered in the line of this work is how to drive a switch mode
amplifier. In order to obtain hard switching of the amplifier transistor a certain
amount of drive power must be applied. This in turn reduces the power added
efficiency of the total amplifier, especially at low output power levels. More
research is needed on how to drive a switch mode amplifier in an efficient
manner.
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8 Appendix

Appendix A – Schematic of class F amplifier
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Appendix B – Schematic of class E amplifier
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Appendix C – Schematic of class D-1 amplifier
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Appendix D - General reduced conduction angle amplifier
The general equations for a reduced conduction angle amplifier is presented in this
section. The waveforms is shown in Figure 8.1. This theory is mainly found in [2] and is
presented in this paper as a foundation for the upcoming amplifier theory chapters.

Ids

Imax

Iq
0

-0.5

0

Vds

Vo

Vq
0

-1

0

1

2

3

θ rads/π

Figure 8.1 Waveforms of a reduced conduction angle amplifier.

The instantaneous RF current with conduction angle α is,

⎧
⎪⎪= I q + I pk cosθ
id (θ ) = ⎨
⎪= 0
⎪⎩

−

α
2

<θ <

α

2
a
α
− π < θ < − and − < θ < π
2
2

(8.1.1)

By inspection of Figure 8.1 equation (8.1.2) and (8.1.3) can be derived.

I pk = I max − I q

cos

α
2

=

Iq
I pk

Using equation(8.1.1), (8.1.2) and (8.1.3)gives the RF current as a function of the
conduction angle.
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(8.1.2)

(8.1.3)

α⎞
⎛
cos θ − cos ⎟
⎜
α
2⎠
1 − cos ⎝
2
I m ax

id (θ ) =

Integrating over one period and multiplying with

(8.1.4)

1
gives the mean current which is
2π

equal to the DC current.

1
I dc =
2π

α

2

∫
α

−

2

α⎞
⎛
⎜ cosθ − cos ⎟dθ
2⎠

I max

α
1 − cos ⎝

(8.1.5)

2

Using Fourier series expansion the magnitude of the n:th harmonic can be calculated.

In =

1

π

α

2

∫
α

−

2

α⎞
⎛
⎜ cosθ − cos ⎟ cosθ dθ
α
2⎠
1 − cos ⎝
2
I max

(8.1.6)

Thus, the DC and fundamental RF current is,

I dc

I
= max
2π

I1 =

2 sin

α
2

− α cos

1 − cos

α

α
2

(8.1.7)

2

I max α − sin α
2π 1 − cos α
2

(8.1.8)

With a proper load resistance the fundamental power in the load is

Vdc I1
2 2

(8.1.9)

Pdc = Vdc I dc

(8.1.10)

P1 =
The DC input power is calculated

The drain efficiency is then calculated as
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η=

P1
Pdc

(8.1.11)

For the class B amplifier the quiescent voltage Vq is set to 0, thus giving a quiescent
current I q
of zero. The conduction angle is set to π .

94

Appendix E - Class F amplifier
The output power can be increased, compared to the Class B amplifier , without affecting
DC voltage or current by adding small portions of harmonics to the drain voltage and
current waveforms. Ideally with an infinite number of harmonics the waveforms will tend
to those shown in Figure 8.2.

Figure 8.2 Ideal waveforms of Class F amplifier.

The current has an infinite number of even harmonics and the voltage an infinite number
of odd harmonics. In order to realize these waveforms a short circuit must be presented to
the even harmonics and open circuit presented to the odd harmonics.
No power is being dissipated at harmonic frequencies since at no harmonic current and
voltage is present simultaneously.
In reality it is difficult to realize an infinite number of harmonics to the waveforms, but a
large improvement in efficiency, compared with class B, is possible with only the first
few harmonics. Figure 8.3 shows the waveforms were the second to fifth harmonic have
been considered.
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Figure 8.3 Class F waveforms for fifth harmonic peaking.

The mathematical representation of the voltage waveforms is shown in (8.2.1).

