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Resumen 

Tradicionalmente, en el mundo de la amplificación de potencia de alta 
frecuencia, se han distinguido dos grandes familias de amplificadores de 
potencia, atendiendo al efecto de su utilización sobre las señales amplificadas por 
los mismos: lineales y no lineales. Los amplificadores lineales se han relacionado 
con las clases de amplificación A, B y AB generalmente poco eficaces en el 
aprovechamiento de la energía, mientras que los amplificadores no lineales se 
han asociado a clases de funcionamiento de alto rendimiento energético basadas 
(o no) en la conmutación: C, D, E, F y mixtas. Se debe precisar que estas 
definiciones son en si mismas excesivamente elementales. Así, por ejemplo, las 
exigencias de linealidad de ciertas señales de comunicaciones hacen que ni 
siquiera los amplificadores basados en clases de funcionamiento consideradas 
como lineales sirvan para la amplificación de señales con envolventes complejas, 
tanto de naturaleza analógica como digital, como por ejemplo las señales de 
difusión de televisión tanto en su vertiente analógica como digital. 

La extensión y el perfeccionamiento en el uso de las llamadas clases de 
amplificación de alto rendimiento basadas en conmutación (clases D, E, F y 
mixtas), junto con la explosión de las aplicaciones digitales de banda ancha, 
generalmente asociadas con envolventes complejas (no constantes), ha alentado 
mucho esfuerzo de investigación en electrónica de potencia y comunicaciones 
hacia el desarrollo de técnicas de linealización que permitan el uso de 
amplificadores de alto rendimiento, inherentemente muy alinéales, con señales 
de envolvente no constante. 

En electrónica de comunicaciones se han desarrollado varias técnicas para 
linealizar amplificadores de potencia: Back-Off, predistorsión, prealimentación, 
Doherty, Outphasing, Khan (EER, Envelope Elimination & Restoration), etc. Casi 
todas se han mostrado limitadas para proporcionar linealidad a amplificadores 
de alto rendimiento fuertemente alinéales en todo el margen dinámico de la señal 
amplificada. Solo la técnica EER (o técnica de Khan) ha resultado eficaz para 
linealizar amplificadores de alto rendimiento en clases caracterizadas por trabajar 
en conmutación y presentar una naturaleza muy alineal, además de conseguir 
dicho efecto en todo el margen dinámico de la señal amplificada, si bien a costa 
de un ancho de banda y niveles de intermodulación limitados. 

Las técnicas EER se basan en la utilización de un amplificador de alto 
rendimiento, muy alineal, junto con un amplificador de envolvente, también de 
alto rendimiento que proporciona la modulación de envolvente que el 
amplificador de alto rendimiento y alta frecuencia no puede reproducir. En 



esencia aprovechan el hecho de que una señal de banda estrecha queda bien 
definida conociendo su envolvente y su fase. 

Los principales inconvenientes técnicos que han impedido, hasta el momento, el 
uso masivo de las etapas de linealización EER se resumen seguidamente:  

 El retraso introducido por el amplificador de envolvente que causa una 
desincronización entre la fase y la envolvente de la señal amplificada y 
que resulta muy difícil de controlar sin la ayuda de técnicas de procesado 
digital de la señal. 

 El limitado ancho de banda de los convertidores continua-continua 
amplificadores de envolvente, resultado de la limitada velocidad de 
conmutación de los dispositivos activos semiconductores que los 
componen. 

 Los errores introducidos en el proceso de linealización especialmente por 
los detectores de envolvente, tanto mayores cuanto mas grande es el 
margen dinámico de la señal a amplificar. 

 La incapacidad de los amplificadores de alto rendimiento para trabajar a 
altas frecuencias y en banda ancha, causado en buena medida por las 
limitaciones impuestas por los dispositivos activos semiconductores en 
cuanto a tensión máxima, capacidades intrínsecas, tiempos de caída, 
resistencias de perdidas y los efectos parásitos introducidos por sus 
encapsulados que limitan tanto el grado de libertad de síntesis de redes 
de carga como la eficacia de los circuitos de excitación. 

El objetivo principal de la tesis es la investigación de una solución para el 
amplificador de envolvente. El rendimiento de esta fuente influirá en el 
rendimiento total del sistema, por lo que una especificación clave para la fuente 
sería alto rendimiento. Otros requisitos serán la tensión de salida que debería 
cambiar entre 0V y 24V y la potencia máxima de la carga estará entre 50 W y 100 
W. El rizado de la tensión de la salida deberá ser despreciable, en el rango de 
decenas de mV. Esta condición influye mucho y complica el diseño del filtro de la 
salida de la fuente conmutada. La fuente tiene que ser capaz seguir una señal de 
alta dinámica (la señal de la envolvente) y por eso es necesario que tenga gran 
ancho de banda.  

Para obtener gran ancho de banda del amplificador de envolvente es necesario 
utilizar alta frecuencia de conmutación y finalmente el rendimiento del 
amplificador de envolvente baja significativamente y es necesario buscar otras 
soluciones distintas de las convencionales. 



La idea principal de esta tesis es utilizar una solución de dos etapas donde se 
encadenan un convertidor conmutado con un regulador lineal. El regulador 
conmutado no funcionará en lazo abierto, para no disminuirle su ancho de 
banda, y el filtro de salida no tiene que ser muy complicado, porque el rizado del 
convertidor reductor no pasará a través del regulador lineal. 

El regulador lineal estará realimentado y su tarea será garantizar que la tensión 
en la salida es la misma que la tensión mandada por la señal de referencia. El 
rendimiento de la segunda etapa depende directamente de la diferencia de las 
tensiones en su entrada y salida. Cuanto menor sea la diferencia mayor será el 
rendimiento. Mantener esta diferencia pequeña será la tarea para el control 
dentro de las dos etapas.  

En esta tesis se proponen dos arquitecturas diferentes para implementar el 
convertidor multinivel. La primera arquitectura está basada en las celdas de 
tensión que se ponen en serie para que se puedan combinar las tensiones 
generadas por ellas. Dentro de esta arquitectura se pueden distinguir dos 
soluciones, dependiendo si las celdas de tensión pueden reproducir dos o tres 
niveles. Aplicando una celda de dos o tres niveles significa un cambio importante 
en la etapa que sirve para alimentar las celdas, porque el convertidor que 
alimenta una celda de tres niveles tiene que ser bidireccional. 

La segunda arquitectura consta de varias fuentes de tensión y un multiplexador 
analógico que tiene que seleccionar la fuente apropiada dependiendo del nivel de 
la envolvente que se reproduce. 

Un convertidor como el convertidor multinivel propuesto tendría un gran ancho 
de banda, porque la velocidad de su reacción depende sólo de la velocidad de los 
interruptores que apagan y encienden las celdas. 

Salvo la tarea de construcción del convertidor multinivel, otros temas de la tesis 
son tanto buscar topologías que tengan aislamiento, como buscar el número 
óptimo de niveles y como distribuir estos niveles para maximizar el rendimiento 
del convertidor en total. 

Finalmente, el último tema de la tesis es la integración del amplificador de 
envolvente con un amplificador de clase E para demostrar las ventajas de la 
técnica de EER. 

Las principales aportaciones de la tesis doctoral se resumen a continuación  

 Se ha propuesto una nueva solución para el amplificador de envolvente. 
La solución consta de un convertidor multinivel con un regulador lineal 



en serie. De esta manera se mantiene alto ancho de banda y alta linealidad 
del regulador lineal, pero se mejor su rendimiento.  

 En la tesis se proponen dos arquitecturas diferentes para la 
implementación del convertidor multinivel. La primera arquitectura esta 
basada en las celdas de tensión que se pueden combinar para obtener 
varios niveles de tensión. La segunda arquitectura consta de fuentes 
independientes que se combinan con multiplexador analógico. 

 Un método de optimización para mejorar el rendimiento total del sistema 
está propuesto en la tesis. Utilizando este método es posible decidir 
cuanto niveles es necesario generar con el convertidor multinivel y como 
hay que distribuirlos. 

 La integración de un prototipo del amplificador de envolvente con un 
amplificador de clase E es la última aportación de la tesis. Durante este 
proceso se ha hecho un amplificador de EER completo y se han medido 
sus prestaciones.  

Como conclusión global del trabajo de investigación realizado cabe destacar que 
la presente tesis ha dado lugar a la creación y consolidación de una línea de 
investigación en el grupo de electrónica de potencia del Centro de Electrónica 
Industrial. 



Abstract 

Traditionally, in the solutions for the high frequency power amplifiers there can 
be distinguished two different families of power amplifiers: linear and nonlinear. 
The linear power amplifiers are the amplifiers from classes A, B or AB and they 
are known as highly linear, but inefficient solutions. On the other hand, the 
nonlinear power amplifiers have high power efficiency and their output is a 
sinusoidal signal with constant envelope. They are based on the idea to use 
transistors as switches instead as a current source. In that way the power losses 
of the devices are lower and these amplifiers are presented with classes C, D, E 
and F.  

In order to increase the spectral efficiency the modern telecommunication 
systems use complex modulations that are based on multicarrier signals and 
result in complex envelopes that require high linearity. These envelopes have 
high peak to average power ratio and the linear power amplifiers, due to this 
signal property, have extremely low efficiency. Because of the low efficiency of 
the linear solutions there has been a lot of research with the idea to extend the 
area of application of highly efficient non linear classes. This topic became 
important especially with the fast development of the digital wide bandwidth 
applications where the non constant envelope signals are applied and the 
necessary linearity of the power amplifier is very high. 

Until now, there have been used various techniques in order to increase the 
linearity: Back-Off, predistortion, Doherty, Outphasing, Khan’s technique, etc. 
Almost all of these techniques have not been able to provide high linearity and 
high efficiency in the complete range of the transmitted signal. Only the Kahn’s 
technique has showed that it is capable to linearize highly non linear power 
amplifier (for example class E) and to provide relatively high efficiency.  

This technique is based in the use of one highly efficienct, but non linear power 
amplifier that is used for the phase modulation, together with an envelope 
amplifier that has to have high efficiency and provide envelope modulation by 
modulating the voltage supply of the non linear power amplifier. Basically, this 
technique exploits the fact that any narrow band signal can be correctly defined 
by knowing its envelope and phase. 

Although the Kahn’s technique is very well known from the 50’s of the last 
century there have been various issues that have stopped this technique to be 
massively exploited. The short summary of these problems follows: 



 The time delay produced by the envelope amplifier that produces 
asynchronism with the phase modulation. The synchronization between 
the envelope and phase modulation is of crucial importance for the 
overall linearity of the transmitter implemented by using Kahn’s 
technique. Due to this the time delay in the envelope modulation has to 
be properly compensated in the phase modulation 

 The limited bandwidth of the dc-dc converters that are normally 
employed as the solution for the envelope amplifier. 

 The errors that are produced by the envelope detector that is used in 
order to extract the envelope reference. These errors become more 
important as the active range of the signal is bigger. 

 The impossibility for the semiconductor devices to operate at high 
frequencies and wide bandwidths due to the technology limits that are 
reflected as the maximal voltages, parasitic capacities, rise and fall times 
of the devices and parasitic effects of the package where the transistors 
are placed. 

The main objective of the thesis is the research of one possible solution for the 
envelope amplifier. The efficiency of this power supply has influence on the 
overall efficiency of the transmitter and the most important specification is the 
high efficiency of the solution. Other specifications are regarding the output 
voltage and the output power of the envelope amplifier. The envelope has to 
vary between 0 V and 24 V, while the peak output power ranges between 50 W 
and 100 W. The voltage ripple should be as small as possible, not higher than 
tens of mV. The last specification regarding the voltage ripple complicates the 
design of the output filter in the case that the switching converter is used as the 
envelope amplifier. The envelope amplifier has to generate envelopes with high 
dynamics and, therefore, the solution for the envelope amplifier has to exhibit 
high bandwidth. 

In the case of the desired application it is necessary to use very high switching 
frequency in order to obtain a wide bandwidth envelope amplifier and that 
eventually leads to the low efficiency and another approach, different from the 
conventional solutions, has to be made. 

The basic idea that is researched in this thesis is to use a two-stage solution that 
consists of switching converter in series with a linear regulator as a possible 
solution for the envelope amplifier. The switching converter supplies the wide 
bandwidth linear regulator in the way that its output voltage roughly follows the 
desired envelope and the voltage drop on the pass element of the linear regulator 



is minimal. In that way the envelope amplifier will have high linearity thanks to 
the linear regulator, but significantly higher efficiency than in the case when the 
linear regulator is supplied by a constant voltage. The switching converter 
operates in open loop and its output filter does not have to be very complicate 
because the linear regulator will eliminate all the noise and voltage ripple that 
comes from the switching converter. The linear regulator has a voltage loop and 
its task is to generate the envelope proportional to the envelope reference.  

The proposed solution for the first stage (the switching converter) is a multilevel 
converter that can be implemented in several ways. In this thesis two different 
architectures for the multilevel converter have been proposed. 

The first architecture is based on independent voltage cells that can be put in 
series in order to combine theirs output voltage. Depending how the voltage cells 
are implemented, there can be distinguished two solutions: two-level and three-
level cells. Employing one or another type of cell means great impact on the stage 
that is used to supply the voltage cells. In the case of three-level voltage cells this 
stage has to be bidirectional. 

The second architecture that is proposed is based on independent voltage sources 
and an analog multiplexer. The analog multiplexer has to select the appropriate 
voltage source depending on the level of the reproduced envelope signal. 

Except the construction of the multilevel converter, the topic of the thesis is to 
find the most appropriate solution for the envelope amplifier and the find the 
optimal number of voltage levels and their optimal distribution in order to 
maximize the envelope amplifier’s efficiency. 

Finally, the last topic of the thesis is the integration of the implemented envelope 
amplifier with a class E amplifier in order to show the advantage of the Kahn’s 
technique over linear solutions. 

The most important contributions of the thesis are as follows: 

 A novel solution for the envelope amplifier has been proposed. The 
solution is based on a two-stage solution that is composed of a multilevel 
converter in series with a linear regulator.  

 In the thesis two different architectures for the multilevel converter have 
been proposed. The first architecture is based on independent voltage 
cells that can be stacked, while the second one is based on the 
independent voltage sources combined via an analog multiplexer. 

 An optimization process in order to select the optimal number of voltage 
levels and its distribution has been proposed.  



 The integration of one envelope amplifier’s prototype with a class E 
amplifier. During the work on this thesis, a Kahn’s transmitter has been 
made and different tests have been done in order to characterize it 
regarding its efficiency and linearity. 

As the conclusion of the conducted research work it has to be said that this thesis 
created a new research line in the research group of the Centro de Electronica 
Industrial.  
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1. Introduction 

1.1. Necessity for highly linear and highly efficient Power 
Amplifiers 

In the modern world of today, the demand for broadband and wireless services 
is growing on a daily basis. One of the direct consequences of this development 
is certainly the growth of the networks that have to provide these services and 
one of the problems is their energy consumption. Some estimation showed that a 
1% of planet’s global energy consumption in 2007 was made by 
telecommunication industry [Roy08]. In [Pierre06] is explained that the 
efficiency of the first generation 3G radio base stations is just a few percent, and 
that the efficiency of the employed power amplifiers is just 6%. One of the 
reasons for such a poor efficiency is the efficiency of the linear Power Amplifiers 
(PA) that are employed in order to transmit the signal.  

Due to the ultra fast development of communication technologies and their 
functionalities (data, voice and video transmitting), the bandwidth has become 
of crucial importance. In order to increase the spectral efficiency, modern radio 
techniques use methods such as CDMA (Code Division Multiple Access), 
WCDMA (Wide Code Division Multiple Access), or EDGE (Enhanced Data rate 
for GSM Evolution) that use time variable envelopes. Due to the instantaneous 
envelope and phase modulation these systems require linear PA (class A, B or 
AB). Unfortunately, although they offer high linearity, these PA suffer from low 
efficiency. For example, a class B amplifier has efficiency of π/4, but only in the 
case when it amplifies a sine wave of the maximal amplitude, without envelope 
modulation. Figure 1 shows the efficiency of class A and class B amplifiers 
depending on the amplitude of the amplified sine wave. 

The power conversion efficiency of linear Radio Frequency PA (RF PA) is 
limited to less than 25% for signals with high envelope variations [Lopez08]. For 
example, WCDMA signals have a very high peak-to-average ratio, between 9 dB 
and 11 dB, and it is necessary that the RF PA amplifies both high and low 
amplitude signals. In order to obtain a sufficiently high level of linearity, a 
technique known as back-off is used [Lopez08].  
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Figure 1. Efficiency of class A and class B amplifiers for different values of amplitude of 

the amplified sine wave 

When the back-off is applied, the linear RF PA is supplied by voltage much 
higher than the signal’s maximal amplitude. However, this leads to deteriorated 
efficiency of the transmitter. Poor system efficiency means significant power that 
is wasted and higher cooling requirements, bigger volume of devices and, in the 
case that they were battery operated much shorter autonomy. Having in mind 
that for the battery operated devices theirs autonomy is crucial, the problem of 
low efficient RF PA gains on its importance. 

There are a lot of techniques that are used in order to enhance the efficiency and 
linearity of RF PA (some of them will be explained in the next section), but two 
of them have often been exploited lately. The first is Envelope Tracking (ET) and 
it is based on idea to vary dynamically the power supply in order to minimize 
losses in a linear RF PA depending on the currently transmitted signal 
[Wang04]. Figure 2 shows the basic idea of ET technique. 

 
Figure 2. Block diagram of Power Amplifier based on Envelope Tracking 
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The other technique is called Kahn’s Technique or Envelope Elimination and 
Restoration (EER) Technique [Oshima05]. Quite similar to ET, the power supply 
is varied dynamically in the same way, but this time the load is not a linear PA, 
but a non-linear PA. In this way, the RF PA works as a time domain multiplier, 
where the envelope modulation is injected to the non-linear PA. Figure 3 
presents a block diagram of this technique. 

 
Figure 3. Block diagram of Kahn’s technique 

The efficiency benefits of ET are obvious, because the linear PA is supplied with 
“just enough” voltage. On the other side, the efficiency of EER technique lies in 
the employed non-linear PAs (class E, D, F) that have high efficiency 
(theoretically 100%) and its high efficiency power supply. Non-linear PAs are 
based on the idea of employing a transistor as a switching device, not as a 
current source, and in the way that the power losses on the transistor are very 
low, comparing them with the case when it works as a current source in linear 
classes.  

Having in mind that the main objective for the work in this thesis is the 
enhancement of efficiency of PA, it is useful to understand what benefits (in the 
terms of power) can be expected by increasing the efficiency of the system. 
Figure 4 shows the normalized dissipated power versus efficiency of the system. 
It can be calculated as in the following equation: 

1          (1) 
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Figure 4. Normalized Dissipated Power depending on the efficiency of the system 

It can be seen that if the system’s efficiency is 20%, for each transmitted watt, it is 
necessary to dissipate 4 W. In another words, if the output power is 100 W, the 
input power is 500 W and the system has to be able to dissipate 400 W. 
However, by increasing the efficiency from 20% to 40%, the total input power 
would decrease to 250 W, and the dissipated power to 150 W. This would mean 
that the necesary heatsink could be more than twice smaller, or in the case of 
mobile device the battery life would be two times longer.  

Therefore, by enhancing the efficiency of the system the overall size and weight 
is decreased, the battery autonomy of mobile devices is longer, the needed 
energy for the same functionality is significantly lower and the system has lower 
carbon footprint [E4U09]. 

This thesis discusses a design of a novel solution for a power supply that can be 
used as a dynamic power supply to be applied for ET and EER techniques. Three 
different solutions of the same concept have been implemented and 
characterized. The achieved bandwidth of the power supply is up to 2 MHz and 
it corresponds to the bandwidth of the envelope signal used for Video Digital 
Broadcasting. The efficiency measurements first have been conducted with the 
simple resistive load and, later, with a class E amplifier that operates in the VHF 
band and exhibits very wide fractional bandwidth (from 95 MHz to 120 MHz). 
The thesis presents measurements of efficiency and linearity of the implemented 
EER transmitter as well.  
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1.2. Thesis organization 

Following the introductory chapter which briefly describes the motivation for 
the work, five more chapters provide details of the background and contribution 
as follows: 

 Chapter 2 – This chapter provides the basic definitions used throughout 

the thesis and gives a background of different solutions for PA and 

methods that are used in order to enhance the linearity of RF PAs. In this 

context the EER technique is briefly presented and explained and it is 

explained the purpose of the envelope amplifier in the systems based on 

this technique. 

 Chapter 3 – This chapter discusses in detail the envelope amplifier, 

which is the main topic of this thesis, and shows state of the art solutions 

that had been implemented prior to the solutions implemented in this 

thesis. 

 Chapter 4 – The proposed solution for the envelope amplifier based on a 

multilevel converter and linear regulator is explained in detail. Two 

architectures for the multilevel converter are proposed and discussed. A 

method used for the optimization of the overall efficiency is presented 

and experimental results obtained with three different prototypes while 

reproducing a 2 MHz envelope are shown. 

 Chapter 5 – The experimental results obtained by integrating the 

proposed envelope amplifier and class E amplifier are presented in this 

chapter. The linearity of the implemented EER PA has been measured by 

using two-tone signals and the efficiency of the PA has been measured in 

the case of simple AM and more complicated 64QAM signal with high 

PAPR. 

 Chapter 6 - This chapter highlights the contributions of the presented 

work and discusses future work. 
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Chapter 2  

Background  
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2. Background 

2.1. Basic properties of Power Amplifiers 

When it is needed to amplify electric signals, it is usually done in several stages. 
Normally, there are three stages of amplification, Figure 5. The first stage is the 
preamplifier stage and it precedes another amplifier stages in order to prepare 
an electric signal for further amplification or processing. It can be used in order 
to adjust impedances between the device that send the electric signal and the 
second stage. The second stage is used for amplification of the electric signal, 
and the last stage is power amplification. The last stage receives as a reference 
the output of the second stage and usually reproduces the same signal, but 
providing much more power. The second stage cannot provide high power to 
the load, because it would lead to distortion of the output signal due to 
saturation of the output transistors in this stage. 

 
Figure 5. Simplified block diagram of a signal amplifier 

Power amplifiers (PA) can use different techniques in order to amplify the 
output power and most of them employ techniques beyond simple linear 
amplification. In radio applications the load of the last amplification stage is 
usually an antenna used for the transmission of the signal. In these systems the 
last stage (power amplifier) can be carried out by using several PAs and 
auxiliary circuits such as signal generators, frequency converters, modulators, 
signal processors etc. All these circuits are denominated as the transmitter. 

No matter how PA is realized, it always has to satisfy two conditions: high 
linearity and high efficiency. The need for high linearity is one of the principal 
drivers in the design of the modern power amplifiers due to the modern 
modulation techniques that include both amplitude and phase modulation 
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[Raab02]. Due to the nonlinearities that are always present in PA, the amplified 
signal is distorted which results in changed spectrum (comparing it with the 
spectrum of the reference signal). The changed spectrum usually produces 
splattering into adjacent channels and errors in detection. There can be defined 
two types of nonlinearities: amplitude and phase nonlinearities. Amplitude 
nonlinearity can be observed when the output’s signal amplitude or envelope 
differs from the reference received by PA. These changes usually are result of 
saturated transistors inside the used PA or due to variable gain of the amplifier. 
The second kind of nonlinearity can be described as unwanted phase 
modulation. It happens when reference’s amplitude produces phase shift of the 
output signal, therefore it is usually referred as amplitude-to-phase conversion 
and it is often related with voltage dependent capacitors inside the transistors 
that are used in PA. Both nonlinearities can be mathematically described as 
follows: 

2 cos 2    (2) 

where fc is the carrier frequency, Am(t) is the desired amplitude modulation, φ(t) 
is the desired phase modulation, and fAM-AM and AM-PM are non-desired 
modulations due to amplitude-amplitude and amplitude-phase conversions. 

In order to characterize and quantify the linearity of one PA, it is measured and 
specified by various techniques depending upon the specific signal and 
application [Raabetal03]. The most common techniques are: 

 carrier-to-intermodulation ratio (C/I ratio), 

 Noise-Power Ratio (NPR), 

 Adjacent Channel Power Ratio and Error Vector Magnitude (EVM). 

The linearity measurements based on C/I ratio are probably the most 
traditional. The PA is driven with two or more tones (sine waves, carriers) of 
equal amplitudes. Due to the nonlinearities, the spectral content of the output 
signal have additional spectral components at frequencies corresponding to 
sums and differences of multiples of the carrier frequencies. The amplitude of 
the third order or the maximal intermodulation distortion (IMD) product is 
compared to that of the carriers to obtain the C/I ratio. As it can be presumed, 
the frequency spacing between the two tones is crucial and the measured C/I 
ratio depend on this difference.  
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Noise-Power Ratio (NPR) is a traditional method of measuring the linearity of 
PAs for broadband and noise-like signals. Noise in a communication system is 
essentially Intermodulation Noise, Atmospheric Noise and Thermal Noise. 
Intermodulation Noise is caused by nonlinearities in a receiver or transmitter. 
The PA is driven with Gaussian white noise in order to simulate the presence of 
many carriers of random amplitudes and phases. The white noise is first passed 
through a band-pass filter and then through a filter with a notch in one segment 
of its spectrum. The amplification produces IMD products, which cause power 
to appear in the notch. The power of the output signal is observed in the notch 
and NPR is calculated as the ratio of the notch power to the total signal power.  

Adjacent Channel Power Ratio (ACPR) characterizes how the nonlinearity 
affects adjacent channels and is widely used with modern shaped-pulse digital 
signals such as CDMA. ACPR represents the ratio between the total power of the 
adjacent channel (signal produced by the amplifiers nonlinearities) to the power 
of the main channel (useful power). This method can be represented 
mathematically as: 

3                      (3) 

where fc is the center frequency, BW is the bandwidth, f0 is the offset and fL and 
fU are the band edges. The ACPR can be specified for either lower or upper 
sideband.  

Error Vector Magnitude (EVM) is a convenient measure of how nonlinearities 
interfere with the detection process. EVM is defined as the distance between the 
desired and actual signal vectors, normalized to a fraction of the signal 
amplitude.  

Due to its simplicity, the linearity of the transmitter that is implemented in this 
thesis is measured by using C/I ratio. 

2.2. Transmitter Architectures 

In a transmitter there is a variety of circuits that are used with PAs. These 
circuits include oscillators, mixers, low-level amplifiers, combiners etc. The 
architecture of transmitter implies the way in which those circuits are arranged 
with the power amplifier. The most common transmitter architecture is based on 



 

31 

linear PAs and power combiners. More recently, transmitters are being based 
upon a variety of different architectures including stage bypassing, outphasing 
and Doherty Kahn’s technique and Envelope tracking. In the following 
paragraphs, these techniques will be described briefly.  

2.2.1 Linear techniques 

Linear techniques are the simplest method to amplify the signal. Usually several 
power amplifiers are put in a chain. The power gain of each stage is in the range 
of 6-20 dB [Raab02]. When the transmitted signal is amplitude modulated, it is 
necessary that each stage has a sufficient level of linearity. Due to the demand 
for high linearity, normally class A amplifiers are employed with power back-
off. Unfortunately, this leads to low efficiency of these linear amplifiers. The 
final amplifier in the chain is usually a class B amplifier, because the final 
amplifier has to provide all the demanded power to the load and it has better 
efficiency than a class A amplifier in power back-off.  

2.2.2 Stage switching and bypassing 

In this technique there are two or more linear power amplifiers that are used 
depending on the output’s signal level. The size of the transistors, bias current 
and supply voltage are determined by the peak output of the power amplifier. 
Direct consequence of this is that a PA designed for lower peak power produces 
low-amplitude signals with higher efficiency than a PA designed for a larger 
peak output. The efficiency is boosted by switching between large and small 
amplifiers depending on the level of the amplified signal. A simplified schematic 
of this technique is represented in Figure 6.  

When the transmitted signal has low level (low-power operation), the switches 
SA and SB connect the drive signal directly to the load. In contrary, in high-power 
operation, the switch SA leads the driver signal to the power amplifier with a 
high peak output and switch SB connects the output of this amplifier to the load. 
In order to save additional power, the high peak output amplifier is supplied 
only when it is active and for this purpose it is necessary to insert an additional 
switch SC, between the supply voltage and the final amplifier.  
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Figure 6.  Stage Bypassing architecture 

This technique is quite similar to the selection of different supply voltages in a 
class-G PA. Figure 7 shows the simplified schematic of a class-G PA.  

 
Figure 7.  Simplified schematic of class-G Power Amplifier 

One of the problems of the stage bypassing architecture is the energy loss 
present in the switches that are used. In order to resolve it, a technique known as 
adaptive gate switching is employed. A PA with adaptive gate switching is 
shown in Figure 8. The basic idea is that the MOSFETs have different gate width 
and, in that way they can manage different output power. The upper MOSFET 
in Figure 8 is usually designed to have, approximately, ten times wider gate than 
the lower one. The gate bias for the high-power MOSFET keeps it turned off 
unless it is needed to support a high-power output. Thanks to this, the bias drain 
current is reduced to low levels until it is needed. The inconvenient of this 
technique is the variable impedance of the source and the load as the high-
power MOSFET is turned on and off.  
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Figure 8.  Adaptive gate switching 

2.2.3 Outphasing 

This technique was invented in the 1930s as a solution to obtain a high-quality 
amplitude modulated signal by employing vacuum tubes with poor linearity. 
The principle of work will be explained using the schematic in Figure 9.  

 
Figure 9. Transmitter based on outphasing technique 

In Figure 9 there are two PAs, that are driven with different time-varying 
phases. The envelope signal is first led through an inverse sine block, and two 
phase delays are generated. One is positive, φm, and the other is negative, -φm. 
These phase delays are combined with local oscillator and the result of that is 
sent to the power amplifiers. The output of the first PA is: 

4 V1(t)=Vddcos(wt+φm)    (4) 

And of the second: 
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5 V2(t)=Vddcos(wt-φm)    (5) 

These two voltages are subtracted using the transformer, so that the output 
voltage is proportional to sin(φm)cos(wt)=Ecos(wt). 

Unfortunately, both PAs deliver full power all the time and the efficiency of such 
a transmitter varies with the output power. Its average efficiency is inversely 
proportional to PAPR. In order to maximize the efficiency of this architecture, a 
Chireix-outphasing transmitter where shunt reactances are used is proposed in 
[Chireix35]. The principle of work of this architecture is out of the scope of this 
thesis. 

2.2.4 Doherty technique 

In the classical Doherty architecture, two PAs are combined via quarter length 
transmission lines. The simplified schematic of the system is shown in Figure 10. 

 
Figure 10. Transmitter based on Doherty technique 

In the system there can be distinguished two PA, the main PA (carrier) and the 
auxiliary PA (peaking). The main idea is to activate the auxiliary amplifier only 
when the output power reaches certain level.  

When the system is in a low power region, only the main amplifier is active, 
while the auxiliary one is shut down, either by removal of its drive signal or by a 
suitable alteration of its bias level. It is necessary to ensure that the main 
amplifier saturates at a level well below the desired PEP. While the signal level is 
below the transition point, only the main PA operates. In the case of two-stage 
Doherty amplifiers, the transition point is at half of the maximal output voltage 
and at this point the main PA operates at its maximal efficiency. 
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For voltage levels higher than the transition point, the main PA remains 
saturated, while the auxiliary PA starts to operate as a current source. Within the 
region between the transition point and full PEP, the efficiency of the main PA 
remains constant, at its maximum, while the efficiency of the auxiliary PA 
changes from half of its maximal value (at the transition point) to its maximum 
(at its rated PEP). When both PA operates at their PEP, the complete system 
operates at full PEP. Therefore, the maximal efficiency of Doherty amplifier is at 
transition point or at full PEP. Figure 11 shows the efficiency of a two-stage 
Doherty amplifier depending on the position of the transition point in the case 
when ideal class B amplifier is employed. 

 
Figure 11. Efficiency of two-stage Doherty amplifier in the case when the transition point 

is one half and one third of the maximal output voltage. The efficiency of ideal class B 
amplifier is given as well in order to demonstrate the advantage of Doherty technique 

2.2.5 Kahn’s technique 

The Kahn’s technique is also known as Envelope Elimination and Restoration 
Technique (EER). This technique was proposed by Kahn in the early 50’s of the 
last century. However, due to the very strict demands about time delays, it has 
not been possible to implement it until the recent years. This technique combines 
highly efficient nonlinear RF PA (class C, D, E or class F RF PAs) with a highly 
efficient envelope amplifier in order to obtain linear RF PA with high efficiency. 
The idea is based on the principle that any narrow-band signal can be 
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represented as simultaneous envelope and phase modulations. The 
mathematical representation is shown in the following equations: 

cos 2 sin 2  

6 cos 2                                               (6) 

7 θ t                             (7) 

where f is the carrier frequency, Q(t) and I(t) are the modulated signals. 

In Figure 12 a Kahn’s technique transmitter is shown and there can be 
distinguished two main parts: t he first part serves for the implementation of the 
envelope modulation done through the envelope amplifier, while the second one 
is used for phase modulation.  

 
Figure 12. RF transmitter based on Kahn’s technique 

As it can be seen, the total efficiency of the transmitter based on the Kahn’s 
technique is, approximately, the efficiency of the envelope amplifier multiplied 
by the efficiency of the nonlinear RF PA. Therefore, it can be concluded that a 
Kahn-technique transmitter can achieve high efficiency over a wide range of the 
output power, which is not the case when a linear PA is used. The average 
efficiency of a transmitter that employs this technique is three to five times 
higher than the efficiency of the linear amplifiers that are normally used 
[Raab98]. 

The linearity of the transmitters based upon the EER technique depends upon 
the modulator rather than the RF-power transistor and this leads to very high 
linearity of the system. The two most important factors that influence the 
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linearity in this technique are the bandwidth of the envelope amplifier and the 
time alignment of the envelope and phase modulation. The analysis done in 
[Kenington00] shows that the envelope bandwidth must be at least twice the RF 
bandwidth and the misalignment between the two modulations should not 
exceed one tenth of the inverse of the RF bandwidth. 

Regarding the envelope amplifier, there are several properties that must be 
satisfied, such as: 

o High linearity 

o High efficiency 

o Very fast dynamic response 

o Minimal interference with the spectrum of the transmitter’s output signal 

There are numerous state of the art solutions that are mostly based on 
employing dc-dc converters, and a short summary of these solutions will be 
presented in the next chapter. In this summary, each solution will be evaluated 
according to the before mentioned properties that it must fulfill. 

2.2.6 Envelope Tracking (ET) 

This technique is quite similar to the Kahn’s technique. The supply voltage of the 
transmitter is varied dynamically, according to the signal’s envelope, but with 
certain excess in order to allow the RF PA to operate in a linear mode. The 
envelope and phase modulation are done through the linear RF PA, and the 
supply voltage is varied just to save the energy. Therefore, the linearity of such a 
like transmitter is completely dependent on the employed RF PA.  

As in the case of the Kahn’s technique, the solutions for the power supply that 
can vary its output voltage are similar, but the main difference is that the power 
supply for envelope tracking is not as crucial as in Kahn’s technique and its 
tracking precision and speed do not need to be so precise and high as in EER. If 
the RF PA is implemented as a class A amplifier, its bias current can also be 
varied.  

The efficiency of the transmitter that uses this technique is significantly better 
than in the case of a linear RF PA that is supplied from a constant power supply, 
but, nevertheless, still lower than the efficiency of the Kahn’s technique 
transmitter. Figure 13 presents the instantaneous efficiency of the RF PA 
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depending on which technique is used (EER, ET or constant supply). In the case 
of a class B amplifier and a linear amplifier that employs ET, it is assumed that 
the minimal voltage drop on the power transistor is 15% of the maximal supply 
voltage. The efficiency of a transmitter that uses EER technique is estimated as 
the product of the efficiencies of a class E amplifier and a switching converter 
that acts as the envelope amplifier. Its efficiency can be flat for a wide range of 
output power.  

 
Figure 13. Instantaneous efficiency of RF PA depending on which type of PA is used 

2.3. Linearization 

In order to improve the linearity of transmitters and to allow more efficient, but 
less linear methods of operation, three basic types of linearization can be 
distinguished: 

o Feedback 

o Feedforward 

o Predistortion 

2.3.1 Feedback linearization 

Feedback methods tend to linearize the transmitter by forcing the output to 
follow the reference/input signal and in that way be proportional to it. There 
can be distinguished several types of feedback techniques depending on how the 
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feedback is applied. The feedback can be applied to the RF amplifier (RF 
feedback), or just to the modulation (envelope, phase or I and Q feedback). In the 
following paragraphs, each technique will be briefly described.  

2.3.1.1 RF Feedback 

This type of feedback is quite traditional and it can be found in other systems 
besides RF transmitters as well. The feedback is implemented by returning a 
portion of RF output signal and subtracting it from amplifier’s input. Figure 14 
presents a scheme of possible RF feedback. In order to guarantee the stability of 
the system, the delays that are inserted by the feedback circuit must be 
negligible. The second problem is the power consumption of the feedback 
network. Due to these limitations, the use of RF feedback is limited to HF and 
lower VHF bands [Raabetal203]. 

 
Figure 14. RF feedback applied to a complete transmitter 

2.3.1.2 Envelope feedback 

Envelope feedback is applied to reduce distortion of the output signal caused 
by the amplitude nonlinearities. If the dynamics of the complete RF signal is 
compared to the dynamics of the envelope part, it can be concluded that the 
envelope’s dynamics is significantly slower and, therefore, the hard demands 
about delays in RF feedback are avoided. This type of feedback can be applied to 
either a complete transmitter or a single amplifier. Both solutions are presented 
in Figure 15 and Figure 16, respectively. In both solutions the output’s envelope 
is sampled and the difference is whether the sampled envelope is returned to the 
input of the transmitter or to the input of the used PA. The envelope at the 
output will be linearized depending on the loop gain of the feedback process. 

 



Wide Bandwidth High Efficiency Power Converter for RF Amplifiers 

40 

It is important to emphasize that this type of the feedback helps just to 
linearize the transmitter in the presence of AM-AM distortion. Since AM-PM 
cannot be corrected by the envelope feedback, no improvements in the linearity 
of the transmitter are observed if the phase distortion is the dominant 
nonlinearity. [Raabetal203]. 

 
Figure 15. Envelope feedback applied to a complete transmitter 

 
Figure 16. Envelope feedback applied to an RF power amplifier 

2.3.1.3 Polar-Loop Feedback 

In order to solve the problem of phase nonlinearity this feedback method 
adds an additional phase lock loop, as it is shown in Figure 17. The envelope and 
phase feedback loops operate independently. The main disadvantage of this 
feedback type is the different bandwidths for each feedback. While the 
bandwidth of the envelope loop must be at least twice the RF bandwidth, the 
phase loop must have bandwidth at least ten times the RF bandwidth [Raab02]. 
Therefore, as a result of this feedback, different improvements of AM-AM and 
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AM-PM nonlinearities occurs that lead to poor overall performance 
[Raabetal203]. 

 
Figure 17. Block diagram of a polar-loop transmitter 

2.3.1.4 Cartesian Feedback 

The problem of the wide bandwidth demanded by the phase loop can be 
overcome by applying the feedback directly to the I and Q Cartesian 
components [Raabetal203]. Nowadays, I and Q components are the natural 
outputs of a modern DSP, and this type of loop is widely used in mobile radio 
systems. Figure 18 shows a block diagram of a Cartesian loop transmitter. The 
sampled output is quadrature-down converted and the feedback signal is sent as 
the second input to the differential integrators. The outputs of the integrators are 
used as the error signal that is up-converted and used to drive the PA. As it can 
be seen the feedback loops are identical for both components I and Q and act 
independently from each other. The phase shifter shown together with the up-
converter is used to align the phases of the up- and down- conversion in order to 
optimize the phase margin of the system [Raabetal203]. 
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Figure 18. Cartesian-loop transmitter configuration 

2.3.1.5 Linearization by Feedforward techniques 

In some high bandwidth applications (from 10 to 100 MHz) the feedback 
techniques are impractical, and it is necessary to use feedforward techniques in 
order to enhance the linearity of the transmitter. In Figure 19 the basic form of 
feedforward technique is presented. The transmitter is composed of two 
amplifiers: the main and error amplifiers. There are also directional couplers, 
delay lines and loop control networks [Kenington00]. The main amplifier is a 
high power amplifier and its output signal is a mixture of the desired signal and 
the distortion. The error amplifier, on the other hand, is a highly linear low 
power amplifier. The input signal is split in two paths: one path goes towards 
the main amplifier and the other towards the delay network. The output of the 
delay network is regarded as distortion free and it is subtracted from the output 
of the main amplifier. In that way, at the input of the error amplifier there is only 
the information about the distortion of the main amplifier. The output of the 
error amplifier is then subtracted from the delayed output of the main amplifier 
and, in the ideal case, the result should be a distortion less signal.  

+
-

+
-
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The precision of this method primarily depends on the precise signal 
cancelation over the band of frequencies. For a 30dB cancellation depth, the 
amplitudes must be matched within 0.22dB and the phases within 1.2º [Raab02]. 
The second problem is the efficiency of the process itself. The outputs of the 
main and error amplifiers are combined by a directional coupler. The task of this 
coupler is to isolate the amplifiers from each other and to provide resistive input 
impedances. Due to this, 90% of the power transmitted by the main amplifier 
reaches the load at the output, while in the case of the error amplifier only 10% 
of its power that can reach the load. Therefore, in order to cancel the distortion 
produced by the main amplifier, the error amplifier has to produce nine times 
the power of the distortion of the main amplifier. If we add to all this the 
information about a high PAPR signal that the error amplifier has to process, it 
can be easily concluded that the error amplifier is significantly less efficient than 
the main amplifier. The power consumed by the error amplifier can reach one 
third of the power managed by the main amplifier [Raabetal203], and in order to 
improve the linearity even more, sometimes one or both amplifiers should work 
in back-off. Consequently, the overall efficiency of this technique can be only 
between 10% and 15% for typical multicarrier signals. 

Another inconvenient of this technique is that it is an open loop process, and 
its sensitivity to transmitter’s characteristics over time, temperature and signal 
level is very high, what leads to increased distortion of the output.  

 
Figure 19. Block diagram of a feed-forward transmitter in its basic form 
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2.3.2 Predistortion 

The concept of predistortion is based on the idea that a nonlinear element 
prior to the PA is inserted in the system. Its transfer characteristics combined 
with the transfer characteristics of the employed PA should result in linear 
function, as it is shown in Figure 20. This method is valid only for the nonlinear 
systems without memory.  

 
Figure 20. Block diagram of predistortion concept and amlitude correction by predistortion 

Usually the distortion due to the third order term is the dominant one, and 
normally by eliminating it from the output the linearity of the system can be 
increased significantly. The nonlinearity of the third order term can be 
reproduced by using the compressive function of a diode. A simplified 
schematic of an RF predistorter is presented in Figure 21. The third order 
nonlinearity is generated in the lower path and subtracted from the signal in the 
upper path. This process can be presented mathematically in the following way. 
In Figure 21 there can be distinguished two paths for the input signal, the linear 
path and the compressive path. The linear path can be described as: 

8          (8) 

While the compressive path is described as: 

9       (9) 

By subtracting these two signals, the input to the non-linear amplifier is 

10       (10) 
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By regulating the coefficient a1, a2 and b, the level of overall distortion can be 
regulated.  

 
Figure 21. Block schematic of an RF predistorter 

This method can be implemented in a DSP as well, using the great processing 
power available in today’s processors. The two most common types of digital 
predistorters are named “mapping predistorters” and “constant gain 
predistorter”. Both of the predistorters are shown in Figure 22 and Figure 23, 
respectively. The difference between them is the lookup table that is used. A 
constant gain predistorter uses one dimensional look up table, indexed by the 
signal envelope to generate the expansive predistortion characteristics 
[Raabetal203], while the second one uses two lookup tables; one for the I 
component and the other one for the Q component of the signal. The constant 
gain predistorter needs a small amount of memory, comparing it to the mapping 
predistorter, but the second one is able to offer much better performance. 
Additionally, depending on the number of lookup tables the rate of convergence 
is different and inversely proportional to its size. Therefore, there is a tradeoff 
between storage space, convergence time and performance of the predistorter. 
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Figure 22. Block schematic of a mapping predistorter 

 
Figure 23. Figure 18 Block schematic of constant gain predistorter 
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2.4. Conclusions 

Due to the high variety of applications frequencies from VLF range (3 kHz to 30 
kHz) to millimeter waves are used. The output power varies as well, from 10 
mW for short-range unlicensed wireless system to 1 MW in long-range 
broadcast transmitters. Almost every possible modulation technique is used. 
Having in mind all these differences, there is no single PA or transmitter 
architecture that suits for all the applications. What is interesting is that many 
techniques were discovered years ago (Chireix technique is form the ‘30s and 
Kahn’s technique form the ‘50s of the 20th century), but due to recent progress in 
signal processing and control, they have started to gain on importance once 
again.  

From the point of view of the approach to the efficiency problem the Kahn’s 
technique and ET promise the highest theoretical efficiency. In both techniques, 
the tracking power supply is of crucial importance. In this thesis, a solution for 
the envelope amplifier that can be used in ER and EER is presented and 
explained in detail. Later it is integrated with a class E amplifier in order to build 
a Kahn’s PA. Different tests have been conducted in order to characterize it 
regarding its efficiency and linearity. The linearity of the implemented PA is 
measured by using two tone signals and C/I ratio due to its simplicity. 
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Chapter 3 

Envelope Amplifier 
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3. Envelope Amplifier 

3.1. Possible solutions for the envelope amplifier 

As it has been aforementioned, the envelope amplifier should have fast dynamic 
response, high efficiency and minimal interference with the output spectrum of 
the transmitter. Having these specifications in mind there can be found several 
solutions in the state of the art depending on the simplicity, bandwidth and 
efficiency of the envelope amplifier.  

3.1.1 Linear regulator 

Linear regulator is the simplest one, and it is applied when the main concern is 
to provide a simple voltage supply modulation and low cost solution. Usually, 
when a linear regulator is applied, the efficiency of the envelope amplifier is not 
of primary concern. The main idea is to use a transistor as a voltage controlled 
voltage drop in order to control the output voltage, as it is shown in Figure 24.  

 
Figure 24. Linear regulator dynamic supply 

Unfortunately, its main disadvantage is the low efficiency, because its ideal 
instantaneous efficiency is equal to: 

11              (11) 

However, with this solution it is possible to achieve high bandwidth and high 
linearity of the envelope amplifier. Due to the high linearity of the linear 
regulator, the interference with the output spectrum of the transmitter is low 
and, additionally, it filters high frequency noise that can enter through the 
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voltage supply. Due to its simplicity, fast linear regulator with small die areas 
can be easily integrated. In [Hazucha05] a 1 A linear regulator in 90 nm CMOS 
technology and over 100 MHz bandwidth is reported. In [Sowlati04, Reynaert05] 
a linear regulator is implemented as the solution for the envelope amplifier and 
integrated with the rest of the RF transmitter. In both applications, the necessary 
bandwidth of the envelope amplifier is in the MHz range and the output power 
is very low, between 0.5 W and 2.2W. In the case of [Reynaert05] it is said that 
the linear regulator is supplied by 3.3 V and that the average value of the 
envelope is 1.9 V. Based on this information, the average efficiency of the 
envelope amplifier for the applied EDGE modulation can be estimated at 57.5% 

3.1.2 Switching dc-dc converter 

To achieve high efficiency it is necessary to use a voltage regulator based on 
switching dc-dc converter. These regulators use transistors as switches in order 
to convert the input voltage to different voltage levels. By controlling the 
fraction of time when the switch is turned on (duty cycle) it is possible to change 
the level of the output voltage. The two most used topologies are the buck and 
the boost converters, that decrease and increase the input voltage, respectively. 
In the applications when it is necessary to be able to increase and decrease 
voltages with only one converter it is possible to use a buck-boost converter. 
Several basic dc-dc converter topologies are presented in Figure 25.  

 
Figure 25. Basic topologies of dc-dc switching converters 

Whatever topology is selected, there are always two parts that always can be 
distinguished. The first is the switching network and the second is the low-pass 
output filter. The bandwidth of the converter, the ripple of the output voltage 
and the converter’s efficiency depend on the selection of the switching frequency 
and the design of the low pass filter. Unfortunately, some of the requirements 
are contradictory, for example in order to achieve high bandwidth it is necessary 
to apply high switching frequency and it leads to high switching losses, 
decreasing the converter’s efficiency. Another possibility would be to move its 
corner frequency to higher frequencies, but it would lead to high voltage and 



 

53 

current ripple. Therefore, if a switching converter is opted for the envelope 
amplifier it is necessary to design it applying a trade-off in the way that it has 
sufficient bandwidth and high average efficiency. Normally, the bandwidth of 
the switching converter can be estimated as one fifth of the switching frequency 
in the case of a buck converter. If a boost or buck-boost converters are used the 
bandwidth is even less, due to the right half plane zero that is present in these 
topologies. 

Another important issue is the additional spectral components that are 
introduced by the switching converter. By modulating the value of the duty 
cycle it is possible to reproduce the desired envelope, but the spectral content of 
the converter output voltage has additional spectral component around the 
converter’s switching frequency and its multiples.  

When the converter has been designed, it is good to know the converter’s closed 
loop frequency characteristics. In Figure 26 a typical Bode plot of the transfer 
function (from the duty cycle to the output voltage) of a buck converter is 
shown. The block diagram of a switching converter with closed control loop is 
shown in Figure 27. By good design of the compensator it is possible to achieve a 
bandwidth of the system higher than the corner frequency of the converter, but 
only for small signals. In the case of the envelope amplifier the duty cycle has to 
be able to make excursions from its minimum (zero) to its maximum (one). If the 
reference frequency is higher than the corner frequency, at the output of the 
compensator the desired signal is higher than one, in order to compensate the 
attenuation of the converter’s characteristics. However, the duty cycle cannot be 
higher than one, and the output signal of the compensator will be saturated to 
this value. In this way, we can see that the bandwidth of the envelope amplifier 
implemented by a switching converter is limited by the corner frequency of the 
converter.  

As a consequence, the corner frequency of the open loop frequency response 
should be higher than the maximal spectral component in the transmitted 
envelope in order to guarantee that all the spectral components of the envelope 
will be reproduced with the same gain. Beyond the corner frequency the gain of 
the converter starts to fall and, therefore, the corner frequency of the converter 
can be considered as the bandwidth of the converter. The switching frequency 
should be much higher than the corner frequency in order to suppress all the 
additional harmonics in the spectrum that are present due to the switching. 
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Figure 26. Typical frequency response of a switching converter (transfer function from the 

duty cycle to the output voltage) 

 
Figure 27. Block diagram of switching converter with close control loop 

The low pass filter is usually designed as a simple two-pole LC filter. However, 
in [Hoyerby08], a double LC filter is proposed in order to enhance the 
attenuation of the additional spectral components and to decrease the voltage 
ripple of the output voltage. In [Marco06] it is shown that more complicated 
filters can be used in order to satisfy the levels of attenuation of the output filter 
and that the switching frequency necessary to apply the switching frequency has 
to be at least 5 times higher than the bandwidth of the reproduced envelope. In 
[Raab98] the switching frequency is even 20 times higher than the bandwidth of 
the envelope. A switching frequency of 3.3 MHz is used in order to reproduce a 
150 kHz sine wave. 

In the state of the art there can be found many examples where a simple buck 
converter can be used as the envelope amplifier. The envelope bandwidth differs 
a lot, from 12 kHz [Yousefzadeh04] up to 2 MHz [Vasic09], and in that way the 
switching frequency as well from 200 kHz [Yousefzadeh06] to 130 MHz 
[Pinon08]. The output power varies as well. The output power of these envelope 
amplifiers goes form tens of mW [Wang06, Abedinpour03] up to several 
hundreds of watts [Hoyerby08]. 

Reference
ConverterCompensator

Feedback

Outputduty cycle
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Solutions that employ high switching frequencies are normally integrated, 
because in [Eberle08] it is demonstrated that parasitic elements, especially 
parasitic inductances in the MOSFET terminals, have huge impact on converter’s 
overall efficiency. By integrating the converter, these parasitic inductances are 
significantly reduced, and it is possible to use high switching frequencies. One 
problem of this approach is that the output power of the converter is usually 
low, due to the size of the implemented MOSFETs and the maximal current they 
can withstand. Therefore, one common property for all the solutions is that high 
bandwidth/high switching frequency prototypes are used for low power 
applications and vice versa.  

A simplified schematic of one possible EER PA, where the envelope amplifier is 
made as a buck converter and non-linear amplifier is a class E amplifier, is 
shown in Figure 28. 

 
Figure 28. PA based on EER technique. The envelope amplifier is a buck converter, while 

the non linear PA is a class E amplifier 

In [Rodriguez09] a multiple input buck converter is presented as one possible 
solution for the envelope amplifier. The implemented envelope amplifier can 
provide up to 100W and reproduce 100 kHz sine wave. 
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3.1.3 Multiphase switching dc-dc converter 

In order to maximize overall efficiency and minimize ripple of the output 
voltage several converters can be interleaved like it is shown in Figure 29. 
Interleaving can lead to higher overall efficiency and small voltage ripple 
[Garcia06, Waffler09]. By interleaving several buck converters and governing 
them in a time shifted way it is possible to achieve ripple cancelation and, in that 
way, reduce the inductance and capacitance of the output filter which, 
additionally, leads to good dynamic properties of the converter. In [Soto04] an 
envelope amplifier implemented by interleaving four buck converters was 
presented. The presented enveloper amplifier can provide up to 240 W of 
instantaneous power with efficiency of 95%, while the bandwidth is around 30 
kHz. One of the disadvantages of this technique is the possibility of unbalanced 
current sharing among the phases and that the control becomes more complex 
with higher number of phases. Although the dynamic of the interleaved 
converters is better than the dynamic of the single one, the bandwidth of 
interleaved converters does not increase linearly with the number of applied 
levels [Zhang06], and for wide bandwidth envelopes it is still necessary to apply 
high switching frequency. 

 
Figure 29. Simplified Schematic of a multiphase switching converter 
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3.1.4 Switching dc-dc converter in parallel with linear regulator 

In order to combine the good bandwidth characteristics of linear regulator and 
the high efficiency of switching converters a solution based on parallelized linear 
regulator with a switching converter is sometimes employed. In this way, the 
slow dynamics that suffer switching converters is compensated by the parallel 
linear regulator. A simplified schematic is shown in Figure 30. The main role of 
the linear regulator is just to give sufficient current in order to avoid distortion of 
the output signal, while most of the energy is processed through the switching 
converter. Some examples of this solution can be found in [Wang06, Wang07]. In 
[Yousefzadeh05, Yousefzadeh062], an optimization procedure is presented for 
this architecture. The idea is that each part of the envelope amplifier should 
reproduce certain part of the envelope’s spectrum. By analyzing the spectrum of 
the envelope signal, it can be concluded that the major part of the envelope’s 
energy lies in the region of low frequency components that can be easily and 
efficiently reproduced by a switching power converter. The non efficient linear 
regulator does not have to handle a big portion of the envelope’s energy, its task 
is just to reproduce the part of the spectrum that is necessary in order to obtain 
the correct envelope. If the transmitted signal is known, it can be found an 
optimal frequency for band separation where the efficiency of the envelope 
amplifier is maximal. In this way, it is possible to obtain high linearity, high 
efficiency and high bandwidth, but one of the problems is the separation of the 
spectrum. The envelope reference has to be separated in two references, as it is 
shown in Figure 30, through the low-pass and the high-pass filters, and later, 
when the linear regulator and switching converter reproduce their references, 
these voltages have to be summed. The processes of band separation and 
summation must be done correctly in order to maintain high level properties of 
the envelope amplifier implemented in this way.  
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Figure 30. Block diagram of envelope amplifier using a switching converter in parallel with 

a linear regulator (linear assisted switching amplifier) 

A simplified schematic of an envelope amplifier implemented using a buck 
converter in parallel with a linear regulator is shown in Figure 31. 

 
Figure 31. Envelope amplifier implemented using a buck converter in parallel with a linear 

regulator 
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3.2. Conclusions 

In Table I a short summary of possible solutions for the envelope amplifier is 
shown and the information from the state of the art about the output powers, 
switching frequencies and envelope amplifier’s efficiencies is presented as well.  

Figure 32 shows the position of the implemented prototypes in the state of the 
art, having in mind the bandwidth of the solution and the output power. 
Looking the graph it can be seen that the wide bandwidth and high output 
power are very difficult to be satisfied. Usually it is only high power or only 
wide bandwidth. 