Vds = Vdc + V0 sin(θ ) + V3 sin(θ ) + V5 sin(θ )
The waveforms maximum and minimum voltage occurs at θ =

θ=

(8.2.1)

π
2

and

3π
respectively. At these points the odd order derivatives are zero. In order to get a
2

maximum flat waveform with minimum voltage the even order derivatives must also be
zero.

d2
Vds = 0
dθ 2

(8.2.2)

d4
Vds = 0
dθ 4

(8.2.3)

Equation (8.2.2) and (8.2.3) gives (8.2.4) and (8.2.5) respectively

− V0 sin(θ ) − 9V3 sin(3θ ) − 25V5 sin(5θ ) = 0

(8.2.4)

V0 sin(θ ) + 81V3 sin(3θ ) − 625V5 sin(5θ ) = 0

(8.2.5)

The point of interest is θ =
(8.2.7).
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3π
, so, substituting in (8.2.4) and (8.2.5) gives (8.2.6) and
2

V0 − 9V3 + 25V5 = 0

(8.2.6)

− V0 + 81V3 − 625V5 = 0

(8.2.7)

To obtain the maximum voltage swing related to VDD

VDD − V0 + V3 − V5 = 0

(8.2.8)

Solving (8.2.6), (8.2.7) and (8.2.8) simultaneously gives

V0 =

75
Vdc
64

V3 =

25
Vdc
128

V5 =

3
Vdc
128

Thus, the maximum voltage is

vds ,max = Vdc + V 0 − V 3 + V 5 = 2Vdc

(8.2.9)

The current waveform is built up of the fundamental current and the second and forth
harmonic currents. (8.2.10) is the mathematical representation of the drain current.. The
current minimum occurs at θ =

π
2

.

I ds = − I 0 sin(θ ) − I 2 cos(2θ ) − I 4 cos(4θ )

(8.2.10)

For a maximally flat current waveform the odd order derivatives are zero but the even
order derivatives must also be zero. This gives

d2
I ds = 0
dθ 2

(8.2.11)

d4
I ds = 0
dθ 4

(8.2.12)
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Evaluation of (8.2.11) and (8.2.12) gives (8.2.13) and (8.2.14) respectively.

I 0 sin(θ ) + 4 I 2 cos(2θ ) + 16 I 4 cos(4θ ) = 0

(8.2.13)

− I 0 sin(θ ) − 16 I 2 cos(2θ ) − 256 I 4 cos(4θ ) = 0

(8.2.14)

For minimum current of θ =

π
2

in (8.2.13) and (8.2.14) substitution gives (8.2.15) and

(8.2.16).

I 0 − 4 I 2 + 16 I 4 = 0

(8.2.15)

I 0 + 16 I 2 − 256 I 4 = 0

(8.2.16)

In order to maximize the current swing the current must reach zero at its minimum,
giving

I dc − I 0 + I 2 − I 4 = 0
3π
The maximum current occurs when θ =
,and is calculated,
2

ids ,max = I dc + I 0 + I 2 − I 4 =

128
I dc
45

(8.2.17)

(8.2.18)

Solving (8.2.15), (8.2.16) and (8.2.17) simultaneously gives the coefficients of the
harmonic current components.

I0 =

64
I dc
45

I2 =

4
I dc
9

I4 =

1
I dc
45

With the voltage and current waveforms and amplitudes the output power and efficiency
can be calculated.
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The output power is

75
64
VDD
I dc
5
45
P0 = 64
= VDD I dc
6
2
2

(8.2.19)

5
VDD I dc
5
η= 6
= = 0.833
6
VDD I dc

(8.2.20)

The drain efficiency is

Using (8.2.9), (8.2.18),(8.2.19) in (8.2.21) gives the power output capability of the fifth
harmonic peaking class F amplifier. The value is calculated

CP =

P0
= 0.146
2Vdc I m ax

(8.2.21)
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Appendix F - Class E amplifier
The class E amplifier is very interesting in the sense that it makes use of the output
capacitance of the transistor. The simplified schematic of the class E amplifier is shown
in Figure 8.4.