Table I  Short summary of possible solutions for the envelope amplifier 

Reference Solution 
Envelope Amplifier’s 

Bandwidth 
Output power Efficiency 

[Sowlati04] Linear regulator 1.8 MHz 2.2 W  

[Reynaert05] Linear regulator 1 MHz 
Peak power 05W 

Average power o.24W 
Average efficiency 

57.5% 

[Hoyerby06] 
Buck converter 
(fSW=700 kHz) 

50 kHz Peak power 360 W 80% - 92% 

[Raab98] 
Buck converter 
(fSW=3.3 MHz) 

150 kHz Peak power 7 W 80% - 90% 

[Pinon08] 
Buck converter 
(fSW=130 MHz) 

15 MHz Peak power 2 W Peak efficiency 83% 

[Hanington99] 
Boost converter 
(fSW=10 MHz) 

10 MHz 0.2 W – 1 W 65% - 74% 

[Midya04] 
Buck-boost  

(fSW=1.68 MHz) 
300 kHz Peak power 8W 70% - 90% 

[Soto04] 
Multiphase buck 
converter, four 

phases (fSW=200kHz) 
30 kHz Peak power 240 W Peak efficiency 95% 

[Wang05] 

Linear regulator in 
parallel with a buck 

converter 
(fSW=25 MHz) 

Approximately 
5 MHz 

Approximately 
 200 mW 

 

[Wang06] 

Linear regulator in 
parallel with a buck 

converter 
(fSW=5-7 MHz) 

20MHz 
Peak power 778 mW 
Average power 140 

mW 

Average efficiency 
60% 

[Blanken08] 

Linear regulator in 
parallel with a buck 

converter 
(fSW=5 MHz – 10 

MHz) 

50 MHz Peak power 3.2 W 
Average efficiency 

79% 
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Figure 32. The map of the state of the art, regarding the bandwidth of the envelope 

amplifier and its output power 
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Chapter 4 
Proposed Solution  
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4. Proposed Solution 

4.1. Basic idea 

As it has been earlier explained, the envelope amplifier used in Kahn’s 
transmitter has to modulate the supply voltage of a nonlinear power amplifier 
and, in that way, provide the needed amplitude modulation. Additionally, the 
efficiency of the Kahn’s transmitter can be roughly estimated as a product of the 
envelope amplifier’s efficiency and the nonlinear amplifier’s efficiency and, 
having this information in mind, the envelope amplifier has to provide: 

o High efficiency 

o Wide bandwidth 

o Possibility to change its output voltage in wide range (from zero to the 

maximal value) 

o High linearity and small spectral interference with the spectrum of the 

transmitter’s output 

In order to fulfill the last three demands, the simplest solution would be a linear 
regulator, but its main limitation is its low efficiency, especially when the 
envelope of the transmitted signal has a high PAPR. In order to improve the 
efficiency of the linear regulator, it can be supplied by a modulated voltage, 
which is modulated in the same way as the envelope of the transmitted signal. 
The basic idea of the solution proposed in this thesis can be seen in Figure 33. 

 
Figure 33. Supply and output voltage of linear amplifier in the proposed solution of 

envelope amplifier 
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As long as the modulated supply voltage is higher than the expected output 
voltage, the linear regulator operates correctly. Naturally, depending on the 
transistor that is used as the regulator’s pass element, the minimal difference 
between supply and output voltage will vary. In the case of an ideal linear 
regulator, the minimal voltage difference is assumed to be zero volts.  

The losses of the linear regulator depend on the voltage drop on the employed 
pass element and the load current, and can be calculated as follows: 

12 _ _          (12) 

Depending on the type of load, whether it is a current source or a resistance, the 
losses of the linear regulator will differ. Figure 34 shows how the power losses of 
a linear regulator depend on the output voltage in the case when it is supplied 
by a constant and by a modulated voltage and the load is a current source. In the 
case of the modulated voltage supply, it is assumed that the voltage difference 
between the output voltage and supply voltage is constant.  

 
Figure 34. Dependency of the power losses in a linear regulator on its output voltage when 

the load is a constant current source  

When the load is a resistance, the power losses depend on the output voltage as 
it is presented in Figure 35.  

For both types of loads, average power losses of the linear regulator can be 
significantly decreased by using the modulated voltage supply for the linear 
regulator. 
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Figure 35. Dependency of the power losses in a linear regulator on its output voltage when 

the load is a resistance  

In any further consideration of the load for the envelope amplifier, it will be 
assumed that it is purely resistive, because the non-linear class E amplifier used 
as the actual load of the envelope amplifier behaves as a resistance [Raab77]. 

By modulating the power supply of the linear regulator its efficiency is 
increased. However, in order to obtain high overall efficiency of the envelope 
amplifier it is necessary to modulate the power supply by using a high 
efficiency, dc-dc switching converter. The proposed solution, composed of two 
stages, can be seen in Figure 36. As it can be seen, both stages should receive the 
same reference signal, but the output voltage feedback should be applied only 
for the linear regulator. The dc-dc switching converter will operate in open loop 
and the tight regulation of the output voltage will be done by the linear 
regulator. The main role of the switching converter is to provide the supply 
voltage to the linear regulator, which, in other hand, has to manage all the 
regulation of the output voltage. The supply voltage of the linear regulator has 
to be always higher than the expected output voltage in order to guarantee the 
correct work of the linear regulator but, at the same time, the difference between 
these two voltages should be as close as possible in order to minimize the power 
losses of the linear regulator. Therefore, it can be said that the efficiency of the 
complete system will depend only on the efficiency and precision of the used dc-
dc converter. 
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Figure 36. Block diagram of the proposed system 

By using the architecture proposed in this thesis, it is possible to take advantage 
of all the good characteristics of the linear regulator (high bandwidth, high 
linearity, etc.) and to obtain significantly higher efficiency comparing it with the 
solution when the linear regulator is supplied by a constant voltage. 
Additionally, the need for the complicated output filter design is avoided 
because most of the switching noise that comes from the switching converter 
will be filtered by the linear regulator and the feedback loop that is used can be 
very simple. 

Thanks to the linear regulator that is employed as a post regulator, the output 
voltage will not have any voltage ripple, which is always present if only a 
switching dc-dc converter is used. In some applications for the envelope 
amplifier, the specifications for the voltage ripple, and not the desired 
bandwidth, lead to the necessity of very high switching frequency [Hoyerby08]. 

The main disadvantage of this architecture is that it is composed of two stages, 
and in order to obtain high efficiency of the envelope amplifier, it is necessary 
that the efficiency of both stages should be as high as possible. The efficiency of 
the linear amplifier will depend on the regulating precision of the dc-dc 
switching converter, and in order to obtain good precision for the linear 
regulator’s input voltage the switching converter should operate at the 
switching frequency that is at least 5 times higher than the desired bandwidth of 
the envelope amplifier’s output voltage [Marco06]. If the requested bandwidth is 
2 MHz, the switching frequency should be 10 MHz. At such a high switching 
frequency the efficiency of conventional converters (buck, boost, buck-boost etc) 
drops heavily due to high switching losses. 
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4.2. Implementation of the idea by applying a multilevel 
converter 

In order to decrease the switching losses in the converter that supplies the linear 
regulator another approach must be made. The linear regulator’s input voltage 
does not have to be exactly its output voltage plus desired voltage drop. Its 
input voltage could be a rough approximation of the desired output voltage. 
This approximated voltage will not influence on the operation of the linear 
regulator as long as it is higher than the desired output voltage.  

The easiest way to approximate the input voltage is to discretize it. This could be 
done easily by employing a multilevel converter as the power supply for the 
linear regulator. The proposed topology, a multilevel converter in series with a 
linear regulator, as a solution for the envelope amplifier is one of the original 
contributions of this thesis. Figure 37 presents time waveforms of the envelope 
amplifier that consists of a multilevel converter in series with a linear regulator.  

 
Figure 37. Time diagrams of the proposed envelope amplifier 

As the number of discrete voltage levels is higher, the supply voltage is closer to 
the desired envelope, and the efficiency of the linear regulator is higher as well. 
Unfortunately, a high number of voltage levels could lead to very complex 
designs and even decrease the overall efficiency (as it will be shown later). 
Therefore, it is necessary to select a proper number of voltage levels in order to 
maximize overall efficiency and to have a relatively simple design.  



Wide Bandwidth High Efficiency Power Converter for RF Amplifiers 

68 

In the following section several implementations of the multilevel converter will 
be proposed. However, no matter which solution is applied, the control of its 
output voltage can be implemented in the same way. The output voltage of the 
multilevel converter should be controlled depending on the level of the envelope 
reference. As the output voltage has discrete values that depend on the envelope 
reference, the easiest way to implement it is by employing a set of comparators 
that will generate control signals. Figure 38 shows a set of comparators that 
produce the control signals for the multilevel converter by comparing the 
envelope reference with different voltage references. 

Trigger 1

Trigger 2

Trigger n

Envelope reference

V

V

V

ref_1

ref_n

ref_2

 
Figure 38. Comparators that are used to produce control signals for the multilevel 

converter 

4.3. Possible solutions for the multilevel converter 

Multilevel converters are usually employed as a solution for dc-ac converters 
(inverters) [Xu01, Pan06]. The goal of these converters is to generate a sine wave 
like voltage applying discrete voltage levels. Some loads, like the electric motors 
for examples, behave as a low pass filter and, therefore, the staircase 
approximation of the sine wave is filtered by the load itself. On the other hand, 
sometimes it is necessary to design a low pass filter and introduce it between the 
multilevel converter and the load. 

The majority of the multilevel solutions are based on flying capacitors and in the 
fact that the reproduced signal is always a sine wave [Pan06]. In the case that the 
signal to be synthesized is defined by its probability distribution, the time that 
the signal spends in certain level interval cannot be distinguished exactly, as in 
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the case of a sine wave. These time intervals are easy to determine for 
deterministic signals (like a sine wave). However, two nondeterministic signals 
with same probability density can have different time behavior and it is difficult 
to estimate the time intervals the signal spends at each level. This is very 
important because in most of the solutions based on flying capacitors these 
capacitors are approximately equally charged and discharged during one period 
of a sine wave, and, in that way, the voltage levels that are used are roughly 
equal. In the case of a nondeterministic signal this equilibrium cannot be 
guaranteed. A 5-level multilevel converter based on flying capacitors [Lai9x] is 
shown in Figure 39.  

 
Figure 39. Simplified schematic of five level voltage source converter based on flying 

capacitors 

Some voltage levels are possible to be obtained with several combinations of 
switches. For example, VDC/4 can be obtained by three different combinations: 

o S1, S5, S6, S7  

o S4, S6, S7, S8  

o S3, S5, S7, S8  

In order to balance the capacitor charge and discharge it is necessary to use two 
switch combinations in one or several fundamental cycles. Nevertheless, if the 
period of the signal is not known, it is very complicated to apply a correct 
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combination of switches in order to maintain the desired voltage levels. A 
similar problem can be noticed when this type of converter is used as an inverter 
and the load is reactive, not only resistive.  

Therefore, the multilevel solutions that will be used in the implementation of the 
multilevel converter for the envelope amplifier should be based on other 
principles. In this thesis, we present two possible ways to implement a 
multilevel converter needed to provide the modulated power supply for the 
linear regulator.  

The first solution is based on independent voltage cells. Voltage cells are small 
switching networks that are supplied by a constant voltage. By applying the 
appropriate combination of switches, the output of the switching cell can be 
equal to zero, to the cell’s supply voltage or its inverted value.  

The second solution is based on combining several different independent 
voltage sources and an analog multiplexer. The multiplexer has to select the 
appropriate voltage source depending on the value of the reference signal. 
Therefore the number of voltage levels produced by this multilevel converter is 
equal to the number of employed voltage sources. 

These solutions can guarantee that the desired voltage levels will be stable and, 
even more, in this way it is possible to have certain level of freedom to select the 
voltage levels of the multilevel converter in order to increase the efficiency of the 
system, as it will be shown later.  

In the following paragraphs, several implementations of the multilevel solutions 
will be explained in more detail. 

4.3.1 Multilevel converter based on independent voltage cells 
(Architecture one) 

In this solution it is proposed to use independent voltage cells that are put in 
series and the output voltage is obtained as a combination of its voltages. Figure 
40 shows a simplified diagram of this implementation. These cells can be 
implemented to give just positive and zero voltage (two-level cell), or to produce 
positive, negative and zero voltage (three-level cell), Figure 41. When the cell is 
turned on it provides a constant voltage, and when it is turned off it gives zero. 
The multilevel solution based on the independent voltage cells will be referred 
to as architecture one. The proposed architecture (stacked voltage cells) and its 
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implementation (two and three level cells) with a linear regulator in order to 
obtain the wide bandwidth envelope amplifier is an original contribution of this 
thesis. 

Therefore, the output of this converter can be represented as: 

13 ∑     (13)      

where, the N is the total number of cells, ai takes the value of (-1, 0, 1) and Vi is 
the supply voltage of the ith cell.  

 
Figure 40. Multilevel converter made of stacked voltage cells 

  
Figure 41. Voltage cells that could be used as a solution to implement a multilevel 

converter 
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In [Gong06] a multilevel converter based on three-level cell was implemented in 
order to supply a linear regulator. However, the scope of that application was 
totally different, and the requested bandwidth (20 kHz) and power range 
(1.2kW) differ as well. 

The voltage sources that are used to supply the independent voltage cells can be 
obtained as outputs of independent dc-dc converters or as outputs of a single 
input multiple output converter. Figure 42 shows the solution for the multilevel 
converter with two-level cells when the voltage cells are supplied by several dc-
dc converters, while Figure 43 presents a solution with a single input multiple 
output converter. 

 
Figure 42. Block schematic of a multilevel converter based on independent two-level 

voltage cells where all the cells are supplied by independent dc-dc converters 
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Figure 43. Block schematic of a multilevel converter based on independent two-level 

voltage cells where all the cells are supplied from the outputs of a single input, multiple 
output converter 

4.3.1.1 Control of the voltage cells 

In Figure 42 and Figure 43 it can be seen that each cell receives a control signal 
named Trigger(k). These control signals are generated by a simple network of 
comparators like the one shown in Figure 38 and they are used to set the 
switches inside the voltage cell to a certain position depending on the level of the 
envelope reference. When the voltage cells are implemented as a two-level 
voltage cells, a high level of the trigger signal means that the high side MOSFET 
of the cell (Q1) is turned on and the low side MOSFET (Q2) is turned off. In the 
case of the three-level cells, control signals for the cells MOSFETs should be 
implemented as combination of trigger signals because these cells can create 
positive and negative voltages. 

One of the issues that should be resolved is that the control signals that are 
produced by comparators are referred to the ground of the envelope amplifier. 
In order to use them as the signals that control the state of switches inside the 
voltage cells it is necessary to refer them to the cell’s ground, which is different 
from cell to cell and “floating” comparing it to the ground of the envelope 
amplifier. This issue is solved by implementing a level shifter based on 
optocouplers, like in Figure 44, or by employing isolation chips, like in Figure 45. 
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In the case when an optocoupler is used, the output of the comparator is used to 
control the photodiode, while the phototransistor on the secondary side is 
supplied by the supply voltage of the cell. The solution is a little different in the 
case that an isolation chip is used. In an isolation chip the primary side is 
supplied by a voltage that is referred to the ground of the envelope amplifier, 
while the secondary side is supplied by the voltage supply of the cell.  

Both solutions are easy for implementation and the voltage level of the trigger 
signal on the secondary side can be adjusted by changing its supply voltage of 
the secondary side. The difference is in the time response of the level shifters: 
optocouplers introduce more time delay than isolation chips. In some 
applications, where the time rate of the trigger signals is high this could be a 
limiting factor. Another difference is that the solution with optocouplers inverts 
the trigger signal, but this can be easily resolved on the primary or the secondary 
side. 

 
Figure 44. Simplified schematic when control signals generated by comparators are sent to 

the voltage cells by optocouplers 
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Figure 45. Simplified schematic when control signals generated by comparators are sent to 

the voltage cells via isolation chips 

4.3.1.2 Comparison between two-level and three-level cells 

In order to make the comparison between  two possible solutions for the voltage 
cells, we will analyze how the cells work depending on their state. During this 
analysis it is assumed that the load is purely resistive. First, let us consider a 
multilevel converter made with two two-level cells, like the one shown in Figure 
46.  

 
Figure 46. Simplified schematic of a multilevel converter made of two two-level cells 
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It can be seen that the cells are supplied by two independent voltage sources, 
Vin1 and Vin2, and that the output voltage is, in this example, equal to Vin1. 
Therefore, when the high side MOSFET of the cell is turned on, the cell provides 
energy to the load, and when it is turned off, the cell’s output is simply short-
circuited.  

The situation is a little bit different in the case of the three-level cells. In Figure 
47 a multilevel converter that employs three three-level cells is presented. 

In this example three independent voltage sources supply the employed voltage 
cells, Vin1, Vin2 and Vin3. Each of the cells gives a different voltage. The voltage of 
the first cells is zero, the second provides a positive voltage equal to Vin2, while 
the third cell supplies a negative voltage equal to -Vin3. Therefore, the output of 
the multilevel converter is equal to Vin2-Vin3. It can be seen that the first cell does 
not provide any energy to the load, while the second and third cells manage 
active and reactive power respectively. Therefore, it is important to notice that, 
depending on the state of the MOSFETs in the three-level cell, the cell’s voltage 
source has to sink or to source the load’s current. Consequently, the voltage 
source that supplies three-level cells has to be bidirectional, what implies that 
topologies that are used to implement these voltage supplies must have 
synchronous rectification in order to sink and source the load current. 

Another important difference between these two implementations of the 
multilevel converter is in the number of the voltage sources that is necessary to 
have in order to obtain a multilevel converter with N levels. If only two-level 
cells are used, there have to be N voltage sources to reproduce N voltage levels, 
and 2N MOSFETs are used in total. On the other hand, when only three-level 
cells are used, approximately N/2 voltage sources are needed, and 2N MOSFETs 
are employed in total. 

From the point of power losses, both solutions should have, approximately, the 
same power losses for the same number of voltage levels. As it is explained in 
the previous paragraph, both solutions need 2N MOSFETs in order to reproduce 
N voltage levels, and always one-half of the employed MOSFETs are 
conducting. Therefore, the conduction power losses are the same, and they can 
be estimated as  

1          (1) 
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where N is the number of voltage levels produced by the multilevel converter, 
RON is the resistance of the employed MOSFETs and IRMS is the effective current 
of the load. It is assumed that the MOSFETs have the same resistance, and, in 
this case, it is important to notice that the conduction losses increase with the 
number of implemented voltage levels. 

 
Figure 47. Simplified schematic of a multilevel converter made of three three-level cells 

For both solutions, the maximal voltage that MOSFETs inside the cell have to 
withstand is equal to the supply voltage of the cell and, whenever there is a 
change of voltage level, the same number of MOSFETs is turned on/off in both 
types of cells. If the voltage levels are same in both cases, and we use the same 
MOSFET drivers, the power losses due to parasitic capacitors in MOSFET’s gate 
and between its drain and source should be, roughly, the same.  

Therefore, we could expect more or less the same power losses in the multilevel 
converter whether it is implemented with two-level or with three-level cells. 
However, an important difference is in the power supply that has to supply the 
voltage cells. In the case of three-level cells the power supply of the multilevel 
converter has to provide less number of voltage sources, but it is a little more 
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complicated to implement it comparing it with the power supply in the case of 
two-level cells due to the needed bidirectional property. 

4.3.2 Multilevel converter based on independent voltage sources 
(Architecture two) 

In this solution for the multilevel converter it is necessary to provide 
independent voltage sources whose voltages are equal to the desired voltage 
levels of the multilevel converter. The independent voltages are connected to the 
analog multiplexer that selects the voltage source depending on the level of the 
reference signal. The multilevel converter based on the independent voltage 
sources and its later implementation (chapter 4.7) based on switching capacitors 
in order to realize the wide bandwidth envelope amplifier is one of the original 
contributions of the thesis. Figure 48 shows a simplified schematic of the 
multilevel converter based on this idea. 

Like in the case of independent voltage cells, this solution guarantees that the 
voltage levels are stable, regardless on the level of the reference signal and that 
they can be selected in an optimal way, not only equidistant. Voltage sources can 
be implemented in various ways (several dc-dc converters or just one single-
input, multiple-output converter) and one possible implementation will be 
presented in section 4.7. 

 
Figure 48. Multilevel converter realized with independent supplies and analog multiplexer 

The analog multiplexer that is necessary for this type of multilevel converter can 
be implemented as it is suggested in Figure 49. 

The switches inside the analog multiplexer are realized by using a MOSFET in 
series with a diode. In the case when the switches are realized with MOSFETs, it 
is necessary to put diodes in series in order to guarantee energy flow from 
selected voltage source to the load, and not to other sources with lower voltage. 
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Without diodes the unwanted energy flow from one voltage source to another 
would occur due to the body diode of the employed MOSFETs. The switches 
made of diode and MOSFET are needed for all the sources except the highest 
and the lowest voltage source. In the case of the highest voltage source, only a 
MOSFET can be used, while for the lowest source a diode is sufficient. 

 
Figure 49. Simplified schematic of the analog multiplexer used in the implementation of the 

multilevel converter based on independent voltage sources 

It is easy to see that in the case of the multilevel converter with N levels it is 
needed to have N voltage sources and to employ N-1 MOSFETS and N-1 diodes. 
The maximal voltage that diodes and MOSFETs connected to the ith voltage 
source have to withstand is equal to the 

2 _            (2) 

When a branch in the multiplexer conducts, there are conduction losses due to 
the resistance of the used MOSFET and voltage drop on the diode, and by 
increasing the number of voltage levels the conduction losses do not increase 
like in the case of independent voltage cells. For the same number of voltage 
levels, the proposed multiplexer has less losses due to parasitic capacitor 
between MOSFET’s gate and source, because there is always only one MOSFET 
to be controlled when the voltage level is changed (in the case of independent 
voltage cells it is necessary to control two MOSFETs). However, due to the hard 
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switching of the employed diodes, the multiplexer has additional losses due to 
their reverse recovery. 

The power losses due to the parasitic capacitors of MOSFET between its drain 
and source are not easily estimated because each change of the multilevel 
converter’s output voltage produces losses in all the switches not just in the one 
that is turned on/off. The reason for this is that the multiplexer can be roughly 
modeled as a RC network and a rough estimation of these losses is given in 
Appendix 3 – Analysis of switching power losses in the analog multiplexerof 
this thesis. 

4.3.2.1 Control of the multiplexer 

Similar to the solution based on the independent voltage cells, the control signals 
that are used to control the analog multiplexer can be generated by the same set 
of comparators that are used to control independent voltage cells. All the 
comparators that have its reference lower than the envelope reference send 
active level of the control signal to the cells in order to sum their voltages. 
However, the same idea can be applied even in the case of the analog 
multiplexer. The reason for this lies in the fact that when several MOSFETs of 
the multiplexer are turned on, only the one that has the highest voltage level on 
its drain conducts. Therefore, it is not necessary to turn off the MOSFET that was 
conducting previously, i.e. its control signal can remain active just like in the 
case of independent voltage cells. 

As in the case of independent voltage cells, control signals are referred to the 
ground of the envelope amplifier. Thus, in this solution, as in the previous one, it 
is needed to introduce level shifter for the control signals. Once more, the level 
shifter can be implemented by using isolation chips or by optocouplers. The 
solution made with optocouplers is shown in Figure 50 while the solution with 
isolation chips can be seen in Figure 51.  

In Figure 50 it can be seen that the photodiode is turned on or off depending on 
the control signal that is send, while the phototransistor is supplied by an 
auxiliary power supply that has to supply MOSFET’s driver as well. The ground 
of the auxiliary power supply is connected to the source of the MOSFET that is 
controlled. 
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Figure 50. Simplified schematic of the optocoupler based level shifter used to send control 

signal to a MOSFET inside the analog multiplexer 

 
Figure 51. Simplified schematic of the isolation chip based level shifter used to send control 

signal to a MOSFET inside the analog multiplexer 

When an isolation chip is used, it is necessary to supply its primary and 
secondary side. For the voltage supply of the secondary side the driver’s voltage 
supply can be used  

4.3.3 Comparison of the proposed multilevel solutions  

Before the comparison of the proposed solution for the multilevel converter is 
done, a short overview regarding the possible solutions for the envelope 
amplifier is presented.  

The proposed solution for the envelope amplifier consists of a multilevel 
converter and a linear regulator in series. Depending on how the multilevel 
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converter is implemented, there can be distinguished two solutions. The first is 
based on independent voltage cells and the second is based on independent 
voltage sources and an analog multiplexer. Whatever solution is applied, it is 
always necessary to use several single-input single-output (SISO) converters or 
one single-input multiple-output (SIMO) converter in order to supply the 
voltage cells or the analog multiplexer. When the three-level voltage cells are 
used, it is necessary to use bidirectional dc-dc converters to supply them. Figure 
52 shows the tree diagram of the possible implementations of the proposed 
envelope amplifier. 

 
Figure 52. Tree diagram of the possible implementations of the proposed envelope amplifier 

Therefore, in the proposed envelope amplifier, there can be distinguished three 
stages as follows: 

 The first stage serves to supply multilevel converter and can be 

implemented as SISO or SIMO 

 The second stage is the multilevel converter that supplies the linear 

regulator. Two possibilities have been considered for its implementation 

 The third stage is the linear regulator, whose role is to regulate the 

desired envelope 
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The comparison of the proposed solutions for the multilevel solution will be 
done having in mind the number of voltage supplies, MOSFETs and diodes. In 
the previous sections, it has already been mentioned how many components and 
voltage sources would be necessary in order to obtain multilevel converter with 
N levels. This information will be summarized in the following table.  

Table II  Summary regarding the number of voltage supplies, MOSFETs and diodes needed by 
presented architectures of multilevel converter 

Architecture Number of voltage supplies Number of MOSFETs Number of diodes 
1st with two-level cells N 2N 0 

1st with three-level cells N/2 2N 0 
2nd with voltage multiplexer N N-1 N-1 

Whether it is about the first or the second architecture, there are independent 
voltages that have to be generated, and it is obvious that it is required to 
introduce a single-input multiple-outputs stage that generates all the needed 
voltages or to use independent dc-dc converters. In the case of the second 
architecture, the output voltages are the voltage levels that are needed in the 
system, and they are all referenced to the ground. When the multilevel converter 
is implemented with voltage cells, the output voltages should be isolated and 
referenced to the different ground. For all architectures, the output voltage of the 
multilevel converter does not need to be regulated accurately, because the fine 
regulation is done by the linear regulator that comes after and acts as a post 
regulator. 

It is of crucial importance to clarify the advantages and drawbacks of the 
proposed solution by comparing it with the state of art. Several properties have 
to be taken into account in order to make this comparison thorough. Those 
properties are: 

 The bandwidth of the envelope amplifier 

 The efficiency of the envelope amplifier 

 The linearity 

 The complexity 

 The spectrum of the reproduced envelope 

Regarding the bandwidth, the best solution for the envelope amplifier would be 
a linear amplifier supplied by a constant voltage. Its bandwidth would be 
limited by the parasitic capacitor of the transistor used as a pass element and by 
the bandwidth of the feedback circuits (especially by the bandwidth of the 
employed/implemented operational amplifier). From the point of view of the 
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complexity of the system, the linearity and the spectral interference linear 
regulator is very thankful, because it is possible to obtain very high linearity and 
to implement it with low number of components. Unfortunately, the biggest 
drawback of this solution is its poor efficiency, especially when the envelope has 
a high PAPR value.  

In the case of a switching converter, its bandwidth would depend on its 
switching frequency and the design of the output filter. In order to obtain wide 
bandwidth, it is necessary to use a high switching frequency and, eventually, it 
would lead to high switching losses and poor efficiency. Another approach 
would be to design the output filter as a low pass filter with a high crossover 
frequency. Unfortunately, due to such a design of the filter, the voltage ripple at 
the output of the envelope amplifier could be impermissible high. Therefore, it is 
necessary to make a tradeoff between the switching frequency and the design of 
the output filter in order to obtain wide bandwidth and maintain high efficiency 
and good static and dynamic properties of the envelope amplifier.  

Having in mind that most switching converters are PWM it can be concluded 
that the spectrum of the converter’s output signal has spectral components 
around harmonics that are multiples of the converter’s switching frequency. For 
that reason, in order to avoid that these spectral products interfere with the 
spectrum of the transmitted envelope, it is necessary to filter them or to apply a 
sufficiently high switching frequency. Naturally, both solutions will have its 
influence on the system’s efficiency/bandwidth. The main problem of a 
switching converter as the solution for the envelope amplifier is that it is 
necessary to satisfy several tradeoffs and it can be a problem, especially if the 
envelope of the transmitted RF signal has a wide bandwidth. In the case that the 
envelope is a low frequency signal, a simple buck converter can be very good 
solution. 

By combining a switching converter in parallel with a linear regulator it is 
possible to obtain wide bandwidth and preserve high efficiency, especially if an 
optimization like in [Yousefzadeh05] is applied. The switching converter should 
reproduce the low frequency part of the spectrum (where lies the major part of 
the envelope’s energy) and the linear regulator provides the high frequency part 
of the envelope. In this way, the bandwidth of the switching converter does not 
have to be very high, and the applied switching frequency can be relatively low. 
The linear regulator does not need to manage high power and its power losses 
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could be relatively low. Its main task is to provide the dynamics in order to 
obtain the high bandwidth of the envelope amplifier. The complexity of this 
approach is its main disadvantage. The envelope reference should be sent 
separately to the linear regulator and switching converter and then their outputs 
should be summed without changing the spectrum content.  

In the solution proposed in this thesis, the bandwidth of the system depends on 
the bandwidth of the implemented linear regulator and the response time of the 
multilevel converter. The response time of the multilevel converter can be very 
high. Practically, it is equal to the time needed to turn on/off a MOSFET. The 
switching frequency does not have to be very high, comparing it with the 
switching frequency of the PWM based switching converter. The system’s 
efficiency is better than in the case when a linear regulator supplied by a 
constant voltage is used, and it can be higher than the efficiency of a PWM 
switching converter in the case of a high frequency envelope. The design of the 
output filter is not needed or it can be very simple LC network, as it will be 
shown later in Chapter 5. Nevertheless, the solution proposed in this thesis 
highly exceeds the number of components needed in other solutions from the 
state of the art and it is far more complex. 

The short summary of the comparison made in this section is represented in 0 

Table III  Comparison of the solution proposed in this thesis with the solutions from the state of the art 

 
Linear 

regulator 

Switching 
converter (low 

switching 
frequency) 

Switching converter 
(high switching 

frequency) 

Linear regulator in 
parallel with a 

switching converter 

Multilevel converter 
in series with a 
linear regualtor 

Bandwidth high low high high high 
Efficiency low high low high medium 
Spectral 

interference 
low medium medium low low 

Complexity low low low high high 

4.4. Optimization of number of levels 

The optimization process that is conducted in order to obtain the maximal 
efficiency of the envelope amplifier is an original contribution of the thesis. In 
order to optimize the efficiency of the linear regulator it is necessary to make a 
proper decision about the voltage levels that should be generated by the 
multilevel converter. For a given output voltage (Venvelope) and input voltage 
(Vin_linear_regulator, Vin_linear_regulator>Vout) of the linear regulator its efficiency is 
calculated as: 
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3 
  

          (3) 

Therefore, the input voltage of the linear regulator should be as close as possible 
to its output voltage in order to have high overall efficiency. 

The input voltage of the linear regulator is the output voltage of the multilevel 
converter and it is a function of the transmitted signal’s envelope. It can be 
represented as: 

4              (4) 

where Venvelope is the value of the signal’s envelope.  

Thus, for the given value of the signal’s envelope, the instantaneous efficiency of 
a linear regulator can be calculated as: 

5 
  

   (5) 

Figure 53 presents one possible scenario of the multilevel voltage in order to 
obtain high efficiency of the linear regulator for the given envelope. 

As it is explained in previous sections, the input voltage of the linear regulator is 
composed of discrete voltage levels. Intuitively, it is clear that the higher number 
of voltage levels leads to the higher efficiency, because the input voltage will be 
closer to the output voltage. However, in order to generate higher number of 
voltage levels it is necessary to employ higher number of voltage cells as well. 
Therefore, the power losses due to switching and current conduction are 
increased. As a consequence, in one moment, the increment of the power losses 
due to increased number of voltage levels will be higher than the power savings. 
Another impact of the high number of voltage cells can be seen in the number of 
components that are needed, in the size, the complexity and the price of the 
system. Therefore, it is necessary to estimate, roughly, what is the optimal 
number of voltage levels that are used to supply the linear regulator.  
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Figure 53. Linear regulator’s input voltage and output voltage (Vin linear regulator(t) and 

Venvelope(t) respectively) for a nondeterministic signal 

The simplest way to select the voltage levels would be to take certain number of 
equidistant voltage levels. Figure 54 shows instantaneous efficiency of an ideal 
linear regulator (the minimal voltage drop on the pass element is zero) in the 
case when different number of the equidistant voltage levels of the supply 
voltage is applied. 
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Figure 54. Instantaneous efficiency of the ideal linear regulator for different number of 
equidistant levels of supply voltage 

Having in mind that the transmitted signal is not deterministic it is quite 
difficult to estimate the switching losses, because it cannot be known how many 
times one voltage level will be changed. Therefore, in order to show that the 
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optimal number of levels exists and to approximate it roughly, a sine wave is 
used as a reference for the signal’s envelope. It is assumed that the multilevel 
converter is implemented with equidistant voltage levels and that the used 
voltage cells are the one that produce two levels. The MOSFET that is used as a 
switch for the two-level cells is SUD50N04. The efficiency of the first stage that 
supplies the voltage cells is not taken into account.  

In order to estimate the power losses in the multilevel converter, the power 
losses due to the MOSFET’s conduction, the gate driving and the parasitic 
capacitor between its drain and source are taken into concern. It is assumed, that 
all the MOSFETs are driven with the same voltage. Figure 55 shows the power 
losses in the multilevel converter and the linear regulator in the case that a sine 
wave of 2 MHz is used as reference. It can be seen that the losses in the 
multilevel converter are getting higher as the number of voltage levels increases, 
and that the efficiency of the linear regulator is increased with a higher number 
of levels. The power losses are increasing with the number of levels mainly due 
to the bigger DC resistance of the multilevel converter and because of the overall 
gate losses. Both types of losses depend linearly on the number of used voltage 
levels. The efficiency of the envelope amplifier for sine waves of 500 kHz and 2 
MHz is shown in Figure 56.  

It can be seen that as the frequency of the sine wave becomes higher, the 
maximal efficiency is obtained for lower number of levels. The reason for this is 
that the switching losses are getting more important as the frequency increases. 
The results presented in Figure 56 are rough theoretical estimation, because the 
efficiency of the first stage has not been included in the model (it is assumed that 
it is 100%) and the switching losses are estimated without considering the 
parasitic inductances of the MOSFET’s packages and PCB traces that have very 
strong influence in high frequencies. In the case of 2 MHz reference it is quite 
clear that the optimal number of levels is between 4 and 8, while in the case of 
500 kHz sine wave the maximal efficiency of 83% is obtained for 12 levels. 
However, having in mind that the efficiency of 80% can be obtained with only 4 
levels and that with the higher number of levels there are more parasitic 
elements and the system is more complicated it can be said that the optimal 
number of levels for a 500 kHz sine wave is between 4 and 8 as well.  
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Figure 55. Theoretical estimation of power losses of the multilevel converter and linear 

regulator depending on the number of implemented voltage levels in the case when the 
envelope reference is a sine wave 

 
Figure 56. Theoretical efficiency of the envelope amplifier Vs. the number of levels of the 

multilevel converter in the case when the envelope reference is a sine wave 

In the case of nondeterministic signals it is difficult to estimate the switching 
losses of the multilevel converter, but, still, just by using the conduction losses it 
is still possible to make a rough estimation of the optimal number of voltage 
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levels that are produced by the multilevel converter and how they should be 
selected. 

In order to estimate the optimal number of voltage levels, an analysis for 
equidistant voltage levels has been conducted. Figure 57 shows the efficiency of 
the multilevel converter and the linear regulator in the case of a signal that has 
the same probability density as in [Yousefzadeh06]. The MOSFET used in the 
voltage cells is SUD50N04 and it is assumed that the minimal voltage drop on 
the pass element of the linear regulator is 1.5V. Due to the incompleteness of the 
model, the efficiency saturates very quickly and starts to fall for extremely high 
number of voltage levels (more than 30).  

 
Figure 57. Theoretical efficiency of the envelope amplifier Vs the number of levels of the 

multilevel converter for a nondeterministic envelope 

The optimal number of levels is about 20 (efficiency is about 83%), but, as it has 
been said earlier, a high number of levels means a bigger, complicated  system, 
more components and more parasitic elements  that will have influence on the 
efficiency of the envelope amplifier. Therefore, having in mind that for number 
of levels between 4 and 8 the efficiency is in range from 73% to 80%, it can be 
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concluded that the optimal number of levels lies in that range, because further 
increase in the number of levels will not bring much benefit. 

Although the theory suggests employing a high number of voltage levels, it is 
necessary to make a trade-off between the ideal efficiency and the feasibility to 
implement the desired multilevel converter. With higher number of voltage 
levels the amount of switching noise and parasitic components is increased as 
well and that could lead to the deterioration of the quality of the output signal, 
as it will be explained in the following chapter. 

The equidistant distribution of voltage levels does not have to be the optimal 
one, although it is the simplest. The reason for this is that the average efficiency 
of the linear regulator can be higher with another distribution as it will be shown 
in the next paragraphs. 

As it is aforementioned, the transmitted signal is a nondeterministic signal and it 
is described by the probability density function of its envelope. Using this 
information it is possible to calculate the average efficiency of the linear 
regulator. If p(Venvelope) is the probability density of the signal’s envelope, then the 
average value of the signal’s envelope is: 

6             (6) 

where Vmax is the maximal value of the signal’s envelope. 

Similar to the envelope’s average value, the average efficiency can be calculated 
as: 

7    (7) 

8 
  

   (8) 

For the given number of the voltage levels, the average efficiency of the linear 
regulator can be maximized by selecting the proper distribution of voltage levels 
for the multilevel converter. Figure 58 shows one possible distribution of voltage 
levels. It is assumed that the linear regulator is ideal, i.e. that it can operate 
correctly with zero voltage drop on its pass element. 
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Figure 58. One of possible distribution of voltage levels of the multilevel converter 

Assuming that the envelope of the transmitted signal has probability density 
distribution like in [Yousefzadeh06], it is possible to optimize the distribution of 
the voltage levels in order to increase the overall efficiency. The loss model is the 
same as in the case of the equidistant distribution. The optimization algorithm 
has been implemented in MATHCAD and the results are presented in Table IV  

By optimizing the levels of the multilevel converter, the efficiency of the 
envelope amplifier can be increased 5% to 7% comparing it with the efficiency of 
the envelope amplifier that uses the multilevel converter with equidistant 
voltage levels. Figure 59 shows the comparison of the efficiencies of the envelope 
amplifier for equidistant and optimized voltage levels that are used. 

Table IV  Theoretical efficiency of the envelope amplifier in the case when it is implemented with a 
multilevel converter with optimized and equidistant voltage levels 

Number of cells 
Optimized cell’s voltage 

(Normalized with the Voutmax) 

Efficiency of the 
envelope amplifier that 

employs optimized  
voltage levels 

Efficiency of the envelope 
amplifier that employs equidistant 

voltage levels 

1 1 51.8% 51.8% 
2 1, 0.66 68.7% 61.4% 
3 1, 074, 0.52 75.2% 68.6% 
4 1, 0.79, 0.63, 051 78.9% 73.4% 
5 1, 0.81, 0.60, 0.52, 0.46 81.0% 75.6% 
6 1, 0.85, 0.72, 0.63, 0.54, 0.46 82.2% 77.6% 
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Figure 59.  Comparison of the envelope’s amplifier efficiencies in the case when it is 

implemented with the multilevel converter that reproduces optimized and equidistant 
voltage levels 

It is important to notice, although it is not shown directly, that for a high number 
of voltage levels, approximately about 20, the efficiency of the envelope 
amplifier is approximately equal in both cases (around 83%). Naturally, the 
optimized version of the envelope amplifier will reach that value before. 

The theoretical analysis carried out in this section is in the case that the 
multilevel converter is implemented with two-level voltage cells. The efficiency 
of the first stage that has to supply the multilevel converter has not been 
considered. It is assumed that its efficiency is 100%, although it is not and it can 
be dependent on the number of voltage levels. Due to the similar loss models 
that are used to estimate power losses in the multilevel converter when it is 
implemented with three-level cell or independent voltage sources, similar 
conclusions could be made. Based on the analysis it can be concluded that the 
optimal number of voltage levels should not exceed five levels due to the 
complexity, size, price and expected efficiency. 
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4.5. Architecture one - based on two level cells 

In this section a detailed explanation of the implemented envelope amplifier 
based on the architecture one will be given. In previous chapters it has been 
explained that the proposed architecture consists of three stages: 

1. The single-input multiple-output converter that has to generate the 

voltages that are used by the multilevel converter  

2. The switching network composed of two-level or three-level cells (named 

multilevel converter) 

3. The linear regulator supplied by the multilevel converter and acts as a 

post regulator in order to generate the desired voltage 

In the following section a solution for architecture one based on two-level cells 
will be explained. 

4.5.1 First stage – single-input multiple-output converter 

As it is afore explained, the main idea of the multilevel converter based on the 
architecture one is to use stacked voltage cells. In order to accomplish it, and to 
obtain a multilevel converter with N voltage levels, it is necessary to apply N 
independent voltage sources to supply the stacked voltage cells. Generally, it 
could be resolved by implementing N independent dc-dc converters that would 
supply the voltage cells. Each of these converters could be optimized (by 
selecting ideal switching frequency, MOSFETs, etc.) depending on the value of 
the supply voltage and energy it has to provide, because like it has been 
concluded in section 4.4, each cell can have a different voltage level and it 
supplies different energy to the power amplifier. The problem is that each of 
these voltage supplies has a different “ground” level, and, therefore, it is 
necessary to use a single converter with multiple outputs because the envelope 
amplifier should be supplied with only one voltage supply. As a solution for this 
single-input multiple-output converter a flyback converter has been selected due 
to its simplicity and robustness. Figure 60 shows the schematic of the multi-
output flyback converter. 
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Figure 60. Simplified schematic of a single input multiple output flyback converter used to 
supply the two-level voltage  

The dynamics of the first stage does not need to be very high and the switching 
frequency can be low in order to decrease the converter’s switching losses. In the 
case of a flyback converter the regulation of the output voltages can be achieved 
controlling only one output, because the others will follow the controlled one, 
due to the shared magnetic flux in the flyback’s transformer. Additionally, the 
flyback converter can be implemented with the active clamp in order to increase 
its efficiency. 

4.5.2 Second stage – two-level voltage cells 

The two-level voltage cells have been presented in section 4.3.1. In each two-
level voltage cells it is possible to identify a low-side and high-side MOSFET, 
referring to the “ground” of the cell, just like in a buck converter. Therefore, the 
control of these MOSFETs can be easily implemented, using a standard high side 
– low side driver. One of the limitations is that the driver should be supplied by 
the supply voltage of its own cell. This could be a problem if the cell’s supply 
voltage is low. The second is that the control signals of the driver have to be 
referred to the “ground” of the voltage cell, and it is necessary to apply one of 
the techniques for level shifting explained in section 4.3.1. Figure 61 shows a 
complete schematic of one voltage cell. 
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Figure 61. Complete schematic of one two-level cell 

4.5.3 Third stage – Linear Regulator 

The linear regulator is used as the post regulator, and it has to follow the 
reference. The schematic of the linear regulator is shown in Figure 62. 

 
Figure 62. Simplified schematic of the implemented linear regulator. 

As it has been mentioned earlier, the bandwidth of the linear regulator is crucial 
for this design. Therefore, for the linear regulator’s MOSFET and operational 
amplifier, components that can operate at high frequencies have been chosen. 
For the control of the linear regulator a wide bandwidth operational amplifier 
has been selected. It is a LM6172 and its open loop bandwidth is 100 
[LM6172Datasheet]. Additionally, the tests that we have conducted show that it 
can be supplied with asymmetric voltages. This is very important, because in 
order to drive the MOSFET used as a pass element it is necessary to change its 
gate-source voltage from its threshold (Vth) voltage to the value that is needed to 
conduct the maximal current of the envelope amplifier. The output voltage of 
the envelope amplifier changes from 0V to 23 V, and this leads to the conclusion 
that the voltage applied to the gate of the MOSFET used as a pass element 
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should be, approximately, around 26 V and 27 V. In order to generate such a 
high voltage, the positive voltage of the operational amplifier should be, at least, 
28 V. Having in mind that the maximal difference between the positive and 
negative supply voltage of the selected operational amplifier can be 30 V, the 
selected supply voltages are 28 V and -2 V.  

The criteria for the selections of the MOSFET are: 

 The maximal drain-source voltage 

 The maximal drain current 

 MOSFET’s input capacitance 

 MOSFET’s transconducatnce 

Having in mind how the proposed system works, the maximal drain-source 
voltage is equal to the maximal cell voltage of the multilevel converter. The 
maximal current is equal to the quotient of the maximal voltage produced by the 
envelope amplifier and the input resistance of the supplied class E amplifier. 

In order to obtain a wide bandwidth, the MOSFET’s input capacitance should be 
as low as possible. Hence, the possible candidates for the MOSFET have been 
selected from HF/VHF power MOS transistors. The input capacitance of these 
transistors is in order of hundreds of pF. Another reason for the selection of low 
input capacitance is due to the control of the MOSFET. It is controlled directly 
from the output of the operational amplifier and, therefore, the lower the 
capacitance between MOSFET’s gate and source, the better, because a high 
capacitance can lead to the current saturation of the operational amplifier’s 
output.  

High transconductance is important because it actually represents the voltage 
that should be applied between the MOSFET’s gate and source. If the MOSFET 
has a low transconductance, it means that its gate voltage should be much 
higher than it is estimated (higher than 27V). Several MOSFETs from BLF series 
have been tested, and due to its good overall characteristics, BLF 177 has been 
selected. 

Having in mind the open loop gain of the operational amplifier 
[LM6172Datasheet], the voltage divider implemented with resistances R1 and R2, 
is calculated to obtain a bandwidth of approximately 6 MHz, three times higher 
than the bandwidth of the envelope signal (2 MHz). Figure 63 shows the 
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measured loop gain and phase. During this test, the supply voltage is 
maintained constant at 24V. It can be seen that the bandwidth of the linear 
regulator is about 5 MHz, and that the phase margin is 75 degrees.  

 
Figure 63. Loop gain and phase of the implemented linear regulator 

4.5.4 Implemented system 

In order to verify the idea an envelope amplifier based on two-level cells has 
been implemented. The specifications for the implemented envelope amplifier 
are as follows: 

o Input voltage of 24 V 

o Variable output voltage from 0 V to 23 V 

o The maximal instantaneous power is 50 W 

o The maximal frequency of the reference signal is 2 MHz 

The implemented envelope amplifier based on the multilevel converter with 
two-level cells from now on will be denominated as prototype one and it 
consists of: 

o a single-input multiple-outputs flyback (first stage) 

o Input voltage is 24 V 

o Five 6 V outputs (five equidistant levels) 
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o The switching frequency is 50 kHz 

o The peak output power is, approximately, 50 W 

o a multilevel converter with five two-level cells (second stage), 6V each  

o a linear regulator (post regulator).  

o a MOSFET BLF177 as the pass element 

o an operational amplifier LM6172 for the feedback 

Earlier it has been mentioned that the switching frequency in the first stage can 
be relatively low in order to avoid high switching losses. In the case of this 
prototype the switching frequency is 50 kHz. In order to decrease the amount of 
the switching noise at the output of the converter a double LC filter has been 
applied. Figure 64 shows one output of the implemented flyback converter. C1, 
C2 and L are 136 μF, 300 μF and 10 μH, respectively. 

The MOSFETs that are used in the two-level cells are SUD50N06P due to theirs 
low resistance and parasitic capacitors, while the drivers are LM27222. These 
drivers can be supplied with voltage levels as low as 4.5 V. 

 
Figure 64. Schematic of one output with double LC filter of the implemented flyback 

converter 

The first tests have been done in order to characterize the prototype and to 
determine the bandwidth of the system. In Figure 65 the output voltage of one 
two-level cell can be seen, while Figure 66 shows the waveforms of the envelope 
reference, the multilevel converter’s output voltage and the envelope amplifier’s 
output for a sinusoidal reference of 200 kHz. 
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Figure 65. Voltage produced by one two-level cell 

 

Figure 66.  Waveforms of the reference signal at 200kHz (label 1), the multilevel 
converter’s  output voltage (label 2) and the envelope amplifier’s output voltage (label 3) 

As it can be seen, the reference signal is contaminated with a switching noise, 
and, additionally, whenever the multilevel converter makes a step, its output 
voltage oscillates and has a peak value much higher than the voltage that it has 
to reproduce. These high frequency and high peak oscillations cannot be totally 
filtered by the linear regulator due to its finite bandwidth and, therefore, appear 
at the output of the linear regulator. 

At higher envelope frequencies the oscillations of the multilevel converter are 
more critical. The response of the system for a 1 MHz envelope reference can be 
seen in Figure 67. It can be observed that the reference signal is completely filled 
with parasitic oscillations and the output signal is more distorted than in the 
case that the frequency of the reference is 200 kHz.  
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Figure 67. Waveforms of the reference signal at 1 MHz (label 1), the multilevel converter’s 

output voltage  (label 2) and the envelope amplifier’s output voltage (label 3) 

In order to analyze the problem, the complete system (including the PCB) has 
been simulated in PSpice. The PSpice equivalent circuit model of the PCB has 
been obtained by Ansoft’s Quick3D Extractor. Figure 68 shows the measured 
and simulated multilevel converter’s output voltage. Appendix 4 – Extraction of 
PCB’s parasitic componentsgives more information regarding the extraction of 
the PCB’s parasitic components. 

 
Figure 68. Waveforms of the measured output voltage of the multilevel converter (left) and 

simulated multilevel converter’s output voltage (right) at 1 MHz 

It is clearly visible that the waveform measured on the prototype and the 
simulated waveform of the multilevel converter’s output voltage are quite 
similar. 
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One of the alarming conclusions made by conducting this analysis is that by 
implementing high number of cells the parasitic inductance that is distributed 
on the current path through the multilevel converter is getting bigger. At high 
frequencies it produces the voltage peaks and oscillations that produce 
distortion of the output signal and, in that way, limiting the converter’s 
dynamics.  

Besides the oscillation, this prototype has another obvious drawback. The design 
of the transformer is complicated due to the five secondary outputs. Therefore, 
in order to enhance the quality of the output signal and simplify the design of 
the envelope amplifier it is necessary to optimize the number of levels. 

By applying the optimization regarding the voltage levels of the multilevel 
converter explained in section 4.4, the number of the voltage levels has been 
reduced to three. The reduction of voltage levels leads to the reduction of the 
system’s complexity and the theoretical estimation of the system’s efficiency 
shows that it should not change significantly in the case of envelopes with high 
PAPR.  

The second prototype based on the architecture one and two-level voltage cells 
consists of: 

o single-input multiple-outputs flyback (first stage) 

o Input voltage is 24 V 

o Two 6 V outputs and one 12 V output (three optimized levels) 

o Switching frequency is 50 kHz 

o The maximal instantaneous power  is, approximately,  50 W 

o multilevel converter with two two-level cells (second stage), 6V each 

o linear regulator (post regulator).  

o MOSFET BLF177 as the pass element 

o Operational amplifier LM6172 for the feedback 

Although the theoretical efficiency of the linear regulator increases with higher 
number of voltage levels, the overall efficiency of the envelope amplifier will 
start to decrease due to the losses in the first stage that has to produce all the 
voltage levels. Therefore, by selecting less voltage levels the theoretical efficiency 
of the linear regulator would be lower, but in the first stage it would be possible 
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to build better transformer, with higher efficiency, less required MOSFETs and 
the layout can be optimized in order to reduce the parasitic components. 
Therefore, by selecting three optimized levels instead of five equidistant levels a 
tradeoff between the system’s theoretical efficiency and the system’s complexity 
has been done. The three optimized voltage levels of the multilevel converter 
are: VMAX, ¾ VMAX, ½ VMAX, and these levels are very close to the one calculated 
by the optimization process and presented in section 4.4. 

The prototype’s layout has been optimized using Q3D Extractor. Figure 69 
shows a comparison between the multilevel converter’s output voltage obtained 
by simulation using information from Q3D Extractor and the voltage obtained 
by a measurement on the prototype. As it can be seen there is great similarity 
between these two traces. In Figure 70 photographs of the enhanced and 
optimized prototype are shown. 

  
Figure 69. Comparison between the measured output voltage of the multilevel converter 

(on the left) and the simulated multilevel converter’s output voltage (on the right) 

 
Figure 70. Photograph of the implemented envelope amplifier. In the upper part is the 

multilevel converter with linear regulator and in the lower part the flyback converter 
used to supply independent voltage cells 
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Figure 71 shows the multilevel converter’s and the system’s output voltage in 
the case of 500 kHz and 2 MHz sine wave. In these figures it can be seen that the 
output voltage of the multilevel converter does not oscillate when it change its 
voltage level and the voltage peaks are not as high as they were in the prototype 
with five equidistant voltage levels. This is the direct consequence of the 
decreased series inductance achieved by the optimization of the layout and the 
number of voltage levels. However, whenever the multilevel converter changes 
its output voltage there is a small glitch in the output voltage. The reason is the 
finite bandwidth of the linear regulator. The step changes of the multilevel 
converter’s voltage are composed of very high harmonics that are higher than 
the regulator’s bandwidth. In order to make these transitions “softer”, with less 
high spectral components, the resistance in the gates of MOSFETs of the 
multilevel converter is increased. In this way, the MOSFET’s transition time is 
increased and, therefore, the switching loss as well. However, the linear 
regulator can react better and the glitch in the output voltage is almost removed.  

 
Figure 71. Waveform of the multilevel convereter’s output voltage (label 1) and the linear 

regulator’s output voltage(label 2) at 500 kHz (on the left) and 2 MHz (on the right) 

As it has been mentioned in section 4.1, the proposed envelope amplifier does 
not have any voltage ripple, because the linear regulator filters the entire voltage 
noise and voltage ripple that comes from the first stage. Figure 72 shows the AC 
measurement of the linear regulator’s output voltage in the case that the 
envelope reference is a constant voltage. It can be observed that there is not any 
voltage ripple.  
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Figure 72. AC measurement of the linear regulator’s output voltage for a constant envelope 

reference 

4.5.5 Efficiency measurements 

The first measurements have been done in order to quantify the efficiency of the 
first stage, the flyback converter with three outputs. The efficiency 
measurements of the flyback have been done by connecting load to one, two all 
three outputs in order to estimate the efficiency of the first stage later when the 
complete system is tested. The results can be seen in Figure 73. It can be seen that 
the efficiency of the first stage ranges from 85% to 90%. 

 

Figure 73. Efficiency of the implemented flyback. The measurement has been conducted for 
different number of active outputs 
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The efficiency of the envelope amplifier has been measured for different sine 
waves and the results are summarized in Table V Additionally, the measured 
efficiency is compared with the efficiency of an ideal linear regulator supplied 
by a multilevel converter and supplied by a constant voltage. In the case that a 
deterministic signal (like a sine wave) is used, the efficiency can be 
calculated/estimated without knowing the signal’s density of probability like in 
(6). The average efficiency of an ideal linear regulator in the case of a sine wave 
can be calculated as follows: 

9                          (9) 

10  (10) 

Where Vmax is the maximal value of the envelope, R is the resistive load of the 
envelope amplifier, T is the period of the sine wave, ω is its angular frequency 
and V(t)multilevel is the output voltage of the multilevel converter. In the case that 
the multilevel converter has three optimized levels and a sine wave is generated, 
its output voltage can be defined as: 

11 

,           , 2

,       0, arcsin ,

,              arcsin ,

    (11) 

Using equations (10) and (11) the efficiency of an ideal linear regulator is 
calculated in the case that it is supplied by the optimized multilevel converter. 
To calculate the efficiency of an ideal linear regulator supplied by a constant 
voltage it is sufficient to change V(t)multilevel in equation (10) with the value of the 
constant voltage used to supply the linear regulator. 

Table V  Measured efficiency of the implemented envelope amplifier for different sine waves compared 
with the theoretical efficiency of an ideal linear regulator supplied by a multilevel converter 

and by constant voltage of 23 V  

Vsin(V) 
Sine wave 
frequency 

(MHz) 

Measured 
efficiency of the 

flyback converter 

Measured 
efficiency of the 
prototype one 

Theoretical efficiency of 
an ideal linear regulator 

supplied by 23V 

Theoretical efficiency of an ideal 
linear regulator supplied by the 
optimized multilevel converter 

0-9 0.5 90.5% 42.3% 29.3% 58.7% 
5-14 0.5 93.2% 58.7% 45.9% 73.9% 

0-22.5 0.5 91.3% 70.6% 73.4% 86.3% 
0-9 2 91.0% 42.8% 29.3% 58.7% 
5-14 2 93.0% 56.0% 45.9% 73.9% 

0-22.5 2 91.0% 69.3% 73.4% 86.3% 
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Table VI shows the measured and estimated power losses in each stage of the 
prototype one. The power losses of the single-input multiple-output flyback can 
be measured easily, but the power losses of the multilevel converter and linear 
regulator are estimated. By knowing the output power of the envelope amplifier, 
the output power of the flyback converter and applying equation (9) the power 
losses of the linear regulator and multilevel converter can be estimated for the 
known envelope. The measured efficiency of the first stage (flyback converter) in 
this test is a little bit higher than in the first efficiency measurement shown in 
Figure 73. The reason for this is the lower precision of the flyback’s efficiency 
measurement when the envelope amplifier is tested. 