Figure 8.4 Simplified class E amplifier schematic

The DC current is fed through a RF choke in a similar manner as most amplifiers.
The resonator on the output is assumed to have a high enough Q value to only let a pure
sinus waveform through.
When the transistor is in saturation all current will go through the transistor and the
capacitor voltage will be zero. With the transistor in cutoff initially all current goes into
the capacitor and the voltage over the same will increase. At some point the flywheel
effect of the resonator will start to discharge the capacitor and supply the current to the
load. The waveforms are shown in Figure 8.5.
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Figure 8.5 Waveforms of class F amplifier

An important feature of the class E amplifier is that at the time the transistor starts to
conduct the voltage over the capacitor has reached zero.
The following simplified analysis of the class E amplifier more or less follows the
analysis found in [2], but is presented in the paper for continuity of reading. For a more in
depth analysis of the class E amplifier the reader is referred to [3].
The current going into the parallel circuit with the transistor and capacitor is

i (θ ) = I out sin(θ ) + I dc

(8.3.1)

The peak current through the transistor is

I pk = I out + I dc

(8.3.2)

Thus, the voltage of the capacitor can be written as

vC (θ ) =

θ

1
i (θ )dθ
ωC 2π∫− βc

(8.3.3)

The maximum voltage over the capacitor occurs when θ = γ .

101

The zero crossings of the capacitor current β and γ are the solutions of

I dc + I out sin(θ ) = 0
or

sin( β , γ ) = −

I dc
I out

(8.3.4)

The DC current can be calculated by integrating the current during the time the transistor
is leading.

1
I dc =
2π

α

∫I

dc

+ I out sin(θ )dθ

(8.3.5)

β − 2π

After integration and some rearranging (8.3.5) becomes

I dc cosα − cos β
=
I out
α −β

(8.3.6)

Substitution of (8.3.6) into (8.3.4) yields a expression, see (8.3.7) relating α and β .

sin( β ) =

cos β − cosα
α −β

(8.3.7)

Defining the current offset factor as seen in (8.3.8) and considering (8.3.2) gives (8.3.9)
and (8.3.10).

ε=

I dc
= − sin β
I out

(8.3.8)

I pk
1
1+

(8.3.9)

I dc =

ε

I out =
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I pk
1+ ε

(8.3.10)

The capacitor voltage can now be calculated by using (8.3.3) and substituting

iC (θ ) = I dc + I out

α <θ < β
β − 2π < θ < α

=0
This gives
θ

1
vC (θ ) =
( I + I sin(θ ) ) dθ
ω C α∫ dc out

α <θ < β
α <θ < β

=0
Computing this integral gives

1
⎡ I (θ − α ) + I out ( cosα − cosθ ) ⎤⎦
ω C ⎣ dc
=0

vC (θ ) =

α <θ < β

(8.3.11)

α <θ < β

Using (8.3.11) with (8.3.9) and (8.3.10) the relation of α and β ,see (8.3.7), a
relation of transistor voltage versus peak current, transistor turnoff point and
frequency is established. The capacitor value can now be calculated by equating
the mean value of the capacitor current to the DC voltage.
β

Vdc =

1
vC dθ
2π α∫

(8.3.12)

Using (8.3.11) and computing the integral gives

Vdc =

1
2πω C

( I out cosα − I dcα )( β − α ) +

I dc 2
β − α 2 ) − I out ( sin β − sin α ) (8.3.13)
(
2

This expression can be simplified using (8.3.4) and (8.3.7) yielding
2πω C
1
Vdc = ( β − α )( cos β + cos α ) − sin β + sin α
2
I out

(8.3.14)

The voltage over the capacitor can be divided into two components. One
component that is in phase with the output current I out and one component in
quadrature with the same current.
The in phase component of the capacitor voltage
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Vci =