Depending on the average value and amplitude of the sine wave there can be 
active just one voltage level (sine wave between 0 V and 9 V), two levels (sine 
wave between 5 V and 14 V) or all three levels (sine wave 0 V and 22,5 V). By 
analyzing the information from the Table V it can be seen that the efficiency of 
the prototype one depends on the average value of the reproduced sine wave, its 
frequency and amplitude.  

Table VI  Measured and estimated power losses in each stage of the prototype one for different sine 
waves  

Vsin(V) 
Sine wave 
frequency 

(MHz) 

Measured 
input 
power 
[W] 

Measured 
output 
power 
[W] 

Measured 
power 

losses of 
the flyback 
converter 

[W] 

Estimated 
power 

losses in 
the 

multilevel 
converter 

[W] 

Estimated 
power 

losses in 
the linear 
regulator 

supplied by 
the 

multilevel 
converter 

[W] 

Measured 
total 

power 
losses [W] 

Estimated 
power 

losses of an 
ideal linear 
regulator 

supplied by 
23 V [W] 

0-9 0.5 6.5 2.7 0.7 1.1 1.9 3.7 6.5 
5-14 0.5 15.5 9.1 1.1 2.1 3.2 6.4 10.7 

0-22.5 0.5 24.3 17.2 2.3 2.1 2.7 7.1 6.2 
0-9 2 6.4 2.7 0.6 1.1 1.9 3.6 6.5 
5-14 2 16.2 9.1 1.2 2.7 3.2 7.1 10.7 

0-22.5 2 25.0 17.3 2.5 2.5 2.7 7.7 6.3 

When a sine wave with a low average and amplitude value is reproduced (the 
signal’s envelope is a sine wave from 0 V to 9 V and only the first level of the 
multilevel converter is active, the output power is around 3 W), the efficiency of 
the multilevel solution is up to 46% better than the efficiency of an ideal linear 
regulator supplied with a constant voltage. It is estimated that the proposed 
envelope amplifier would have 44% lower power losses (2.9 W) than an ideal 
linear regulator supplied by constant voltage. This shows the great advantage of 
this solution over the linear regulator supplied by constant voltage when low 
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average value envelopes are reproduced, and that is mostly the case when the 
EER technique is applied [Raab94].  

For the sine waves that need two or three active voltage levels, the power losses 
change depending on the frequency of the signal and it can be observed in Table 
VI This is due to the switching losses of the MOSFETs that are employed in the 
multilevel converter and which are directly proportional to the switching 
frequency. The power losses when the reproduced sine wave is between 0 V and 
9 V do not depend on the frequency of the sine wave, because there is only one 
voltage level active all the time. 

The prototype one has lower power losses (up to 40%) than an ideal linear 
regulator even in the case when there are two active voltage levels (sine wave 
between 5 V and 14 V). The power losses of the prototype one are 15-22% higher 
(from 0.9 W to 1.4 W) than the power losses of an ideal linear regulator supplied 
by constant voltage when it is necessary to reproduce a sine wave of the 
maximal amplitude. It is due to the high switching losses of the multilevel stage. 
Nevertheless, its efficiency is still very high, having in mind the bandwidth of 
the prototype and the maximal output power that it can supply. 

There are two major reasons for the significant difference between the measured 
efficiency of the envelope amplifier and the efficiency of an ideal linear regulator 
supplied by a multilevel converter. The first reason is the low efficiency of the 
flyback converter and the multilevel converter that are used to generate the 
desired voltage levels, and the second is that when the efficiency of the linear 
regulator is calculated using formulas (10) and (11) it is assumed that the voltage 
levels are switched ideally with infinite speed and that the pass element can 
have the minimal voltage drop of zero volts. Unfortunately, the voltage levels 
have to be triggered sufficiently before the theoretical value, in order to 
guarantee that there will not be any distortion at the output, and the minimal 
voltage drop across the pass element is approximately 1V. 

4.5.6 Bandwidth and linearity measurements 

In Appendix 1 - Theoretical analysis of the envelope amplifier’s requirementsit is 
shown that the bandwidth of the envelope amplifier is of crucial importance for 
the high linearity of the Kahn’s transmitter and that in order to obtain high 
linearity, the bandwidth of the envelope amplifier should be, at least, twice the 
bandwidth of the RF signal. In order to determine the bandwidth of the 
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envelope amplifier two tests have been conducted. The first one is to send a sine 
wave of the maximal amplitude as the envelope reference and to measure the 
response of the envelope amplifier. It has been concluded that the gain of the 
envelope amplifier is almost constant (approximately 23.3 dB) up to 2MHz. In 
this way, it has been shown that the bandwidth of the implemented envelope 
amplifier is, at least, equal to the bandwidth of the signal that will be used as the 
reference. When the frequency of the reference sine wave of the maximal 
amplitude is increased above 2MHz, the multilevel convert cannot respond so 
rapidly, and the output of the envelope amplifier is distorted. However, this 
does not mean that the implemented envelope amplifier cannot reproduce 
higher harmonics. The higher harmonics that are very important for high 
linearity of Kahn’s transmitter usually are of much smaller amplitudes than the 
maximal amplitude that can be reproduced by the envelope amplifier. As long 
as the average switching frequency of the MOSFETs does not exceed the 
bandwidth of the envelope signal (2MHz in our case), the envelope amplifier 
reproduces the envelope reference correctly. For example, if the reference signal 
is a rectified sine wave of frequency f, its spectrum is infinite and consists of 
tones that are placed at frequencies 2f, 4f, 6f…A rectified 500 kHz sine wave of 
the maximal amplitude is used as the reference and the response of the envelope 
amplifier is measured. Figure 74 shows the relevant time diagrams and it can be 
seen that the switching frequency inside each voltage cell is 1 MHz, although the 
envelope amplifier can reproduce much higher harmonics as well.  

 
Figure 74. Waveforms of the multilevel converter’s output voltage and the linear 

regulator’s output voltage for a rectified 500 kHz sine wave reference 
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The spectrum of the output signal is compared with the spectrum of the 
reference signal and it is shown in Figure 75. The gain and phase characteristics 
of the envelope amplifier based on the analysis of the spectrum are shown in 
Figure 76. It can be seen that the gain characteristics is almost flat up to 6 MHz, 
and that it admits even higher harmonics.  

 
Figure 75. Spectrum of the reference and the output signal for a rectified 500 kHz sine 

wave reference. All the values are scaled to the dc value of the signal 

 

Figure 76. Gain and phase characteristics of the implemented envelope amplifier 

According to the theoretical analysis in Appendix 1 - Theoretical analysis of the 
envelope amplifier’s requirementsand the measurements presented in this 
chapter, it can be concluded that Kahn’s transmitter that uses this envelope 
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amplifier can achieve a linearity of 30dB for the RF signals of, approximately, 3 
MHz. 

The high linearity of the envelope amplifier is needed in order not to put 
additional spectral components in the spectrum of the output signal. 

The desired output should be always proportional to the reference, and it could 
be represented as: 

12                            (12) 

where a is a constant coefficient. If this is fulfilled, the envelope amplifier is 
ideally linear. Nevertheless, this is not the case in reality, because the function 
that represents the relationship between the reference and the output of the 
envelope amplifier is nonlinear, and it can be represented as a third order 
polynomial [Kenington00]: 

13 _                  (13) 

where a and b are coefficients. This polynomial function changes the spectrum of 
the reference signal significantly, even when the spectrum content of the 
reference signal is as simple as one component. If the reference is just a single 
tone of frequency f, i.e. 

14 sin 2                    (14) 

The envelope output voltage is: 

15 _ 0.75 sin 2 0.25 sin 6     (15) 

That is, it is a sum of two frequency components. Naturally, the smaller the 
coefficient b in equation (13), the higher the linearity of the envelope amplifier. 

One way to measure the linearity of an amplifier is to send a two-tone signal as a 
reference and to analyze the spectrum of the output.  

When the reference signal is a two-tone signal, i.e.  

16 sin 2 sin 2             (16) 

Its spectrum is represented with two components at f1 and f2 (see Figure 77). 
After the amplification of the reference through an amplifier, that has transfer 
function as in equation (13), there are several additional spectral components, 
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like in Figure 78. The value of each spectral component can be calculated simply 
by combining equations (13) and (16). 

 
Figure 77. Spectrum of the reference signal composed of two tones 

 
Figure 78.  Spectrum of the envelope amplifier’s output voltage when the reference signal is 

composed of two tones 

The high frequency components, such as 2f1+f2 or f1+2f2, do not represent any 
special concern. The output of the envelope amplifier supplies the nonlinear 
amplifier through a low pass filter, and those high frequency components do not 
influence the output signal. The spectral components that are close to the 
original two tones are the main problem. The components that are at 2f1-f2 or 2f2-
f1, are so close to the original spectrum that cannot be filtered without the 
distortion of the original signal. Therefore, those spectral components are always 
present in the output signal, and the measure of the linearity of the amplifier is 
represented as a ratio of the original tone and the side tones that cannot be 
filtered. The linearity is measured in dB and it is represented as follows: 

17 20 log                   (17) 

In section 2.1 the linearity is defined in several ways, and the measurements of 
the linearity for the implemented envelope amplifier have been conducted by 
using the two-tone test. The frequency sweep has been done from 10kHz to 
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2MHz with a constant distance of 50kHz between the two tones. The response of 
the envelope amplifier has been measured by a spectral analyzer and an 
oscilloscope. In the case that the measurements are done with oscilloscope, the 
measured data are later processed in MATLAB. Figure 79 shows the response of 
the multilevel converter and the response of the implemented envelope 
amplifier in the case of the reference that consists of 200kHz and 250kHz tones.  

 
Figure 79. Output of the multilevel converter and envelope amplifier when the reference 

signal is a two tone signal composed of sine waves of 200 kHz and 250 kHz 

Figure 80 presents the attenuation of the intermodulation components measured 
by a spectral analyzer and an oscilloscope in the two-tone test when sine waves 
of 1 MHz and 1.05 MHz have been used. 

 
Figure 80. Attenuation of the intermodulation components measured by a spectral analyzer 

(on the left) and an oscilloscope (on the right) for the two tone test, when sine waves of 1 
MHz and 1.05 MHz are used. 

50dB
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As it can be seen, the measured attenuation of the intermodulation components 
is practically the same regardless on the method of measurement. 

Figure 81 shows the linearity of the implemented envelope amplifier for 
different frequencies of the two tones. 

 

Figure 81. Attenuation of the intermodulation products when two tone signals are used as 
the reference for the envelope amplifier (the distance between the two tones is maintained 

constant during the test and it is 50 kHz) 

4.6. Architecture one - based on three level cells (prototype 
two) 

As it has been explained in section 4.3 a multilevel converter based on stacked 
voltage cells can be implemented by means of voltage cells that produce two and 
three voltage levels. In the previous section a solution based on only two level 
cells has been explained, while in this a solution that employs only three level 
cells will be discussed in detail. 

As in the previously presented solution, the proposed envelope amplifier shown 
in this chapter can be divided in three stages: 

1. A single-input multiple-output converter that has to generate voltages 

that are used in the multilevel converter  

2. The switching network composed of three-level cells 
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3. The linear regulator supplied by the multilevel converter and acts as a 

post regulator in order to reproduce the desired reference 

In the following paragraphs a solution for architecture one based on three-level 
cells will be explained. 

4.6.1 First stage – single-input multiple-output converter 
(bidirectional flyback + buck converter) 

Comparing the solution for the first stage for the architecture that utilizes a 
multilevel converter based on two-level and three-level cells a huge difference 
can be easily noticed. As it is explained in section 4.3.1 the first stage that 
supplies the three-level cells has to be bidirectional, although the load is purely 
resistive. This difference from the first stage in the case of two-level voltage cells 
is fundamental, because the flyback converter that is used to supply two-level 
cells cannot be used in this case. Therefore, it has been redesigned and, in order 
to guarantee the bidirectional flow of energy, a synchronous rectification is 
implemented.  

Another important change is introduced in this stage. It can be easily shown that 
in the multilevel converter based on stacked voltage cells there is always one cell 
that never changes its output voltage. This is because the linear regulator needs 
to have minimal supply voltage in order to always reproduce voltage levels 
higher than zero. In the case of the prototype one, there is a voltage level equal 
to 0.5VMAX, where VMAX is the maximal level of the desired envelope. Later on, 
depending on the level of the envelope reference, the outputs of the voltage cells 
are added or subtracted from that constant voltage level.  

Now, let us analyze the total energy supplied by each voltage level of the 
multilevel converter. First, let us assume that the reference signal has probability 
density distribution of the signal’s envelope like in Figure 82. Generally, for the 
signals with high PAPR this distribution is a Rayleigh’s distribution, but here it 
is approximated with a point-to-point linear function in order to simplify the 
calculus and it will not have strong influence on the made conclusions. The data 
for the density distribution is taken from [Yousefzadeh062] for a CDMA signal. 
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Figure 82. Approximated Rayleigh’s distribution for envelope of a multicarrier signal  

The average power that should be supplied by the multilevel converter can be 
calculated as: 

18 _ 0.3097     (18) 

Where Vmax is the maximal level of the desired envelope and R is the input 
impedance of the supplied non-linear power amplifier.   

Let us consider the multilevel converter from the previous section. As we know, 
there are two voltage cells that are supplied by 6 V and there is a constant 
voltage level of 12 V that is always active. All three-voltage outputs are 
generated by a single flyback converter. The average power supplied by each 
output of the flyback converter for the distribution like in Figure 82 can be 
calculated as follows: 

19 _ 0.2395           (19) 

20 _ _ _ 0.0645.         (20) 

21 _ _ _ . 0.0057      (21) 

As it can be seen, almost 80% of average power is supplied by the 12V output. 
Table VII shows power share of each voltage cell that is used. 

If we assume now, that we want the same voltage levels, but with three-level 
cells, then it would be necessary to use an output of 18V for the constant voltage 
level, and one 6V output in order to set 12 V and 24V by addition or subtraction. 
Figure 83 shows a simplified block diagram of this solution. 
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Table VII  Power share between three voltage cells in the case when the RF envelope has a distribution 
like in Figure 82 

Cell Power percentage 
12 V cell 77.3% 

First 6 V cell 20.8% 
Second 6 V cell 1.9% 

 
Figure 83. Block diagram of a multilevel converter implemented with a three-level voltage 

cell 

The average power supplied by each output of the bidirectional single input 
multiple output converter would be: 

22 _ 0.3593           (22) 

23 _ .
.

0.0496     (23) 

In (23) it can be seen that the power supplied by the first output consists of two 
parts. The first integral in the equation is to represent the power that the three-
level cell provides to the load, and the second integral is the power dissipated by 
the cell. 

It is obvious that all the power comes from the output that is used as a constant 
voltage (Pavg_18V), and that the three-level cell is actually used only to provide the 
voltage levels that guarantee that there will not be distortion of the output signal 
and that it has to handle low amount of average energy. 

Having in mind that there are topologies with better efficiency than a flyback 
converter, and that the constant voltage level provides the major part of the 
output power, the first stage can be divided in two sub-stages. The first sub-
stage will have an output with a constant voltage, and the second will provide 
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the isolated outputs in order to supply voltage cells. A simple high-efficiency 
buck converter can be used to produce the constant voltage level and a 
bidirectional flyback converter to supply the three-level cells like it is shown in 
Figure 84. 

 
Figure 84. Block diagram of the multilevel converter implemented by combining a three 

level voltage cell with a buck converter 

A solution like this could improve the overall efficiency, because the new 
flyback converter would not need a huge transformer, like in the previous case, 
and the power losses associated to it could be avoided, and the major part of the 
produced energy would be processed more efficiently through a buck converter 
than through a flyback converter. 

4.6.2 Second stage – three-level voltage cells 

The three-level voltage cells have been presented in section 4.3.1. In order to 
understand how the cell should be controlled and implemented let us consider a 
three level cell like in Figure 85. 

Table VIII shows the cell’s output voltage depending on the state of the cell’s 
switches. 

Table VIII Output voltage of a three level cell depending on the stat of the cell’s switches 

Q1 Q2 Q3 Q4 Vout 

ON OFF OFF ON Vin

OFF ON ON OFF -Vin

OFF ON OFF ON 0 
ON OFF ON OFF 0 
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It can be noticed that MOSFETs Q1 and Q2 are complementary switches, just like 
Q3 and Q4. Additionally, Q4 and Q2 are low-side MOSFETs, because their source 
is connected to the “ground” of the cells, while Q1 and Q3 are high-side 
MOSFETs. Therefore, the control of these MOSFETs can be easily implemented 
using standard PWM drivers. One of the limitations is that the driver should be 
supplied by the voltage of the proper cell. This could be a problem if cell’s 
supply voltage is low. The second problem is that the control signals of the 
driver have to be referred to the “ground” of the voltage cell, and it is necessary 
to apply one of the techniques for level shifting explained in section 4.3.1. Figure 
85 shows a complete schematic of one voltage cell. 

 
Figure 85. Complete schematic of one three-level cell 

4.6.3 Third stage – Linear Regulator 

The linear regulator that is used is the same as in the case of architecture one 
implemented with two level cells. The details of the design and implementation 
are provided in 4.5.3.  
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4.6.4 Implemented system 

In order to verify the idea an envelope amplifier based on three-level cells has 
been implemented. The specifications for the envelope amplifier are the same as 
for the previous envelope amplifier presented in this thesis: 

o Input voltage of 24 V 

o Variable output voltage from 0 V to 23 V 

o The maximal instantaneous power is 50 W 

o The maximal frequency of the reference signal is 2 MHz 

The implemented envelope amplifier based on the multilevel converter with 
three-level cells from now on will be denominated as prototype two and consists 
of: 

o A synchronous buck converter and single-input multiple-outputs flyback 

(first stage) 

o The input voltage is 24 V 

o The output of the buck converter is 18 V 

o The flyback converter has one bidirectional 6 V output 

o The switching frequency for both converters is 50 kHz 

o The peak output power is, approximately, 50 W 

o A multilevel converter with one three-level cell of 6V (second stage) 

o A linear regulator (post regulator).  

o A MOSFET BLF177 as the pass element 

o An operational amplifier LM6172 for the feedback 

In order to enhance the efficiency of the first stage, the constant voltage is 
produced by a synchronous buck converter that operates at low switching 
frequency of 50 kHz. The output filter is composed of four 68 μF tantalum 
capacitors and four ceramic capacitors of 100 nF and a 90 μH inductor. The high 
side MOSFET is SI4886DY while the low side MOSFET is BSH103. The 
transistors are selected regarding the estimated power loss and the maximal 
current and voltage that are specified. The design of the synchronous buck 
converter is known and it will not be discussed more in this chapter. 
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Nevertheless, the design of the synchronous bidirectional flyback converter is a 
little more complicated and it will be explained in more detail. Figure 86 shows 
the schematic of the synchronous bidirectional flyback converter. 

 
Figure 86. Synchronous bidirectional flyback converter with double LC filter 

In order to make synchronous control, the MOSFETs Q1 and Q2 have to be 
controlled by complementary pulses. The problem is that their sources are 
referred to different electrical points in the system and that a simple “low-side, 
high-side” driver cannot be used. Therefore, in order to control the MOSFET Q2 
it is necessary to use additional circuit shown in Figure 87.  

 
Figure 87. Driver circuit for MOSFET Q2  

The MOSFET Q1 is controlled by a standard “low-side” driver. The pulses that 
come from that driver are used to govern Q2. Vcontrol is the supply voltage of the 
“low-side” driver and it is used to supply the schematic in Figure 87, as well.  

The MOSFETs that are used in the three-level cell are IRF3707Z and they are 
selected due to their low resistance and small parasitic. The MOSFET drivers are 
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LM27222. The selected drivers can be supplied with voltage levels as low as 4.5 
V. The pass element and the operational amplifier in the linear regulator are the 
same as in the case of prototype one. 

Figure 88 shows the implemented prototype.  

 
Figure 88. Envelope amplifier based on the multilevel converter with three-level cells 

Figure 89 shows the response of the multilevel converter and the envelope 
amplifier when sine waves of 500kHz and 2MHz are used as the reference 
signal.  

 
Figure 89.  Response of the multilevel converter (label 1) and envelope amplifier(label 2) 

when sine waves of 500kHz(left)  and 2MHz (right) are used as the reference signal 

It has been explained earlier that the voltage source of the three level cell has to 
be bidirectional. The need for the bidirectional source can be seen in Figure 90. 
The output voltage of the envelope amplifier is lower than 12 V and the buck 
converter has to supply current and flyback converter to sink it. In Figure 90 it 

1

2

1

2
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can be seen that the measured output currents of these two converters are equal, 
but with different direction 

 
Figure 90. Output voltage of the envelope amplifier (channel 3),positive output current of 

the employed buck converter (channel 2) and negative output current of the flyback 
converter that supplies the three level voltage cell (channel 1) 

4.6.5 Efficiency measurements 

The first efficiency measurements have been carried out in order to measure the 
efficiency of the first stage, of the employed buck and bidirectional flyback 
converters.  

Figure 91 shows the measured efficiency of the buck converter and it can be seen 
that it is higher than 95% in very wide range of output power.  

The measured efficiency of the bidirectional flyback converter that supplies 
three-level voltage cell is shown in Figure 92. As it has been expected, the 
efficiency of the flyback converter is lower than the efficiency of the buck 
converter and its maximal value is around 90%. 
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Figure 91. Measured efficiency of the buck converter that is used in the first stage of the 

prototype two 

 
Figure 92. Measured efficiency of the bidirectional flyback converter that is used in the first 

stage of the prototype two 

The efficiency of the envelope amplifier is measured for sine wave of different 
amplitudes, average values and frequencies, just like in the previous case. The 
load of the envelope amplifier is a 10 Ohm resistor. The results are shown in 
Table IX  

Table IX  Measured efficiency of the implemented envelope amplifier for different sine waves compared 
with the theoretical efficiency of an ideal linear regulator supplied by a multilevel converter 

and by constant voltage of 23 V  

Vsin (V) 
Frequency of 
the sine wave 

(MHz) 

Measured 
efficiency of the 
prototype two 

Theoretical efficiency of an 
ideal linear regulator 

supplied by 23V 

Theoretical efficiency of an ideal 
linear regulator supplied by the 
optimized multilevel converter 

0-9 0.5 45.9% 29.3% 56.3% 
5-14 0.5 58.6% 45.9% 72.2% 

0-22.5 0.5 71.3% 73.4% 86.4% 
0-9 2 46.7% 29.3% 56.3% 
5-14 2 52.7% 45.9% 72.2% 

0-22.5 2 63.2% 73.4% 86.4% 
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As in the previous case, when a two-level cell is used, the efficiency of the 
implemented envelope amplifier depends on the average value of the sine wave, 
its frequency and amplitude. 

The efficiency of the implemented envelope amplifier is significantly higher (up 
to 58%) than the efficiency of an ideal linear regulator supplied by a constant 
voltage in the case that the sine wave envelopes that have a low average value 
(sine wave from 0 V to 9 V, output power is around 3 W). This leads to 50% 
lower power losses (power savings of 3.3W) and demonstrates the great benefit 
of this solution when the signals with a high PAPR are transmitted. 

Like in the case of the prototype one, for the sine waves that need two or three 
voltage levels active, the power losses change depending on the frequency of the 
signal. Table X shows how the power losses for the sine wave of the same 
average value and the same amplitude increases with higher frequency. This is 
due to the switching losses of the three-level cell. In the case when the sine wave 
is below 12 V there are not switching losses because there is only one active 
voltage level.  

Table X  Measured power losses of the prototype two for different sine waves  

Vsin(V) 
Sine wave 
frequency 

(MHz) 

Measured input 
power [W] 

Measured 
output power 

[W] 

Measured total 
power losses [W] 

Estimated power losses of an 
ideal linear regulator supplied 

by 23 V [W] 
0-9 0.5 5.9 2.7 3.2 6.5 
5-14 0.5 15.4 9.0 6.4 10.5 

0-22.5 0.5 25.0 17.8 7.2 6.5 
0-9 2 6.0 2.8 3.2 6.8 
5-14 2 17.3 9.1 8.2 10.7 

0-22.5 2 27.2 17.2 10.0 6.2 

The efficiency of the prototype two is better than the efficiency of an ideal linear 
regulator even in the case that it is necessary to use two voltage levels. 
Unfortunately, when the envelope excursion goes from its minimum to its 
maximum, the efficiency of the prototype is lower than of an ideal linear 
regulator. It can be seen that it falls from 71,3% to 63,2% when the frequency 
increases from 500 kHz to 2 MHz. Like in the case of the previous prototype, the 
reason for that are high switching losses.  

The reason for the difference between estimated and measured efficiency has 
already been explained in section 4.5.5. 
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4.6.6 Bandwidth and linearity measurements 

The bandwidth of the implemented envelope amplifier is measured using 
rectified sine wave, like in 4.5.6. The frequency of the sine wave is 500 kHz and 
Figure 93 shows the spectrum of the reference and output signal. It can be seen 
that up to 4 MHz all the spectral components are reproduced correctly.  

 
Figure 93. Spectrum of the reference and output signal when a rectified 500 kHz sine wave 

is used as the reference. All the values are scaled to the dc value of the signal 

The linearity is measured with two-tone tests and the results can be seen in 
Figure 94. The frequency sweep has been done from 10 kHz to 2 MHz with 
constant distance of 50 kHz between the two tones. The response of the envelope 
amplifier has been measured by oscilloscope and the measured data are later 
processed in MATLAB. The obtained attenuation of the third order 
intermodulation products is around 50 dB in the range of interest. 

 
Figure 94. Attenuation of the intermodulaiton products when two tone signals are used as 

the reference for the envelope amplifier (the distance between the two tones is maintained 
constant during the test and it is 50 kHz) 



 

127 

4.7. Architecture two – based on independent voltage sources 
and an analog multiplexer 

In this chapter a detailed explanation of the implemented envelope amplifier 
based on the architecture two will be given. In previous chapters it has been 
explained that the proposed architecture is composed of three stages: 

1. The single-input multiple-output converter that has to produce the 

voltages that are used in the multilevel converter  

2. The switching network that acts as an analog multiplexer 

3. The linear regulator supplied by the multilevel converter and acts as a 

post regulator in order to generate the desired reference 

Each stage of the architecture two will be explained in details in the following 
paragraphs.  

4.7.1 First stage – single-input multiple-output converter 
(switching capacitors) 

This architecture uses a multilevel converter that consists of independent voltage 
sources and an analog multiplexer. Therefore, the number of the outputs of the 
first stage has to be equal to the number of voltage levels of the multilevel 
converter, and the level of each output should be equal to one voltage level of 
the multilevel converter.  

In order to generate N voltage levels it is necessary to employ N voltage sources. 
Generally speaking, it would mean that it is necessary to use N dc-dc converters 
or one/several single-input multiple-output converters in order to achieve this. 
The problem to implement N independent dc-dc converters is the complexity of 
the system and the high number of components. If it were decided to use single-
input multiple-output converter, then it would implicitly mean that a 
transformer with multiple output windings would be used. The use of such a 
transformer could lead to low efficiency of the first stage (stage that supplies the 
multilevel converter) due to the leakage inductances, dc resistance of the 
windings, gap and proximity effect (that could be significant when high number 
of outputs is desired). 
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Having in mind the possible optimization of the voltage levels that are used to 
supply the linear amplifier that is explained in section 4.4, and the fact that 
optimized multilevel converter with three levels provides, approximately, Vmax, 

Vmax and Vmax, (Vmax is the maximal voltage of the multilevel converter) an 

architecture that employs simple voltage dividers could be used. In order to 
generate three levels, it is necessary to apply two voltage dividers and to supply 
the system with only one voltage of Vmax. The input terminals of the first voltage 
divider should be connected between the ground and Vmax, and it produces 

Vmax, while the second voltage divider’s input terminals are connected between 

the output of the first divider ( Vmax) and Vmax. The second voltage divider 

produces Vmax, but referred to the output of the first voltage divider and, 

therefore, its output is Vmax referring it to the ground of the system. Normally, if 

the values of the optimized voltage levels were not so convenient, the multilevel 
converter could not be implemented by using voltage dividers. Additionally, in 
that case, the converter based on switching capacitors would be more 
complicated in order to reproduce output voltage different from one half of the 
input value. A block schematic of the multilevel converter implemented by 
using voltage dividers is shown in Figure 95. 

 
Figure 95. Block schematic of the multilevel converter based on voltage dividers 

Voltage dividers based on switching capacitors are simple topologies, with high 
efficiency and usually can be used as the first stage that does not need high 
precision control of the output because there will be a post regulator whose task 
will be to regulate the final output voltage [Sun07]. 
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Figure 96 shows the simplified schematic of a voltage divider based on 
switching capacitors. 

 
Figure 96. Simplified schematic of the implemented voltage divider based on the switching 

capacitors  

In [Xu06] is shown that this topology can have very high efficiency, up to 98%. 
The principle of work is similar like in all converters that employ switching 
capacitors. The converter uses three capacitors. One capacitor, CF, is the so-called 
“flying” capacitor because its terminals are not connected to a fixed point, but 
they change the connection point by means of MOSFETs that are switched on 
and off. Its task is to equilibrate the voltage on the output capacitors of the 
converter, C1 and C2. During one switching period it is first connected in parallel 
with capacitor C1 and then in parallel with capacitor C2. When the flying 
capacitor is connected in parallel with capacitor C1 like in Figure 97, capacitor C2 
is discharged with the load current, while the flying capacitor and capacitor C1 
are charged. 

 
Figure 97. Voltage divider based on the switching capacitors in the first half of the 

switching cycle 
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 When this part of the period is over, MOSFETs Q1 and Q3 are turned off, and 
MOSFETs Q2 and Q4 are turned on, and the flying capacitor is connected in 
parallel with capacitor C2 like in Figure 98. Just before the flying capacitor is 
connected with capacitor C2, its voltage is slightly higher than the voltage on 
capacitor C2. By connecting these two capacitors, capacitor C2 is charged, and its 
voltage will be increased almost instantaneously. After the transition period, the 
flying capacitor and capacitor C2 is discharged, while the capacitor C1 charged by 
the load current, like it is shown in Figure 98. At the end of the switching period, 
capacitor C1 is charged more than the flying capacitor, therefore, when they are 
connected, capacitor C1 charges the flying capacitor and discharges itself. These 
capacitors will be charged together as it is explained earlier.  

 
Figure 98. Voltage divider based on the switching capacitors in the second half of the 

switching cycle 

If it is assumed that the voltage of the flying capacitor is almost constant, then 

the voltages over capacitors C1 and C2 will be the same, and exactly Vmax. 

Once one switching cycle is explained, some important conclusions regarding 
this topology can be made. The first conclusion is that the power loss mechanism 
in this topology can be divided in three different mechanisms: 

1. The conduction losses, due to finite MOSFET resistance (Ron) and finite 

series resistance of the used capacitors (ESR) 

2. The switching losses, due to the switching transitions of the used 

MOSFETs 

3. The losses due to charge transition from differently charged capacitors 

(when the flying capacitor is connected with capacitors C1 and C2 
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The power losses due to the first mechanism depend only on the selected 
capacitors and MOSFETs, while the switching losses depend on the MOSFET 
selection and on the switching frequency of the voltage divider. The last power 
loss mechanism depends solely on the voltage difference between the flying 
capacitor and the capacitors C1 and C2 just before they are connected. In order to 
obtain low voltage ripple it is desirable that the capacitors C1 and C2 have a 
capacity as high as possible, because it guarantees that the load current will not 
be able to discharge too much the capacitor C2. At the same time, it guarantees 
small voltage difference between the flying capacitor and the capacitors C1 and 
C2 just before they are connected and on that way smaller power losses. 
Additionally, if the switching frequency is higher, then the charge and discharge 
time of the capacitors C1 and C2 will be small and it leads to lower power losses 
by the third mechanism. However, as it is aforementioned, the power losses 
contributed by the second mechanism grow higher with the switching 
frequency. More accurate and systematic explanation of the power losses in a 
voltage divider based on switching capacitors will be given in Appendix 2 –
Theoretical analysis of losses in switched capacitors converters 

As it can be seen, the topology of the voltage divider, as it is presented, works in 
open loop. Its task is to provide approximate voltages and use them to supply 
the post regulator, i.e. linear regulator in the case of the proposed envelope 
amplifier. The main disadvantage of the topologies based on switching 
capacitors is that they are not able to filter the switching noise. Unfortunately, all 
the switching noise, including the high voltage peaks that are present whenever 
the flying capacitor is connected to the capacitor C1 or C2, can be seen in the 
output voltage. This noise should be filtered by the post regulator. In the case of 
the proposed envelope amplifier, the noise should be filtered by the linear 
amplifier. Depending on the bandwidth of the linear amplifier, this noise will be 
filtered better or worse. In order to reduce the noise that comes to the linear 
regulator small LC filters are used in the outputs of the voltage dividers. 

The simplified schematic of the proposed envelope amplifier can be seen in 
Figure 99. 
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Figure 99. Schematic of the implemented multilevel converter based on the architecture two 

4.7.2 Second stage – Analog Multiplexer 

The analog multiplexer that is necessary for this architecture is implemented as 
it is shown in Figure 49. The MOSFETs are “floating”, that is their source is not 
referred to the ground of the system. Therefore, a level shifter like the one shown 
in Figure 51 is used in order to control the employed transistors. 

4.7.3 Third stage – Linear Regulator 

The linear regulator that is used is the same as in the case of architecture one, 
and it will not be discussed in this chapter. 

4.7.4 Theoretical Estimation of the Efficiency 

In order to carry out estimation of the proposed envelope amplifier, it will be 
necessary to carefully indentify the mechanism of energy losses, and then, to try 
to describe it through the equations. 

Firstly, it is possible to separate the losses in each of the three stages and, then, in 
each one of them classify the losses depending on their nature. 

4.7.4.1 The losses in voltage dividers 

As it is aforementioned in this chapter, the power losses in this part occur due to 
three different mechanisms: 



 

133 

1. The switching losses, due to the switching transitions of the used 

MOSFETs 

2. The conduction losses, due to finite MOSFET resistance (Ron) and finite 

series resistance of the used capacitors (ESR) 

3. The losses due to charge transition from differently charged capacitors 

(when the flying capacitor is connected with capacitors C1 and C2 

The second loss mechanism is due to the parasitic MOSFET capacitors that have 
to be charged and discharged. Due to the parasitic capacitor between gate and 
source of the MOSFET the energy is lost each time when the voltage of the gate 
is changed. In order to estimate the losses due to the change of the gate voltage 
level, we must take some assumptions: 

1. The driver uses pulse like voltages to control the MOSFETS 

2. The connection between the driver and the MOSFET is like a RC circuit 

presented in Figure 100 (Rg is the total resistance between the driver’s 

output and the MOSFET’s gate, Cgs is the MOSFET’s parasitic capacitors 

between its gate and source) 

 

Figure 100. Connection between the driver and MOSFET in the voltage divider 

Due to these two assumptions and, using the data from the datasheets, the gate 
losses can be calculated as: 

24 ∆         (24) 

Where VCC is the driver supply voltage and ∆Qgate is the charge supplied to the 
MOSFET in order to turn it on. Vcc can be known from the information about the 
system, while the ∆Qgate can be estimated using the data from the datasheet.  



Wide Bandwidth High Efficiency Power Converter for RF Amplifiers 

134 

Additionally, each MOSFET has a parasitic capacitor COSS composed of Cgd (the 
parasitic capacitor between the gate and the drain) and Cdd (the parasitic 
capacitor between the drain and the source). Each time the MOSFET is turned on 
this capacitor is discharged through the MOSFET, and when the MOSFET is 
turned off, the capacitor is charged from the input power supply through the 
low impedance. Therefore, there are losses whether this capacitor is charged or 
discharged, and in both cases the losses are the same and equal to the energy 
stored in the parasitic capacitor. The power of these losses can be estimated as: 

25             (25) 

Where Coss is the value of the parasitic capacitor, Voss is the voltage between the 
MOSFET’s drain and source when it is turned off and fsw is the switching 
frequency of the converter.  

In order to complete the estimation of the losses in the first stage it is necessary 
to calculate the energy lost due to the charge transition from differently charged 
capacitors and the losses due to the switch resistance and the series resistance of 
the capacitors. In Appendix 2 –Theoretical analysis of losses in switched 
capacitors convertersit is shown that each converter based on switching 
capacitors can be presented as a voltage supply with finite output resistance, 
where the output resistance can be calculated as: 

26              (26) 

where CF is the value of the flying capacitor and fsw is the switching frequency of 
the converter. Therefore, the losses due to the last two mechanisms depend on 
the output current of the voltage divider, icap, and can be calculated as: 

27        (27) 

4.7.4.2  Losses in the analog multiplexer 

In the analog multiplexer there are three mechanisms that produce losses: 

1. The losses due to the MOSFET resistance and voltage drop across the 

diode  

2. The losses in the gate of MOSFET due to parasitic capacitor between gate 

and source 
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3. The losses due to the charge and discharge of the MOSFET’s and diode’s 

parasitic capacitors 

The first loss mechanism in this part of the envelope amplifier can be described 
with the following equation: 

28 ∑ _ _ _      (28) 

Where N is the total number of multiplexor’s outputs, Ron_i is the MOSFETs 
resistance when it conducts current, VD is the voltage drop on the diode and 
ibranch_i is the current through the each output of the multiplexor.  

The power losses due to the second mechanism can be described with the 
equation (24). 

The last mechanism is explained in detail in Appendix 3 – Analysis of switching 
power losses in the analog multiplexer. 

4.7.4.3 Losses in the linear regulator 

The losses of the linear regulator have been earlier explained, section 4.4, and 
now only the equation for the power losses will be given 

29        (29) 

Where Vmulti level is the voltage of the multilevel converter, Vload is the output 
voltage and iload is the output current. By combining equations (24)-(29), and 
assuming that the output voltage is a sine wave signal of known frequency and 
the load is a resistor of known resistance, it is possible to obtain a rough loss 
model of the envelope amplifier based on this architecture. For the given system 
specifications, the results are presented in Table XI It is assumed that the voltage 
drop across the pass element in the linear regulator is 2 V. 

Table XI   Estimated efficiency of the implemented envelope amplifiers for different sine waves 

Vsin(V) Sine wave frequency (MHz) 
Estimated efficiency of the architecture 

two 

0-9 2 50.5% 
5-14 2 63.2% 

0-22.5 2 77.3% 
0-9 0.5 50.5% 
5-14 0.5 63.5% 

0-22.5 0.5 77.7% 
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4.7.5 Implemented system 

An envelope amplifier based on the three stages that have been presented in this 
chapter has been made. From now on it will be denominated as prototype three. 
As in the case of previous prototypes, the specifications are the same as before: 

o Input voltage of 24 V 

o Variable output voltage from 0 V to 23 V 

o The maximal instantaneous power is 50 W 

o The maximal frequency of the reference signal is 2 MHz 

Having in mind the system’s input voltage of 24 V, the first stage has been 
implemented to reproduce 12 V, 18 V and 24 V. In order to minimize total losses, 
a flying capacitor of 110 uF and a relatively low switching frequency of 50 kHz 
have been selected. The selected MOSFET is Si4864DY due to its good 
characteristics, while the drivers differ depending if they are used in the first or 
the second voltage divider. Analyzing Figure 99 it can be noticed that in the first 
voltage divider (the one that produces 12 V) there should be two MOSFET 
drivers. One driver is supplied from the 12 V output, while the second one is 
supplied with 12 V as well, but referred to the output. In another words, the 
“ground” of the second driver is the output of the first voltage divider. 
Therefore, the drivers have to be able to withstand a 12 V supply voltage. In this 
case, the driver IR2181 has been selected. Naturally, it can be easily concluded 
that the driver that has its “ground” connected to the output of the voltage 
divider, has to receive the PWM signals referred to this voltage as well. It is 
accomplished by the simple level shifter circuit shown in Figure 101. 

 
Figure 101. Schematic of the peak detector used as the voltage translator. 

PWM

24V

12V

driver

level 
shifter
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In the second voltage divider there are two MOSFET drivers as well, but they 
should be supplied by 6 V. For these drivers LM27222 have been selected due to 
the low supply voltage they need. As for the first voltage divider, in this one the 
PWM signals have to be level shifted to the “grounds” of each driver and the 
same circuit as in Figure 101 is used. 

All the MOSFET have a small capacitor in its gate used to eliminate the DC level 
of the PWM signal and, in that way, to control the MOSFETs with positive and 
negative voltages. This is useful especially in noisy systems because by using 
negative voltages to turn off a MOSFET it is more difficult to turn it on by the 
noise that is present in the system. 

All the outputs of the voltage dividers include a small LC filter in order to 
decrease the amount of noise that could be passed to the load. The value of the 
inductor is 100 nH and the capacitor is 44 uF. 

The multiplexer’s switches consist of MOSFET SUD50N06P due to their low 
resistance and parasitic capacitors. The used schottky diode is 12CWQ03FN due 
to its very low voltage drop. The MOSFET driver (EL7156) and isolation chip 
(ISO721) are selected having in mind their possibility to reproduce high 
frequency pulses. In Figure 102 a photograph of the prototype is presented. 

The result of the efficiency measurement for the voltage dividers is shown in 
Figure 103. It can be seen that the efficiency of both voltage dividers is higher 
than 95% for a wide range of the output power. 

 
Figure 102. Photograph of the implemented envelope amplifier based on architecture two 



Wide Bandwidth High Efficiency Power Converter for RF Amplifiers 

138 

 
Figure 103. Measured efficiency of the implemented multilevel converter 

Figure 104 shows the multilevel converter’s and system’s output voltage in the 
case of 500 kHz and 2 MHz sine waves. Whenever the multilevel converter 
changes its output voltage there is a small glitch in the output voltage. The 
reason is the finite bandwidth of the linear regulator. Step changes of the 
multilevel converter’s voltage are composed of very high harmonics that are 
higher than the regulator’s bandwidth. Therefore, the linear regulator is not able 
to react and stabilize the output voltage very well in these moments. In order to 
make these transitions “softer”, with less high spectral components, the 
resistance in the gates of the MOSFETs that form the analog multiplexer is 
increased. In this way, the MOSFET’s transition time is increased and, therefore, 
the switching loss as well, but, the linear regulator can react better and the glitch 
in the output voltage is almost removed. 

 
Figure 104. Waveforms of multilevelconverter (label 1, channel 2) and output voltage (label 

2, channel 1) at 500kHz and 2MHz 

2 
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4.7.6 Efficiency measurements 

The efficiency of the prototyped envelope amplifier is measured for different 
sine waves and the results are summarized in Table XII and Table XIII A 
resistance of 11 Ω is used as the load of the envelope amplifier. The measured 
efficiency is compared with the theoretical efficiency of the linear regulator 
supplied by a constant voltage. 

Table XII  Measured efficiency of the implemented envelope amplifiers for different sine waves compared 
with the theoretical efficiency of an ideal linear regulator supplied by 23 V 

Vsin(V) 
Sine wave 
frequency 

(MHz) 

Measured 
efficiency of the 
prototype three 

Estimated efficiency of 
the prototype three 

Theoretical efficiency 
of an ideal linear 

regulator supplied by 
23V 

Theoretical efficiency 
of an ideal linear 

regulator supplied by 
the optimized 

multilevel converter 
0-9 0.5 47.5% 50,5% 29.3% 56.3% 
5-14 0.5 61.5% 63,5% 45.9% 72.2% 

0-22.5 0.5 75.2% 77,7% 73.4% 86.4% 
0-9 2 48.2% 50,5% 29.3% 56.3% 
5-14 2 59.0% 63,2% 45.9% 72.2% 

0-22.5 2 70.9% 77.3% 73.4% 86.4% 
Table XIII Measured and estimated power losses of the prototype three for different sine waves  

Vsin(V) 
Sine wave 
frequency 

(MHz) 

Measured 
input 

power [W] 

Measured 
output 

power [W] 

Measured 
total power 
losses [W] 

Estimated power 
losses of the 

prototype three [W] 

Estimated power losses of 
an ideal linear regulator 

supplied by 23 V [W] 
0-9 0.5 5.7 2.7 3.0 2.6 6.5 
5-14 0.5 14.5 8.9 5.6 5.1 10.7 

0-22.5 0.5 23.0 17.3 5.7 5.0 6.2 
0-9 2 5.7 2.8 2.9 2.7 6.5 
5-14 2 15.1 8.9 6.2 5.2 10.7 

0-22.5 2 24.1 17.1 7.0 5.0 6.2 

As in the case of the previous two prototypes, the efficiency of the prototype 
three depends on the average value, amplitude and frequency of the reproduced 
sine wave.  

In the case that only the lowest level is active the efficiency is constant, 
regardless on the sine wave’s frequency. Normally, as soon as due to the 
reproduced envelope voltage levels start to change, the efficiency decreases with 
the frequency of the envelope. For a sine wave between 0 V and 9 V the 
efficiency of the prototype three is up to 64% higher than the efficiency of an 
ideal linear regulator supplied by constant voltage. The power losses are 54% 
lower and it results in power savings of 3.5 W. Once again, this proves the great 
advantage of this solution in the case when the envelopes with high PAPR are 
generated. 

Even in the case that there are two and three voltage levels active and the 
envelope frequency is in middle range (500 kHz) the efficiency of the prototype 
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three is higher than the efficiency of an ideal linear regulator. For very high 
frequencies (2 MHz), the efficiency of the implemented envelope amplifier is 
slightly lower (3.4%) than the efficiency of an ideal linear regulator when the 
envelope goes from its minimum to its maximal value.  

It can be seen that the prototype three has higher efficiency than the first two 
prototypes. The reason is the highly efficient first stage (around 95%) of the last 
prototype. Additionally, the first stage is implemented without bulky magnetic 
components, which gives an additional advantage to this prototype over the first 
two regarding the weight, size and possibility of integration.  

The difference between the estimated and measured efficiencies is not huge, 
between 10% and 15%. The main reason for the difference lies in the fact that the 
model is very much simplified and does not account for any parasitic inductance 
on the PCB that has strong influence on the switching losses, especially at high 
frequencies [Eberle08]. Nevertheless, it is shown that it is correct enough to 
make rough judgment on the overall efficiency. 

4.7.7 Bandwidth and linearity measurements 

In order to measure the bandwidth of the implemented envelope amplifier, a 
test when the reference signal is a rectified sine wave has been conducted. The 
frequency of the sine wave is 500 kHz, and Figure 105 shows the output voltage 
of the multilevel converter and envelope amplifier when such a signal is used as 
the reference. Figure 106 shows the spectrum of the reference signal and the 
output signal. It can be seen that all the spectral component are reproduced 
correctly up to 5 MHz. This means that the EER transmitter that uses this 
envelope amplifier theoretically should achieve linearity of at least 30dB for the 
RF signals with the bandwidth of 5 MHz. 

As it has been explained in earlier chapters, besides the efficiency the linearity of 
the envelope amplifier is of great importance. High linearity of the envelope 
amplifier means that the products of intermodulation are very low, and that the 
difference between the spectrum of the output signal and the spectrum of the 
envelope reference is negligible.  
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Figure 105. Waveform of the multilevel converter’s output voltage and the linear regulator’s 
output voltage for  a rectified 500 kHz sine wave 

 
Figure 106. Spectrum of the reference and the output signal for a rectified 500 kHz sine 

reference. All the values are scaled to the dc value of the signal 

The linearity can be defined and measured in several ways (section 2.1), and the 
measurements that have been conducted for this prototype are based on two-
tone tests. The frequency sweep has been done from 10 kHz to 2 MHz with 
constant distance of 50 kHz between the two tones. The response of the envelope 
amplifier has been measured by an oscilloscope and the measured data have 
been later processed in MATLAB. The spectral content of the envelope 
amplifier’s output voltage in the case that the envelope reference is composed of 
200 kHz and 250 kHz tones is shown in Figure 107. 
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Figure 107.  Attenuation of the intermodulaiton components measured by an oscilloscope in 

the two tone test, when a sine waves of 200 kHz and 250 kHz are used. 

Figure 108 presents the linearity of the implemented envelope amplifier for 
different frequencies of the two tones. 

 

Figure 108. Attenuation of the intermodulation products when two tone signals are used as 
the reference for the envelope amplifier (the distance between the two tones is maintained 

constant during the test and it is 50 kHz) 

4.8. Paralleling envelope amplifiers in order to increase the 
output power 

The idea of paralleling power converters is very well known and applied in the 
power electronics applications. In this way, several benefits can be obtained. The 
first is regarding the output power of the system. Power converters in parallel 
are mostly used in order to increase the output. Power sharing between the 
power converters can be done in two different ways. The first one is when the 
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power converters give the same output power, that is, the output power is 
shared equally between the paralleled converters [Garcia07]. The other solutions 
is to share the output power unequally in order to use several power converters 
optimized for different output powers and in that way maximize average system 
efficiency [Waffler09]. The second reason for paralleling converters is the 
possibility to obtain a system with redundancy and modularity that allows 
scaling up the power.  

Another advantage is the distribution of power losses and, as a direct 
consequence of this property, the need for cooling is decreased and the size of 
used radiators can be reduced. Even if the efficiency were the same as in the case 
of a single power converter, the power losses would be divided between the 
converters, and the maximal temperature of the components would be lower. If 
the number of power converters is sufficiently high, the cooler can be totally 
avoided [Garcia06]. The last benefit of the parallel power converters is regarding 
the ripple of the output voltage. In some cases, it is possible to obtain total 
cancelation of output voltage ripple, and in that way the size of the output filter 
can be reduced or eliminated, in ideal case.  

As it has been explained earlier, the last stage of the proposed solution of the 
envelope amplifier is linear regulator. The feedback of the linear regulator is 
implemented to regulate the output voltage of the envelope amplifier. By 
increasing the power of the envelope amplifier the output current of the linear 
amplifier increases as well. That means that the MOSFET used as the pass 
element should manage all that current. Another problem can be found in the 
second stage, the multilevel converter. Due to the higher currents, the parasitic 
inductances of the used PCB are getting the importance and it could lead to the 
decreased transition speed of the multilevel converter. Another problem would 
be increased switching losses in the voltage cells due to the high currents that 
would run through cell’s MOSFETs.  

If several envelope amplifiers are put in parallel, each one of them will manage 
relatively low output current and it would implicitly mean that the efficiency 
and the bandwidth could be highrt than in the case when only one envelope 
amplifier is used. 
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In order to use several power converters in parallel it is necessary to join them 
by summing their output currents and similar idea is used to put several 
envelope amplifiers in parallel as well.  

The main idea on how to parallel envelope amplifiers will be explained for the 
case of just two envelope amplifiers, without losing generality.  

The simplified schematic of two envelope amplifiers in parallel is shown in 
Figure 109. In this system there can be recognized the master envelope amplifier 
and the slave envelope amplifier. 

 
Figure 109. Proposed solution for the master and slave linear regulators  

The master envelope amplifier has to set the output voltage according to the 
envelope reference that it receives and then to send the current reference to other 
envelope amplifiers (slaves). There are two possible solutions in order to sense 
the output current of the paralleled envelope amplifiers. The first one is to use 
current sensors and the second one is to employ shunt resistors. The current 
sensors solution is more expensive, have problems with noise, and offset. 
Additionally, for this type of application where the output current and voltage 
have high dynamics, it would be difficult to find a current sensor that has 
enough bandwidth and good aforementioned characteristics. Therefore, the 
proposed solution is based on shunt resistors.  

For this solution it is necessary to put the same shunt resistor in the path of each 
envelope amplifier’s output current. The master envelope amplifier has a voltage 
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feedback, as it has been earlier mentioned, and thanks to this feedback, the 
output voltage will follow the envelope reference 

30 Venvelope_amplifier=(1+R1/R2)*Vreference=k*Vreference         (30) 

In order to send the information about its output current, the master has to 
provide just the information about the voltage drop on its shunt resistance. The 
slaves will try to equilibrate the voltage drop across their shunt resistances to the 
master’s reference. When it is equilibrated, output current of the slave will be 
equilibrated to the master output current due to the same value of the shunt 
resistor.  

31 Imaster=(VShunt1-VOut)/RShunt       (31) 

32 Islave=(VShunt2- VOut)/RShunt      (32) 

33 VShunt1-VOut=VShunt2-VOut=> Imaster=Islave     (33) 

The problem of the current feedback implemented in this way is that the 
precision of the current sharing depends on the difference among the shunt 
resistors. If the shunt resistors had exactly the same value, then the current 
sharing would be ideal. Because of that, it is necessary to analyze the error in 
current sharing due to the variation of shunt resistors.  

Let us assume that there is a difference between RShunt1 and RShunt2 and that its 
value is ∆R. Due to this difference the difference between the shared currents is: 

34 ∆I=Imaster-Islave=(VShunt1-VOut)/RShunt1-(VShunt2-VOut)/RShunt2     (34) 

Due to voltage feedback used in the slave part, it can be assumed that VShunt1 is 
equal to VShunt2. Additionally, we can define ∆V, RShunt1 and RShunt2 as: 

35 ∆V=VShunt1-VOut       (35) 

36 RShunt1=R         (36) 

37 RShunt2=R+∆R       (37) 

Using these definitions, the current difference can be expressed as: 

38 ∆I=∆V∆R/(R2+R∆R)      (38) 

It is easy to see that if ∆R is close to zero, the current difference ∆I is close to zero 
as well. Other possibility to minimize the current difference is to increase R, but 
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this is not possible, because the shunt resistance should not be huge, in order to 
avoid additional dissipation. If we define shunt sensitivity as: 

39 p=∆R/R       (39) 

then, the expression for current difference can be rewritten as: 

40 ∆I=(∆V/R)*(p/(1+p))     (40) 

Having in mind that master’s current I=∆V/R, then the relative error of current 
sharing is: 

41 ∆I/I=p/(1+p)=p      (41) 

Therefore, after this analysis it can be concluded that the relative error of current 
sharing, in the case of two envelope amplifiers, is equal to the tolerance of the 
used shunt resistance. 

Naturally, this error between shared currents is correctly estimated only as long 
as the bandwidth of the feedback is sufficiently fast to equilibrate the voltage 
drops on the shunt resistances. If these voltage drops are not correctly 
equilibrated, it could lead to phase delays between the currents that would 
result in reactive power and higher power losses.  

In order to design an envelope amplifier that consists of a master and a slave a 
simulation in PSpice has been conducted. The RF MOSFET BLF177 is modeled as 
a voltage controlled current source, with additional capacitors that simulate the 
MOSFET’s parasitic capacitors, Figure 110.  

 

Figure 110. Model of the BLF177 used in PSpice simulations 

The values of the capacitors and the transconductance can be found in the 
MOSFET’s datasheet [BLF177]. The model of the operational amplifier that is 
employed, LM6172, can be found on the web page of the manufacturer. By 
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analyzing the simulations, it has been seen that the gate source parasitic 
capacitor cannot be neglected. Combining this information with the transfer 
function of the operational amplifier leads to a set of very long equations that 
can be used to describe the master/slave circuit. Because of that, the transfer 
function (needed for the design of the feedback regulators) and the bandwidth of 
the proposed solution are just estimated by the simulations and not calculated.  

Once the gains in the feedbacks have been chosen, a prototype has been built. 
Figure 111 shows the photograph of the implemented prototype. 

 

Figure 111. Photograph of the implemented prototype that employs two linear regulators in 
parallel (on the right) with 3.3 Ω load (three 10 Ω resistances on the left) 

Various measurements have been conducted in order to characterize the 
prototype and to compare it with the PSpice model. The load of the paralleled 
linear regulators is a 3,3 Ω resistance, and a shunt resistance of 200 mΩ is 
selected. Figure 112 shows the system’s response when the output is a 100 kHz 
sine wave between 0 V and 22 V. It can be seen that the currents of the master 
and the slave are equal and in phase. 



Wide Bandwidth High Efficiency Power Converter for RF Amplifiers 

148 

 

Figure 112. Master’s and slave’s current represented as the voltage drop on the 200 mΩ 
shunt resistor (labels 1 and 2) when the output voltage is a 100 kHz sine wave (label 3) 

By increasing the frequency of the sinusoidal reference, the delay and the 
difference in amplitudes between the master’s and slave’s current increases. 
Figure 113 shows the system response when the output is a 500 kHz sine wave 
between 0 and 22V. In Figure 114 the delay between the sine waves has been 
measured and it is 170 ns (30.6 degrees).  

 

Figure 113. Master’s and slave’s current represented as the voltage drop on the 200 mΩ 
shunt resistance (labels 1 and 2) when the output voltage is a 500 kHz sine wave (label 

3) 
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Figure 114. The measured delay between master’s and slave’s current when the output 
voltage is a 500 kHz sine wave (label 3). The currents are represented as the voltage drop 

on the 200 mΩ shunt resistance (labels 1 and 2) 

By using an impedance analyzer, the loop gain of the current loop and the ratio 
between the master’s and slave’s currents have been measured and compared to 
the measurements made in PSpice. Figure 115 shows how the perturbation 
signal is injected in the system by small transformer. The figure shows only the 
master circuit, although the system has one slave linear regulator as well. The 
loop gain is measured by comparing the output voltage of the master’s 
operational amplifier (OA1) and the voltage at the gate of the master’s MOSFET 
(M1). Figure 116 shows the gain and the phase of the measured and simulated 
loop gain. 