1

π

β

∫v

C

(θ )sin(θ )dθ

(8.3.15)

C

(θ )cos(θ )dθ

(8.3.16)

α

And the quadrature component

Vcq =

1

π

β

∫v

α

A nonzero quadrature component voltage shows that there is a phase angle
between the capacitor voltage and current I out through the resonator. This
indicates that a small reactance must be placed in the output network in addition
to the resonator. This is equivalent of a slight mistuning the resonant frequency.
The equation (8.3.15) yields

Vci =

1
( Idc ( sin β − sin α ) + cos b (α − β ) ) +
πω C
Iout ( cosα ( cosα + sin α ) − cos β ( cosα + sin β ) )

Simplifying and substituting the useful expressions (8.3.4) and (8.3.7) gives

πω C
I out

1
Vci = sin β ( ( β − α )( cos β + cosα ) − sin β + sin α )
2

(8.3.17)

Recognizing this expression is very similar to (8.3.14), gives
2πω C πω C 1
Vci
=
I out
I out sin β
This in turn yields

Vci
= 2sin β
Vdc

(8.3.18)

The output power Pout is, using (8.3.18),

Pout =

I out Vci
= I outVdc sin β
2 2

(8.3.19)

Then, the dc power into the amplifier

Pdc = Vdc I dc = I outVdc sin β
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(8.3.20)

The drain efficiency is then

η=

Pout
=1
Pdc

(8.3.21)

Power output capability is

CP =

P0
= 0.098
2Vdc I m ax
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Appendix G - Class D-1 amplifier
The amplifier class known as D-1 or inverse class D is a current mode push pull amplifier.
This amplifier also belongs to the family of switch mode amplifiers.
A simplified outline of the configuration can be seen in Figure 8.6. The RF output in
Figure 8.6 can be fitted with a balun to make the output single ended. The drain current
waveform of the class D amplifier is a square wave and the voltage a half sinus. The
square current shape is created by harmonic termination through a parallel resonator. The
RF inputs to the transistors Q1 and Q2 are driven 180° out of phase and thus creates the
push pull effect.
The harmonics of the current drain waveform can pass through the resonator with no
reactance. Since the resonator looks very high impedance to the fundamental frequency,
this is forced to go through the load.

Figure 8.6 Simplified Class D amplifier schematic

The waveforms are shown in Figure 8.7. The current i (θ ) is a square shaped current with
the amplitude of Idc. Since the harmonic tones goes through the resonator, only the
fundamental tone reaches the load. The amplitude of the fundamental tone can be found
by fourier decomposition.
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Figure 8.7 Waveforms of class D amplifier

The fourier series for a square wave is

s (ω ) =

4

∞

1
sin (ω n )
π n =1,3,5 n

∑

(8.4.1)

Thus, the fundamental current tone has an amplitude of I 0 =

4

π

I dc .

The voltage over the load is

V0 =

4

π

(8.4.2)

I dc R

Then, the mean value of voltage over one period must be Vdc, this gives

Vdc =

1
2π

π

4

0

π

∫

I dc R sin (θ )dθ =

4

π2

I dc R

(8.4.3)

From (8.4.3) it follows

I dc =

Vdcπ 2
4R

(8.4.4)

With the help of (8.4.4), (8.4.2) can now be simplified
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V0 =

4

π

I dc R =

4 Vdcπ 2
R = π Vdc
π 4R

(8.4.5)

The output power using (8.4.2) is
2

⎛ V0 ⎞
⎜
⎟
π 2Vdc 2
2⎠
P0 = ⎝
=
R
2R

(8.4.6)

The DC input power is

Pdc = Vdc I dc =

π 2Vdc 2
2R

Comparing this with the output power it is clear that the efficiency is unity see (8.4.7).

η=

P0
=1
Pdc

The power capability of the amplifier is

π 2Vdc 2

CP =
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P0
= 2 R = 0.32
id ,max vd ,max 2 I dcπ Vdc

(8.4.7)