 

Figure 115. Schematic of the master envelope amplifier with the perturbation 
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Figure 116. Measured and simulated gain and phase of the system’s loop gain 

The simulated and the measured characteristics correspond up to, 
approximately, 500 kHz. Beyond this frequency there is difference due to the 
non modeled dynamics.  

The ratio and phase delay between the master’s and slave’s currents is measured 
by putting the perturbation in the reference signal and measuring the voltage at 
the sources of master’s and slave’s MOSFETs. 

Figure 117 presents the ratio and phase delay between the master’s and slave’s 
currents.  

By comparing the measured and simulated results it can be seen that the model 
used in PSpice corresponds to the prototype up to 800 kHz. Beyond this 
frequency there is a difference between the model and the prototype due to the 
non modeled dynamics of the system. 
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In Figure 117 it can be seen that the measured phase delay between the currents 
at 500 kHz is approximately 30 degrees, just like it has measured by applying 
sine wave reference.  

 

  
Figure 117. Measured and simulated ratio between master’s and slave’s currents  
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4.9. Conclusions 

In this chapter a novel solution for the envelope amplifier has been presented. 
The solution is based on a multilevel converter in series with a linear regulator. 
In that way the envelope amplifier exhibits high linearity, wide bandwidth and 
higher efficiency than in the case when the linear regulator is supplied by 
constant voltage.  

In order to implement the multilevel converter two architectures have been 
presented: 

 Architecture one, based on stacked two-level or three-level voltage cells 

 Architecture two, based on independent voltage supplies and an analog 

multiplexer 

In both architectures there can be distinguished three stages: 

 The first stage is single-input, multiple-output converter that can be 

implemented using several independent dc-dc converters or one 

converter with several outputs 

 The second stage is the switching network used to generate the desired 

voltage levels and it can be made as two-level or three-level voltage cells 

or analog multiplexer 

 The third stage is linear regulator and it acts as a post regulator  

The number and distribution of the voltage levels is selected in order to optimize 
overall efficiency of the envelope amplifier. The optimization is conducted 
having in mind the system’s architecture and the characteristics of the 
transmitted envelope. The performed optimization and analysis showed that 
with optimized voltage levels of the multilevel converter it is possible to achieve 
higher efficiencies than when the equidistant voltage levels are applied. Even 
more, with optimized voltage levels the system’s efficiency can be higher than 
when a higher number of equidistant voltage levels is used. 

It has been demonstrated that there is an optimal number of voltage levels 
looking from the point of view of the system’s efficiency. However, the selection 
of the number of the levels is performed taking into account the system’s 
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complexity as well, and it is decided to use three optimized voltage levels (VMAX, 
¾VMAX, ½VMAX, where VMAX is the maximal voltage of the envelope). 

An important fact is that this solution can reproduce high frequency signals 
using a relatively low switching frequency. For example if the desired envelope 
is a 1 MHz sine wave, the switching frequency of the multilevel converter is 1 
MHz, as well. In the case of classical solutions based only on the PWM switching 
converters, the switching frequency would be significantly higher, and therefore 
the switching losses would be higher as well. Additionally, a complex solution 
for the output filter would be necessary. 

By using a linear regulator the design of the complicated output filter is avoided. 
It has been shown that the linear regulator filters the entire switching noise and 
the voltage ripple of the first stage.  

In order to prove the concept, three prototypes of the envelope amplifier have 
been made: 

 Prototype one, based on the architecture one and implemented with two-
level voltage cells 

 Prototype two, based on the architecture one and implemented with 
three-level voltage cells 

 Prototype three, based on the architecture two and implemented by 
using independent voltage sources and an analog multiplexer 

All three prototypes have the same specifications, as follows: 

 The input voltage is 24 V 

 The output voltage is variable from 0 V to 23 V 

 The bandwidth of the envelope amplifier is 2 MHz 

 The peak output power of the envelope amplifier is 50 W 

The efficiency measurements have been carried out for all three prototypes. The 
measurements have been performed with sine waves that have different 
frequencies, amplitudes and average values. It is demonstrated that the 
proposed hybrid solution has a clear advantage over a linear regulator supplied 
by constant voltage when the envelope has low and medium values (below ¾ 
VMAX). This is very significant because the EER technique has a huge advantage 
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over techniques that employ linear PA when signals with high PAPR are 
transmitted and, therefore, the aforementioned advantage of the proposed 
solution becomes important. 

In the case that the envelope signal is a sine wave that goes from 0 V to 9 V 
(output power is around 3 W), the hybrid solution has up to 54% lower power 
losses than a classical linear regulator, while in the case of a sine wave between 5 
V and 14 V the power losses are up to 47% lower. When the envelope is changed 
from its minimum to its maximum (output power around 17 W), the 
implemented prototypes have a slightly lower efficiency in the case of medium 
frequencies (500 kHz) and up to 58% higher power losses when the frequency is 
high (2 MHz). The reason for this are the switching losses that become important 
as the frequency is increasing.  

Comparing the efficiency of the three prototypes, it can be seen that the 
prototype three has the highest efficiency due to the low power losses in the first 
stage, which has been implemented using voltage dividers based on switching 
capacitors. The prototype three does not involve any bulky magnetic component 
and it is another advantage of this prototype because it offers possibilities to be 
integrated. The efficiency measurements are summarized in Table XIV  

From the point of view of complexity and the number of components, all three 
converters are practically the same. However, regarding the complexity of the 
first stage the second prototype has advantage because for the given number of 
voltage levels, it needs less voltage sources produced by the first stage and this 
can be very important when the number of levels is high. In that case, the second 
prototype would have lower complexity, size and costs. Nevertheless, with high 
number of output levels the voltage sources needed by the voltage cells can be 
very low (several volts) and it would be difficult to implement the voltage cell 
with its driver (due to the driver’s  minimal voltage supply) and the third 
prototype would be more convenient. It is important to notice that depending on 
the number of necessary voltage levels and their distribution the optimal 
architecture can vary. 

The linearity of the implemented envelope amplifiers has been measured as 
well. The two-tone technique has been used. It has been shown that the 
attenuation of the intermodulation products of the third order is higher than 40 
dB in all prototypes. 
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The proposed architecture for the envelope amplifier offers the possibility to use 
several envelope amplifiers in parallel in order to increase the output power. A 
simple prototype composed of two linear regulators has been made and tested. 
It has been shown that they can share load’s current equally up to 500 kHz 
without a large phase delay. For the frequencies higher than 500 kHz the phase 
delay becomes unacceptably high. 

Table XIV  Overview of the measured efficiency for the implemented envelope amplifiers. The efficiency is 
measured in the case when the envelope signal is a sine wave with different average values, 

amplitudes and frequencies 

  

 

  

Vsin 
(V) 

Sine wave 
frequency 

(MHz) 

Output 
Power (W) 

Measured efficiency of 
the envelope amplifier 
based on the two-level 

voltage cells 

Measured efficiency of 
the envelope amplifier 

based on the three-level 
voltage cells 

Measured efficiency of 
the envelope amplifier 

based on switching 
capacitors 

0-9 0.5 2.7 42.3% 45.9% 47.5% 
5-14 0.5 9.1 58.7% 58.6% 61.5% 

0-22.5 0.5 17.2 70.6% 71.3% 75.2% 
0-9 2 2.7 42.8% 46.7% 48.2% 
5-14 2 9.1 56.0% 52.7% 59.0% 

0-22.5 2 17.2 69.3% 63.2% 70.9% 
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Chapter  5 
Integration of the EER System  
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5. Integration of the EER System 

5.1. Introduction 

As it is explained in chapter 2, Kahn’s EER technique combines a highly efficient 
nonlinear RF PA, with a highly efficient envelope amplifier in order to obtain a 
high-efficiency linear RF power amplifier. In the previous chapters several 
solutions for the envelope amplifier have been proposed and all of them are 
based on a multilevel converter in series with a linear regulator. In order to 
prove the concept and demonstrate that the proposed solution is applicable for 
the envelope amplifier employed in a radio transmitter based on Kahn’s 
technique, the prototype of the envelope amplifier based on two-level cells has 
been integrated with a non-linear high frequency class E amplifier.  

The high frequency class E amplifier and the algorithms that convert the 
amplifier’s reference to the envelope and phase reference of the Kahn’s 
transmitter are implemented by another research group, Radio Engineering 
Group (GIRA UPM) and it will be briefly presented in the following chapter. 

The integration of the implemented envelope amplifier and the class E amplifier 
has been done in order to demonstrate the advantage of one EER system over a 
linear power amplifiers and that overall efficiency is increased for the same level 
of linearity. The efficiency of an EER transmitter depends on the efficiency of the 
envelope amplifier and the efficiency of the nonlinear amplifier. Even more, the 
overall efficiency can be roughly estimated as a product of efficiencies of the 
envelope amplifier and nonlinear amplifier. The integration and the results 
obtained during the experiments are one of the original contributions of the 
thesis. 

Having in mind that the modulation can be quite complex, the linearity of the 
implemented EER transmitter is of crucial importance for the implemented RF 
transmitter. The linearity of an EER transmitter does not depend on the linearity 
of the RF transistors that are used, but on the accuracy of reproduction of the 
envelope and phase information. Several factors have influence on the linearity 
of an EER transmitter. One of them is the linearity of the envelope amplifier and 
the linearity of the amplitude modulation of the RF PA [Raab98]. However, the 
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bandwidth of the envelope amplifier and the differential delay between the 
envelope and phase modulation are crucial and have a huge impact on the 
overall linearity. In Appendix 1 - Theoretical analysis of the envelope amplifier’s 
requirementsof the thesis the theoretical explanation about the minimal 
bandwidth for the envelope amplifier is given. It is shown that in order to obtain 
an IMD below -30dB it is necessary to have an envelope amplifier that has 
bandwidth at least twice the bandwidth of the RF signal that is transmitted. The 
maximal differential delay is estimated at one tenth of the bandwidth of the 
transmitted RF signal. Due to all this, the linearity of the implemented 
transmitter has been measured in order to characterize it. 

5.2. Class E amplifier 

The class E amplifier is a very well known topology for its high efficiency at high 
switching frequencies. Figure 118 shows a schematic of a class E amplifier. The 
high efficiency is due to the ZVS and ZCS of the MOSFET. The output of this 
amplifier is a sine wave that can be phase modulated through the gate signal 
sent to the MOSFET. 

 

Figure 118. Schematic of class E power amplifier 

The class E amplifier used to amplify the constant envelope, phase modulated 
component of the signal in our EER system, operates in the VHF band and 
exhibits a wide fractional bandwidth (from 95 MHz to 120 MHz). The drain to 
source voltage of the implemented class E amplifier can be seen in Figure 119 at 
120 MHz showing that the amplifier is operating near nominal Class-E 
conditions. The design of the amplifier and its load network was optimized to 
reduce the power losses to a minimum. The results of efficiency measurements 
are shown in Figure 120. When the class E amplifier is supplied with a constant 
voltage of 24 V, its output power exhibits a peak value of 90 W operating 
between 100MHz and 110MHz. When the amplifier is supplied by 24 V, the 
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drain efficiency of the amplifier in that frequency range is around 85% (A Bird 
5000EX wattmeter was used to measure the output power, the accuracy of this 
instrument is 5%). Figure 121 shows the efficiency of the implemented class E 
amplifier for different supply voltages and different switching frequencies. 

 
Figure 119. Drain voltage of the implemented class E amplifier when it operates at 120MHz 

 
Figure 120. Measured output power and the efficiency of the implemented class E for 

different switching frequencies  
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Figure 121. Measured efficiency of the class E amplifier for different supply voltages and 
different switching frequencies 

The RF power MOSFET used for this amplifier is a MRF6V4300N from Freescale 
Semiconductors. The input and output ports were modeled for switching 
operation using the model proposed in [Sokal87]. 

This amplifier was designed based upon the load impedance synthesis design 
technique as shown in [Ortega07] and simulated and optimized using Advanced 
Design System (ADS) software from Agilent. 

5.3. EER transmitter 

The envelope amplifier based on the architecture one has been selected to be 
integrated with a class E amplifier due to its robustness. The output of the 
envelope amplifier is connected to the supply terminals of the class E amplifier 
through a low pass filter. The role of the low pass filter is twofold. The first is the 
attenuation of the high frequency harmonics generated by the modulated 
envelope that are present due to the nonlinearities of the envelope amplifier and 
the second is to prevent the high frequency components of voltages and currents 
that are present in the nonlinear amplifier to return through the envelope 
amplifier. Figure 122 shows a block diagram of the integrated system.  

The low pass filter that is used is a simple LC filter. The values of the inductor 
and capacitor are selected in the way that the transfer function from the filter’s 



 

163 

input to output has very low attenuation in the band of interest for the envelope 
signal (from 0 to 2 MHz), and that the change of phase is relatively small. The 
input impedance of the class E amplifier can be approximated with a resistor of 
constant value [Raab77] and in the case of the implemented system it is, 
approximately 5 Ω. Having in mind the value of the load and the requested 
attenuation and phase delay, for the first test (AM) the selected inductor and 
capacitor for the low-pass filter are 200 nH and 10 nF. 

 
Figure 122.  Block diagram of the implemented Kahn’s transmitter 

For the load of the implemented EER transmitter, a 50 Ω impedance has been 
used. 

Additionally, the implemented transmitter needs to receive reference signal and 
then to generate needed phase and envelope references. This is done by an 
FPGA Virtex 4, D/A and A/D converters. In this way, the transmitter can 
receive the RF reference signal through the A/D converters, and the envelope 
and phase references are extracted inside a FPGA. The discretized references are 
converted to analog signals using high speed D/A converters, and sent to the 
envelope and class E amplifiers. 

Another possibility to generate envelope and phase reference is to generate the 
desired signals in MATLAB and then to store them in look-up tables inside a 
ROM that can be implemented in the FPGA. The FPGA would read this memory 
and send the previously prepared data to D/A converters. This way of testing is 
suitable for conducting experiments in order to characterize the transmitter 
regarding its linearity and efficiency. 

The integrated system has been tested with several test signals, including simple 
amplitude modulation (AM) and later more complex techniques as 64QAM. 

In the beginning, while the system has been tested with AM only, simple tones 
have been reproduced by the envelope amplifier and the class E amplifier. The 



Wide Bandwidth High Efficiency Power Converter for RF Amplifiers 

164 

envelope amplifier has to reproduce sine waves of different amplitudes, average 
values and frequencies, while the class E amplifier always reproduces the same 
sine wave, with a frequency significantly higher than the frequency of the sine 
waves used for the envelope. 

Naturally, the analog references for the envelope amplifier and the class E 
amplifier can be sent directly to the system, without any intermediary 
processing like FPGA, D/A or A/D converters. 

The reference signal for the envelope amplifier has been created in MATLAB, 
and then it has been stored in a look-up table, while the 125 MHz reference 
signal for the class E amplifier is sent from a high frequency generator. 

5.4. Experimental results 

Figure 123 shows the 500 kHz reference signal for the envelope amplifier, the 
output of the multilevel converter, the output of the envelope amplifier and the 
total output of the transmitter. 

 
Figure 123. The 500 kHz envelope reference (label 1, channel 3), output of the multilevel 

converter (label 2, channel 4), output of the envelope amplifier (label 3, channel 1) and 
the output of the implemented transmitter (label 4, channel 2) 

The frequency of the oscillations produced by the class E amplifier are so much 
higher than the frequency of the envelope that the transmitter’s output is shown 
on the oscilloscope as a solid area. Additionally, it can be seen that there is a lot 
of noise in the reference signal. The noise is, actually, consequence of the RF 
power, because the measured reference signal is a signal composed of envelope 
reference and 125 MHz oscillation. In the output of the envelope amplifier there 
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can be seen glitches every time when there is a change of the voltage level. The 
class E amplifier is higher load than the 10 Ω resistance that has been used 
during the development of the envelope amplifier, and, therefore, these glitches 
are also higher than earlier. However, in Figure 124 it can be observed that due 
to the low pass filter employed between the envelope amplifier and RF PA, these 
glitches are not transmitted to the class E amplifier. 

Figure 125 shows the same signals as in Figure 123, but in the case that the 
reference signal is a 2 MHz sine wave. 

 
Figure 124. The output of the envelope amplifier (label 1, channel 1), modulated supply 

voltage of the class E amplifier (label 2, channel 3) and the output of the implemented 
transmitter (label 3, channel 2) when a 500kHz sine wave is used as the reference signal 

 
Figure 125. The 2 MHz envelope reference (label 1, channel 3), output of the multilevel 

converter (label 2, channel 4), output of the envelope amplifier (label 3, channel 1) and 
the output of the implemented transmitter (label 4, channel 2) 

1

2

3
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Figure 126 shows the output voltage of the envelope amplifier and the 
modulated supply voltage of the class E amplifier when the reference signal is a 
2MHz sine wave. It can be noticed that due to the high frequency of the 
reference signal and the high current of the load, the multilevel converter cannot 
react as good as in the case of lower frequencies. Due to the slower edges of the 
multilevel converter, the output of the envelope amplifier has significantly lower 
glitches. It is important to notice that due to the low pass filter that is used, there 
is a significant time delay between the output of the envelope amplifier and the 
modulated voltage supply of the class E amplifier. The time delay is about 70 ns 
and it can be clearly seen in Figure 126. 

 
Figure 126. The output of the multilevel converter (label 1, channel 4), the output of the 

envelope amplifier (label 2, channel 1), modulated supply voltage of the class E amplifier 
(label 3, channel 3) and the output of the implemented transmitter (label 4, channel 2) 

when a 2 MHz sine wave is used as the reference signal 

Similar to the tests when only the efficiency of the envelope amplifier is 
measured, the efficiency of the implemented EER transmitter has been measured 
for sine waves envelopes with different amplitudes, average values and 
frequencies. The results of the measurements are summarized in Table XV The 
input power is measured easily, because the input voltage and current of the 
envelope amplifier are constant. On the other hand, the output power is much 
more difficult to measure. Wattmeters usually do not have such a high 
bandwidth as the bandwidth of the signals whose power we would like to 
measure. Therefore, the output power has been measured using a spectral 
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analyzer and by measuring the power of the spectrum of the output signal. The 
efficiency of the EER transmitter has been measured in two cases. The first one is 
when the linear regulator (the third stage in the envelope amplifier) is supplied 
by the three-level multilevel converter and the second case is when the linear 
regulator is supplied by a constant voltage. The purpose of these tests is to 
estimate the efficiency of the implemented EER transmitter, and to show the 
advantage when the envelope amplifier is supplied by the proposed multilevel 
converter. 

Table XV  Measured efficiency of the implemented EER transmitter for different sine waves envelopes. 
The efficiency has been measured when the linear regulator of the envelope amplifier is 

supplied by the three-level multilevel converter and when it is supplied by constant voltage  

Vsin(V) 
Sine wave 
frequency  

(MHz) 

Linear regulator’s 
supply voltage 

Output 
Power 

(W) 

Measured 
efficiency 

0-9 0.5 Variable 4.36 38.5% 
5-14 0.5 Variable 14.45 41.5% 
0-22 0.5 Variable 23.44 39.1% 
0-9 2 Variable 4.36 38.9% 
5-14 2 Variable 14.12 37.9% 
0-22 2 Variable 23.99 35.1% 
0-9 2 Constant 4.35 20.1% 
5-14 2 Constant 14.22 32.7% 
0-22 2 Constant 23.93 44.3% 

The measured efficiency of the implemented EER PA is compared to the 
efficiency of the ideal class B amplifier supplied by 24 V. The comparison is 
shown in Table XVI  

Table XVI  Comparison of the measured efficiency of the implemented EER transmitter for different sine 
waves envelopes and theoretical efficiency of ideal class B amplifier supplied by 24 V 

Vsin(V) 
Sine wave 
frequency  

(MHz) 

Linear regulator’s 
supply voltage 

Output 
Power 

(W) 

Measured 
efficiency 

Theoretical 
efficiency of ideal 
class B amplifier 
supplied by 24 V 

0-9 2 Variable 4.36 38.9% 23.1% 
5-14 2 Variable 14.12 37.9% 34.6% 
0-22 2 Variable 23.99 35.1% 56.5% 

It can be seen that the implemented EER transmitter has significantly higher 
efficiency when the envelope amplifier employs the three-level multilevel 
converter and the output voltage is in low and medium range. The envelope 
amplifier based on the multilevel converter has lower efficiency than the 
solution based on a classical linear regulator only in the case when the output 
signal has high levels. Having in mind that the majority of the modern signal 
modulations have spectrum with high PAPR, the envelope amplifier based on 
multilevel converter brings a clear advantage over the envelope amplifier based 
on a classical linear regulator supplied by constant voltage. 
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It is important to see that the implemented EER PA has higher efficiency even 
than the theoretical estimation of the efficiency for the class B amplifier for high 
PAPR. 

In order to show that the envelope amplifier functions correctly with more 
complicated signals, the envelope has been modulated with two-tone signals. 
Figure 127 shows the envelope reference, the output of the multilevel converter, 
the output of the envelope amplifier and the output of the EER transmitter in the 
case that the reference is composed of two tones of 200 kHz and 250 kHz. 

 
Figure 127. The reference signal (label 1, channel 3), the output of the multilevel converter 

(label 2, channel 4), the output of the envelope amplifier (label 3, channel 1) and the 
output of the EER transmitter (label 4, channel 2) when the envelope reference signal is 

composed of two tones of 200 kHz and 250 kHz. 

These first tests have been conducted in order to show that the implemented 
transmitter works and to characterize it regarding its efficiency and linearity 
when AM is applied.  

The second set of tests has been done in order to measure the overall linearity of 
the transmitter using the two tone test. The two tone test can, actually, be 
presented as Double Side Band – Suppressed Carrier (DSB-SC) Modulation. A 
DSB-SC wave is given by: 

42 cos           (42) 

Where m(t) is the transmitted signal, and ωc angular speed of the carrier.  
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Analyzing equation (42) it can be concluded that the spectrum of the modulated 
signal is actually the same as the signal’s base band spectrum, just translated to 
high frequencies. If the transmitted signal is a simple sine wave of frequency fs, 
then the envelope of the signal can be presented as: 

43 |sin 2 |        (43) 

and the output signal is then: 

44 |sin 2 | cos 2 2         (44) 

45 2 1 2π               (45) 

46 2
1, cos 2 0
1, cos 2 0

              (46) 

Therefore, from equations (44)-(46) it yields that the reference signal for the class 
E amplifier is a sine wave with the same frequency as the carrier and that this 
sine wave has to change its phase for 180 degrees each time when the envelope 
reference is equal to zero.  

These two reference signals are created in MATLAB and then stored in a look-up 
table in an FPGA. Figure 128 shows the ideal output of the EER transmitter 
when the carrier is a sine wave of 125 MHz and the transmitted signal is a sine 
wave of 100 kHz. In Figure 129 the envelope reference, the output of the 
multilevel converter, the output of the envelope amplifier and the output of the 
implemented EER transmitter are shown. Figure 130 shows the spectrum of the 
output of the transmitter. 

 
Figure 128. Ideal output of the EER transmitter when the transmitted signal is a 100 kHz 

sine wave, carrier a 125MHz sine wave and applied modulation DSB-SC 
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Figure 129. The reference signal (label 1, channel 3), the output of the multilevel converter 

(label 2, channel 4), the output of the envelope amplifier (label 3, channel 1) and the 
output of the EER transmitter (label 4, channel 2) when the envelope reference signal is 

rectified 100 kHz sine wave 

 
Figure 130. Spectrum of the output of the EER transmitter when the transmitted signal is a 

sine wave of 100kHz, carrier is a 125 MHz sine wave and the applied modulation is 
DSB-SC 

In Figure 129 a huge amount of the RF noise in the envelope reference can be 
seen but, due to the low pass property of the implemented envelope amplifier, 
that noise does not have influence on the output signal of the envelope amplifier. 
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The spectrum of the transmitter’s output shows two harmonics around 125 
MHz, like it is expected, but there are more components that are products of 
AM-PM distortion of the class E amplifier. It can be seen that the attenuation of 
the highest additional harmonic is 18 dB, which means that the quality of the 
output signal will not be high.  

The AM-PM conversion is due to the presence of the non-linear capacitor 
between the drain and the source of the class E MOSFET. Depending on the 
applied supply voltage, this capacitor changes its value and it influences the 
phase delay between the signal sent to the MOSFET’s gate and the signal 
reproduced by the class E amplifier. 

In order to improve this attenuation, a measurement of the AM-PM conversion 
has been conducted and it is represented in the terms of the aforementioned 
phase delay. The result of the measurement can be seen in Figure 131. 

 

Figure 131. Dependency of the phase delay between the output of the implemented class E 
PA and gate signal depending on the supply voltage of the PA 

The predistorter used to enhance the linearity is implemented in the way that it 
inserts the inverted phase delay in order to cancel the influence of the class E 
amplifier. Having in mind that the relationship between phase delay and the 
class E amplifier supply voltage (this voltage is proportional to the envelope of 
the transmitted signal) is known, the predistorter is made as a look-up table. 



Wide Bandwidth High Efficiency Power Converter for RF Amplifiers 

172 

Each time that the envelope reference is sent, the corresponding phase delay is 
inserted in the phase modulation. 

The measurements of the linearity have been conducted once again, but this time 
with the system that uses predistortion. In order to facilitate the testing, the two-
tone signal is generated in MATLAB, and the envelope reference and 
predistorted phase reference are sent to the EER amplifier via the signal 
generator (Agilent 81150A).  

Figure 132 shows the measured spectrum in the case that the fs is 500kHz, and fc 

is 100 MHz. 

 

Figure 132. Spectrum of the PA’s output voltage when two tones are sent as the PA’s 
reference signal (fc=100 MHz, fs=500 kHz) 

The measurement of the attenuation of the third order intermodulation products 
is shown in Figure 133. 
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Figure 133. Measured attenuation of the third order intermodulation products, depending 
on the different frequencies of the envelope (fs) and carrier signal (fc) 

The measurements have been conducted with two different carrier frequencies 
because the input impedance of the class E amplifier changes with the frequency 
of the carrier and we wanted to see if this change has strong influence on the 
system’s linearity. From the obtained results it can be concluded that the 
carrier’s frequency does not have influence on the system’s linearity. 

It can be noticed that the linearity is significantly higher (around 20 dB) than in 
the system without predistortion.  

Once the high linearity of the PA has been obtained, some more complex tests 
have been performed.  

The test signals based on 64QAM (Quadrature amplitude modulation) have 
been generated in MATLAB and envelope and phase references have been sent 
to the implemented PA. The 64QAM-modulated signal can be presented as: 

47 sin cos    (47) 

48 , 7, 5, 3, … ,3, 5, 7      (48) 

Graphically, the 64QAM modulation can be presented as in the Figure 134. 
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Figure 134. Constellation of the I and Q signals for 64QAM modulation 

In order to make the test as real as possible, the I and Q signals are generated as 
random signals with Gaussian distribution. In that way, the envelope of the test 
signal has Rayleigh’s distribution with a high PAPR. Figure 135 shows 
constellation of the generated signal. 

 

Figure 135. Generated constellation of the I and Q signal in the case of  64QAM modulation 

As it can be seen, due to the Gaussian distribution of the I an Q signals, the 
probability that I and Q have high values at the same time (and in that way high 
envelope values) is low, and it correspond to the high PAPR signal. 
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The generated signal has a ratio between the maximal value and the average 
value of 8.6 dB. The density of the probability for the envelope is shown in 
Figure 136. High PAPR can be observed once again. The high peak that is 
presented for the envelope value of 2 V is due to the short interval of time where 
the envelope has this value in order to facility the synchronization between 
envelope and phase modulation. However, that part of the envelope is just 3% of 
the overall signal and it does not have any significant influence on the overall 
efficiency.  

 

Figure 136. Density of the probability of the envelope signal for the generated test pattern 
based on 64QAM modulation 

The same I, Q pattern is used with different data rates in order to see how the 
bandwidth of the transmitted signals influences the efficiency of the 
implemented EER transmitter. The bandwidth of the transmitted signal is, 
approximately, twice the bit rate.  

The measured efficiency is presented in Figure 137 and it is compared with the 
theoretical efficiency of an ideal class B amplifier supplied by 24 V. The 
efficiency measurements are conducted with carrier signals of 100 MHz and 125 
MHz. The reason for this is to see how the efficiency of the system depends on 
the frequency of the carrier signal and, in that way, on the input impedance of 
the class E amplifier. The average output power of the transmitted signal is 13 
W. 
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Figure 137. Measured efficiency of the implemented EER PA in the case when the class E 
amplifier is supplied by a classical linear regulator supplied by constant voltage and 

supplied by the proposed hybrid solution. The measured efficiency is compared with the 
theoretical efficiency of an ideal class B PA supplied by 24 V 

When the carrier signal is 125 MHz, it can be seen that if the implemented EER 
PA uses a linear regulator supplied by a constant voltage as the envelope 
amplifier the efficiency is practically the same as the theoretical efficiency of the 
ideal class B amplifier. In the case that the multilevel converter is used the 
efficiency is improved from approximately 32% to 43% (the power losses are 
decreased for 25%). The main reason for this is the high PAPR of the transmitted 
signal. 

For the carrier signal of 100 MHz similar conclusions can be made. The 
implemented EER PA exhibits higher efficiency if it employs the multilevel 
converter in series with linear regulator than the efficiency when only the linear 
regulator is used. The efficiency is improved from 30% to 40% (improvement of 
25% in the terms of power losses) and it is higher than the estimated efficiency of 
ideal class B amplifier for the same signal pattern. However, when the frequency 
of the carrier is 100 MHz, the input impedance of the class E amplifier is lower 
than in the case of 125 MHz carrier wave. Due to this, the envelope amplifier has 
to process higher currents and it has more power losses. Therefore, the overall 
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efficiency is slightly lower for the 100 MHz carrier than in the case when the 
frequency of the carrier is 125 MHz. 

The time waveforms of the multilevel converter, envelope amplifier and output 
of the implemented EER PA in the case that the transmitted signal has the 
bandwidth of 2 MHz can be observed in Figure 138. The constellation and the 
spectrum of the demodulated signal can be seen in Figure 139. The 
demodulation is performed by Agilent MxA Signal Analizer N9020A. 

 
Figure 138. Oscilloscope capture of the multilevel converter’s output voltage (label 1), 

envelope amplifier’s output voltage (label 2) and complete RF signal (label 3) in the case 
when a 64QAM signal with the bit rate of 1024kbit/s is amplified 

 
Figure 139. The constellation and the spectrum of the demodulated 64QAM signal amplified 

by the implemented EER PA 
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By analyzing the constellation of the demodulated signal, it can be concluded 
that the EER PA has correctly reproduced the signal because there can be clearly 
distinguished all 64 possible points. The error vector magnitude (the measure of 
how far the points are from the ideal locations) is around 2.7%. 

The last test is to measure the efficiency of the implemented envelope amplifier 
in the case that the load is a 11 Ohm resistance. This test is important because the 
expected input impedance of the class E amplifier is around 11 Ohms and all the 
efficiency measurements of the envelope amplifier prototypes have been 
conducted with this resistive load. In this way it is possible to roughly estimate 
the efficiency of the implemented class E amplifier for the given envelope 
pattern as well.  

The results of this measurement can be seen in Figure 140. The multilevel 
converter boosts the efficiency of the envelope amplifier from 45% to almost 60% 
(around 25% less power losses). The main reason for this efficiency enhancement 
lies in the high PAPR of the envelope. The measured output power in this case is 
7.2 W.  

Having in mind this and previous measurements, the average efficiency of the 
implemented class E amplifier can be estimated around 70%.  

 
Figure 140. Efficiency of the envelope amplifier when it is implemented as simple linear 

regulator supplied by constant voltage and in the case when it is supplied by the 
proposed multilevel converter. The load is a 11 Ohm resistance while the envelope is a 

random signal with Rayleigh’s distribution 
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5.5. Conclusions 

In this chapter an EER PA is presented. The envelope amplifier that is used is 
based on the architecture one, with two- level voltage cells and three optimized 
voltage levels, while the non linear power amplifier is a class E amplifier.  

The class E amplifier has been developed by another department at the 
Polytechnics University Madrid and it exhibits efficiency around 85% when it is 
supplied by 24 V constant voltage.  

The first test with the implemented EER PA have been done using a simple AM, 
where the envelope is modulated with a sine wave. It has been shown that 
proposed envelope amplifier can reproduce a sine wave of the maximal 
amplitude at 2 MHz, provide up to 100 W of instantaneous power and that the 
efficiency of the implemented EER PA has a relatively high efficiency 
(comparing it with linear PA) in the case that the RF signal has high PAPR. 

The efficiency measurements for this modulation have been performed as well. 
The measurements have been done when the envelope is a sine wave with 
different frequencies, amplitudes and average values. The measured efficiency 
has been compared with the theoretical efficiency of an ideal class B amplifier. 
The implemented EER PA has lower power losses when signals with low and 
medium values are reproduced (between 9% and 40%). Having in mind that the 
modern multi-carrier signals have high PAPR, this demonstrates the advantage 
of the EER idea over the linear PA. The implemented PA has higher power 
losses (around 60%) than ideal class B amplifier when it is necessary to perform 
complete excursion of the output voltage from its minimum to its maximum. 

Additionally, the efficiency of the implemented EER PA has been measured 
when the class E amplifier is supplied by classical linear regulator (constant 
voltage supply) and the measurements are compared with the efficiency 
measurements of the prototype. Once again, for the sine wave of low and 
medium value the power losses of the prototype one are lower (between 15% 
and 48%) than in the case of a classical linear regulator. When it is necessary to 
perform a complete excursion of the output signal, the classical linear regulator 
has lower power losses for 26%. 

Afterwards, the linearity of the implemented EER PA has been measured using 
two tone signals. First linearity measurements indicated that due to the non-
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linear effects in the class E amplifier, it would be necessary to use predistortion 
in order to increase the system’s linearity. By employing predistortion, the 
attenuation of the third order intermodulation products is around 40 dB in a 
wide range of frequencies (up to 1 MHz). 

Once the system’s high linearity has been obtained, the complete EER PA has 
been tested with a 64QAM modulation where the envelope of the signal has 
high PAPR. By measuring the power consumption it has been demonstrated that 
the power losses of the implemented EER PA are, approximately, 25% lower 
than the power losses of a linear class B PA. The maximal bandwidth of the 
transmitted signal is around 2 MHz (bit rate is 1024 kbit/s). 

Additionally, the efficiency of the envelope amplifier is measured independently 
from the class E amplifier and it is around 60% for the same 64QAM envelope. 
Based on these measurements, the average efficiency of the class E amplifier is 
estimated around 70% 
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Chapter 6  
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6. Summary and future work 

6.1. Thesis summary and contributions 

The topic of this thesis is the wide bandwidth and high efficiency power 
converter that acts as the envelope amplifier in PA based on Kahn’s technique. 
The solutions presented in this thesis composed of a multilevel converter in 
series with a linear regulator are the first major contribution.  

Depending on the value of the desired envelope signal, the multilevel converter 
has to supply the linear regulator with voltage higher than the desired envelope, 
but with minimal difference. The linear regulator supplied in this way has lower 
power losses than in the case that it is supplied by constant voltage.  

An important fact is that this solution can reproduce high frequency signals 
using lower switching frequency than the classical solutions based only on the 
PWM switching converters. Additionally, the complex solution for the output 
filter would not be necessary because the linear regulator acts as a low pass 
filter. 

The second contribution consists in the proposed architectures for the 
multilevel converter. In order to implement the multilevel converter two 
architectures are presented: 

 Architecture one, based on stacked voltage cells where two sub 

architectures can be defined, depending whether the voltage cells can 

provide two or three voltage levels 

 Architecture two, based on independent voltage supplies and analog 

multiplexer 

In both architectures there can be distinguished three stages: 

 The first stage is single input, multiple output converter that can be 

implemented using several independent dc-dc converters or one 

converter with several outputs 
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 The second stage is the switching network used to generate the desired 

voltage levels and it can be made as two-level or three-level voltage cells 

or analog multiplexer 

 The third stage is linear regulator and it acts as a post regulator  

It has been demonstrated that there exists an optimal number of the voltage 
levels for which the overall efficiency of the envelope amplifier is maximal and 
that it is possible to optimize the distribution of the voltage levels in order to 
obtain the maximal efficiency for given number of voltage levels. 

An optimization method for the selection of the voltage levels and their 
distribution has been shown. This method uses the information of the 
probability distribution of the envelope signal to optimize the efficiency of the 
envelope amplifier. This optimization method can lead to high power savings 
and it is the third contribution of the thesis. 

In order to prove the concept, three different prototypes of the envelope 
amplifier have been made: 

 Prototype one, based on architecture one and implemented with two-
level voltage cells 

 Prototype two, based on architecture one and implemented with three-
level voltage cells 

 Prototype three, based on architecture two and implemented by using 
independent voltage sources and analog multiplexer 

All three prototypes have the same specifications, as follows: 

 The input voltage is 24 V 

 The output voltage is variable from 0 V to 23 V 

 The bandwidth of the envelope amplifier is 2 MHz 

 The peak output power of the envelope amplifier is 50 W 

The efficiency measurements have been carried out for the envelope reference 
modulated with sine waves that have different average value, frequency and 
amplitude. The measured efficiency has been compared with the efficiency of 
the classical linear regulator supplied by constant voltage and the results 
showed clear advantage of proposed hybrid solution over a linear regulator 
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supplied by constant voltage when the envelope has low and medium values 
(below ¾ VMAX). The power losses in these cases are decreased for approximately 
40%  

These results promised good efficiency in an RF PA based on EER technique 
because the modern RF signals have high PAPR and, therefore, the 
aforementioned advantage of the proposed solution gain the importance. 

Comparing the efficiency of the three prototypes, it can be seen that the 
prototype three has the highest efficiency due to the low power losses in the first 
stage, which is implemented using voltage dividers based on switching 
capacitors. This results in power losses that are 9% to 15% lower than in the 
other prototypes. The prototype three does not involve any bulky magnetic 
component and it is another advantage of this prototype because it offers 
possibilities to be integrated  

In order to increase the output power of the envelope amplifier it is possible to 
put two envelope amplifiers in parallel. A simple prototype composed of two 
linear regulators has been designed and tested. It has been shown that they can 
share the load’s current equally up to 500 kHz with small phase delay. For the 
frequencies higher than 500 kHz the phase delay becomes unacceptably high.  

It is important to notice that although the proposed envelope amplifier is meant 
to be used in an EER application, it can be used as an envelope amplifier for ET 
PA as well. Even more, in the case of an ET application the envelope amplifier 
can be composed just of the multilevel converter, because the linear regulator in 
this case will not contribute to improve the efficiency because in ET application 
the envelope amplifier has to supply a linear PA. In that way the complexity of 
the envelope amplifier would be lower and the efficiency would be maintained 
on the same level. 

The fourth thesis’s contribution and one of the most important results 
presented in this thesis is the integration of the implemented envelope amplifier 
and a class E amplifier in order to obtain an EER PA. For the envelope amplifier 
the first prototype (based on two-level voltage cells) has been selected due to its 
robustness, while the non linear PA is a class E amplifier 

The class E amplifier has been developed by the department GIRA and it can 
operate at frequencies between 90 MHz and 125 MHz, deliver up to 100 W and it 
has efficiency around 85% when it is supplied by constant voltage of 24 V. 
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The first tests have showed that the implemented envelope amplifier can 
reproduce a 2 MHz envelope, provide up to 100 W of instantaneous power and 
that it operates without problem with real load (class E PA). 

For the EER PA its linearity is essential. Therefore, it has been measured by 
applying two-tone tests. Due to the nonlinear parasitic capacitor between the 
source and the drain of the employed MOSFET in the class E amplifier there is a 
variable phase delay between the phase modulation and complete RF signal. 
This phase delay degrades the system’s linearity and the technique of 
predistortion has been applied in order to boost the linearity of the EER PA. 

The efficiency has been measured using a 64QAM signal and the test pattern has 
been made in the way that the envelope had Rayleigh’s distribution, with high 
PAPR. The measured efficiency has been compared with the theoretical 
efficiency of an ideal class B amplifier and in that way it is proven that the 
implemented EER PA has significantly higher efficiency. When the class E 
amplifier is supplied by the proposed envelope amplifier the efficiency of the 
EER PA is boosted from 30% to 40% and the power losses are decreased for 25%. 

The efficiency of the implemented envelope amplifier has been measured for the 
same 64QAM envelope pattern and it is around 60%, while the average 
efficiency of the implemented class E amplifier is estimated at 70%. 

Figure 141 shows the position of the implemented prototypes in the state of the 
art, having in mind the bandwidth of the solution and the output power. 
Looking the graph it can be seen that the wide bandwidth and high output 
power are very difficult to be satisfied. The solution presented in this thesis tried 
to achieve relatively wide bandwidth and high power making compromises 
regarding the complexity and efficiency of the system and it can be seen that the 
proposed solution is well positioned in the trade-off graph. Due to the needed 
three stages, the complexity can be described as high, while the efficiency is 
relatively high having in mind the operating conditions (power and frequency) 
and the load, but still it is much lower than the efficiency that can be obtained at 
low frequency applications.  
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Figure 141.  Place of the proposed solution in the map of the state of the art, regarding the 

bandwidth of the envelope amplifier and its output power 

6.2. Future work 

There are several topics that could be addressed in the design of wide 
bandwidth high efficiency envelope amplifier: 

 Multivariable optimization (number of voltage levels, their distribution, 
switching frequency etc.) of the complete EER PA (multilevel converter 
and class E PA) in order to obtain the maximal efficiency for the given 
bandwidth and output power of the transmitted signal 

 Improve the linear regulator with higher bandwidth and the multilevel 
converter with faster response time. Design of classical PWM switching 
converter or presented multilevel converter with GaN devices in order to 
increase the systems bandwidth, response time and efficiency 

 Envelope amplifier that could provide more power for the same 
bandwidth presented in this thesis 

 The design of PA based on ET technique where the envelope amplifier is 
implemented as proposed multilevel converter 

 Additional enhancement of the system’s linearity by applying feedback 
linearization 

Bandwidth [MHz]
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 Design of a monolithic envelope amplifier based on switching capacities 
(Architecture 2) 
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7. Appendix 1 - Theoretical analysis of the envelope 
amplifier’s requirements 

Due to simultaneous amplitude and phase modulation, the linearity of the used 
PA is crucial for the system [Raabetal03]. The PA’s linearity is characterized by 
intermodulation distortion (IMD) that can be measured and characterized by 
various techniques depending upon the specific signal and application [Raab02]. 
The linearity of a Kahn transmitter does not depend upon the linearity of its RF-
power transistors. In [Raab96] is shown that the linearity of the EER transmitter 
depends primarily on the bandwidth of the envelope amplifier and the 
differential delay between the envelope and phase signals when they are 
recombined in the final amplifier. The conclusions on the needed bandwidth of 
the envelope amplifier can be derived by analyzing IMD of the complete PA 
[Raabetal03, Raab96]. The IMD is analyzed in the case of the commonly used 
two-tone test signal. Therefore the PA’s input signal can be represented as: 

49 cos 2π cos 2π                            (49) 

50 2 2π 2π                        (50) 

Where fc is the carrier’s frequency, fm is the frequency of the modulated signal. 

The envelope of the two tone signal is Ei and it is given by: 

51 2π |cos 2 |                             (51) 

While I can be represented as: 

52 2π 1 2π                            (52) 

53 2
1, cos 2 0
1, cos 2 0

          (53) 

The envelope function Ei may be approximated by a Fourier series: 

54 2π ∑ cos 2, , …                 (54) 

55 
,                              0

               0
                          (55) 
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Similarly, the square wave function c (2πfmt) can be expanded as: 

56 2 ∑ cos 2, , …                     (56) 

57 c                       (57) 

In order to see the effect of the envelope amplifier’s bandwidth on the linearity of 
the PA, it will be assume that the output is the exact replica of the input, and that 
the envelope and phase of the two-tone signal are perfectly synchronized. 
Therefore, the output signal can be written as: 

58 cos 2 cos 2 |cos 2 | cos 2 2   (58) 

59 2 2 cos 2                   (59) 

60 2 cos 2                (60) 

If the envelope amplifier has finite bandwidth, then the number of cosine 
elements will be finite, as well. It will be assumed that the envelope amplifier 
behaves as an ideal low-pass filter. With this constraint, the envelope of the 
output signal will be: 

61 ∑ cos 2π, , … ∑ cos 2, , …

∑ , , …  (0) 

62 | |        (62) 

The bandwidth of the two tone signal is 2fm and the M from equation (62) can be 
expressed as: 

63                     (63) 

Where BRF is the bandwidth of the two tone signal and BE the bandwidth of the 
envelope amplifier. If the bandwidth of the envelope amplifier were infinite, the 
coefficients bk (for k>1) would be zero. The higher the bandwidth of the 
envelope amplifier is, the bk coefficients are less. In order to measure and express 
the presence of these high harmonics, the IMD is presented as the carrier-to-
intermodulation ratio and it is defined as: 

64 / 20 2/| |                   (64) 

Further analysis done in [23, 24] showed that for BE>BRF the (C/I)dB is 30dB and 
for BE>3BRF the (C/I)dB is 40dB. In practice, the real filter characteristics has 
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gradual roll-off characteristics and the measurements showed that for (C/I)dB of 
30dB the BE should be at least two times higher than BRF. 

In Digital Audio Broadcasting (DAB) the bandwidth of the transmitted signal is 
2 MHz. Therefore, the envelope amplifier should have its amplitude 
characteristics as flat as possible from 0 to 2 MHz, and its phase characteristics 
should not change significantly. Additionally, in order to decrease IMD, the 
envelope amplifier should have bandwidth of at least 4MHz. Having in mind 
these limitations, a buck converter should employ switching frequency of, at 
least, 10MHz. Even more, the analysis made in [Marco06] showed that a 
complicated output filter is needed, as well. 
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8. Appendix 2 –Theoretical analysis of losses in 
switched capacitors converters 

In [BenYaakov09] is made an analysis of the energy losses in a switched 
capacitor converter and thanks to this analysis it is possible to model this 
converter as a voltage source with output resistance. The analysis will be 
summarized in this appendix.  

In order to obtain the model it is assumed that the switching capacitor based 
converter is like in Figure 142. Whenever one of the switches is closed, there is 
current through the flying capacitor due to the voltage difference between its 
voltage and the output/input voltage. This current can be written as: 

65 
∆                             (65) 

Where ∆V is the voltage difference before switch closure, R is the overall 
resistance (MOSFET resistance plus ESR of the employed capacitor) and C is the 
capacitance of the flying capacitor. 

The lost energy due to voltage difference can be calculated as: 

66 
∆

1 ;             (66) 

Where t1 is the closure time of the switch. During the process of capacitor’s 
charging/discharging, the average current through the switch is: 

67 
∆

∆ 1     (67) 

Therefore, combining equations (66) and (67) it can be written: 

68 1         (68) 

 
Figure 142. The switched capacitor converter used in the theoretical analysis  
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During one switching cycle, the total lost energy is 2ER, and the average loss 
power can be calculated as: 

69 coth        (69) 

It is important to notice that in the steady state the average charging current of 
the flying capacitor is equal to the average output current of the converter. 
Therefore, using this observation and equation (6970) it is possible to make 
relation between the output current and the converter’s loss power. 

70 coth       (70) 

Equation (70) gives us a model presented in Figure 143. 

 
Figure 143. The equivalent model of the switched capacitor converter 

Having in mind that the switching frequency is in range of kHz, and overall 
resistance is in range of mΩ, it can be noticed that β→∞, because RC<<TS. This 
leads to the fact that the converter’s equivalent resistance is equal to: 

71        (71) 

and independent of the MOSFET’s resistance.
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9. Appendix 3 – Analysis of switching power losses 
in the analog multiplexer 

In this appendix it will be explained how the switching power losses in the 
analog multiplexer have been estimated. The switching losses are produced due 
to parasitic capacitor of the switches that are used to implement the analog 
multiplexer. Whenever a MOSFET is turned on and off there are power losses 
due to gate`s parasitic capacitor, Ciss, and these losses can be estimated as: 

72            (72) 

where Vgate is the voltage applied to the MOSFET’s gate, Qgs is the quantity of the 
charge needed to turn on the MOSFET and fsw is the switching frequency. 

In the case of the hard switching, there are additional losses, due to parasitic 
capacitor between MOSFET’s source and drain, Coss, that are estimated as: 

73         (73) 

Where Vds is the voltage between the MOSFET’s drain and source just before the 
MOSFET is turned on. 

Diode’s switching losses are present due to the reverse recovery current that is 
necessary to turn off the diode. These losses are very difficult to estimate 
because the quantity of the charge needed to take the diodes carriers depends on 
the temperature, applied reverse voltage and reverse current slope. Due to all 
these parameters, this type of losses will not be taken into account, because the 
purpose of this analysis is to conduct roughly estimation of the power losses. 
Additionally, theses losses contribute with just small portion to the complete 
power losses of the envelope amplifier that are mainly due to the linear 
regulator. 

Unfortunately, each change of the voltage on the output of the multilevel 
converter produces losses in all the switches, not just in the one that is turned 
on/off. The reason for this is that the analog multiplexer can be viewed as a RC 
network. For example, if we have a simple RC network like in Figure 144, and 
the voltage of point B is changed from V2 to V3, while the voltage of the point A 
is constant, V1, the power losses due to the resistance are: 
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74 _        (74) 

 
Figure 144. Simple RC network used to present each branch of the implemented analog 

multiplexer 

Therefore, in order to estimate the power losses of the analog multiplexer it is 
necessary to observer each transition separately and calculate the losses for each 
one. In the case of the implemented analog multiplexer, shown in Figure 145, 
four transitions should be analyzed. In order to facilitate the analysis, it will 
always be presumed that the voltage changes at the output of the multilevel 
converter instantaneous. 

 
Figure 145. Implemented analog multiplexer 

9.1. First transition – from 12V to 18V 

This transition occurs when the MOSFET in branch B is closed. Due to this event, 
the diode in branch A is turned off and its parasitic capacitor is charged to 6V. 
The diode in branch B starts conducting, and the parasitic capacitor of the 
MOSFET in branch C is discharged to 6V. Figure 146 shows the relevant voltages 
and the directions of the charging/discharging currents. Having in mind 
equation (74) and the following fact: 

75 | | | | ∆            (75) 

the energy losses due to charging/discharging process and hard switching of the 
MOSFET in branch B can be represented as: 
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76 _ _ _ ∆ _ _ ∆ _ _ ∆    (76) 

 
Figure 146. RC network that represents the analog multiplexer during the transition from 

12 V to 18 V 

9.2. Second transition - from 18V to 24V 

The second transition starts when the MOSFET in branch C is turned on. The 
MOSFET in branch B does not have to be turned off, due to the diode in series 
that it has. Therefore, in this transition, there are power losses due to hard 
switching of the MOSFET in branch C, and charging of parasitic capacitor of 
both diodes in branches A and B. The total loss energy is estimated as: 

77 _ _ _ ∆ _ _ ∆ _ _ ∆  (77) 

Figure 147 the important voltages and currents for this transition.  

 
Figure 147. RC network that represents the analog multiplexer during the transition from 

18 V to 24 V 
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9.3. Third transition – from 24V to 18V 

When the MOSFET in branch C is turned off the output of the multilevel 
converter is again 18V. The parasitic capacitor of the MOSFET in branch C is 
charged again to 6V. During the transition process, all three branches have, more 
or less, same impedance, and therefore they share the load current. The 
transition process lasts until the moment when the diode in branch B starts to 
conduct. It is assumed that the transition process is sufficiently fast so that the 
load current is practically constant and that the parasitic capacitors are equal. 
Therefore, the transition process lasts: 

78 
∆

         (78) 

If the resistance in each branch is Rbranch, then the energy lost during this period 
is: 

79 _ 3 ∆           (79) 

Figure 148 shows the equivalent circuit of the analog multiplexer during this 
transition period. 

 
Figure 148. RC network that represents the analog multiplexer during the transition from 

24 V to 18 V and from 18 V to 12 V 

9.4. Fourth transition – from 18V to 12V 

This transition period can be resolved by using the same analysis like for the 
previous transition period. The period starts when the MOSFET in branch B is 
turned off and ends when the diode in branch A is turned on. The energy loss 
for this period can be estimated as: 
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80 _ 3 ∆     (80) 

The equivalent circuit used in order to resolve the fourth transition period is the 
same as in the previous case and it is shown in Figure 148. 

Using equations (76)-(80) it is possible to conduct rough estimation of the power 
losses in the analog multiplexer. One of the problems of this model is that 
equations (79) and (80) depend on the resistance of the branch that should be 
estimated. This resistance depends on the used MOSFETs and the way the PCB 
is made. Anyhow, some worst-case values can be selected in order to conduct 
the estimation. Another inconvenient is that this model explains how to calculate 
the losses due to one transition, therefore, it is possible to estimate complete 
losses only if the reproduced signal is a priori known, and in that way the 
number of transition that will be made in order to reproduce it correctly. 
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10. Appendix 4 – Extraction of PCB’s parasitic 
components 

10.1. Introduction 

In order to obtain high bandwidth of the switching converter it is necessary to use high 
switching frequency. The increase of switching frequency leads to reduction of size and 
costs of power electronics devices, as well. However, very fast voltage and current 
transitions lead to increased influence of printed circuit boards, interconnections and 
packaging on circuit behavior. Semiconductor devices are exposed to very high di/dt 
during commutations because of the energy stored in parasitic elements that increase 
switching losses and electromagnetic interference and may cause breakdown of the 
device [Chen04]. Due to these facts, modeling of these parasitic and the analysis of 
their electromagnetic behavior to obtain high reliability and good performance of the 
device is gaining in importance. Extracting the high number of parameters that are 
necessary to predict the circuit behavior and theirs including in circuit simulation leads 
to a virtual prototyping and significantly accelerates the design process of the circuit. 
This eliminates the need for development of expensive prototypes and offers a good 
insight in the physics of the problem and understanding of coupling mechanisms. 
Exists a number of different methods for solving Maxwell`s differential field equations 
to include parasitic and electromagnet effects in electronic system, such as the finite 
element method (FEM), the finite difference method (FDM) and the method of 
moments (MoM) [Troscher98]. These methods are suitable for special classes of 
problems. When it is about combined electric and electromagnetic modeling, as found 
on printed circuit board layouts, the partial element equivalent circuit is the most 
suitable. The PEEC method can be derived by applying MoM on the electric field 
integral equation (EFIE) and it is based on its circuit interpretation. Unlike the MoM, 
the PEEC is a full wave method valid from dc to the maximal frequency determined by 
the meshing [Musing08]. The PEEC uses Maxwell`s integral equations instead of 
differential equations (which require consideration of the entire space in the 
calculation, as in FEM and FDM) for calculation of the parasitic, requiring only 
geometric and material information. This reduction can greatly decrease simulation 
time. The solution can be found in the time as well as in the frequency domain. The 
PEEC method combines both circuit simulation (electronic functionality) and field 
simulation (electromagnetic effects), so the solution is represented in the form of 
equivalent lumped circuit model suitable for export to SPICE and other circuit 
simulators. 

During the work on the design of the envelope amplifier, the partial element 
equivalent circuit method implemented in Ansoft Q3D Extractor has proven to be 
useful by modeling parasitic RLC elements in the layout of multilevel power supply 
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for high efficiency RF amplifiers [Vasic09]. The values and distribution of the parasitic 
elements in PCB design have been used to analyze the influence of the layout on the 
circuit functionality. It has been verified that the model from Q3D Extractor that was 
exported to SPICE circuit simulator can give very accurate evaluation of the circuit 
behavior. Q3D Extractor simulation results made easier designing and layout 
optimizations, with significant reduction in time and prototype costs.  

10.2. Simulation Process 

The design of high frequency power electronic circuit can be split in three distinct 
phases: 

o the circuit design by the help of circuit simulator 

o the physical design of layout 

o the electromagnetic design modeling by the help of a field solver 

Figure 149 shows these three phases [Hoene08]. 

All these steps are mutually coupled and any change in the design made in some of 
these steps will influence on the other. Thus, the effects of every design decision should 
be considered in the interaction with the rest of the circuit. 

The desirable function of the circuit is verified in the circuit simulator. The physical 
components have been chosen along with the extraction of their high frequency 
parasitic elements. During the layout design process, the footprints of the selected 
components and interconnections have been placed. The layout is exported to the field 
solver and calculations for coupling parasitic parameters are obtained. Transfer of the 
electric model of the PCB to the circuit simulator yields to the simulation of overall 
circuit behavior in the presence of parasitic elements. If the function of the circuit is not 
as we expected, redesign of the layout is necessary and the iterative process needs to be 
continued by improving the layout.  

 
Figure 149. Electronic circuit design procedure  

Schematic/simulator

Layout designer Layout modeling
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10.3. Layout Analysis 

The  layout analysis has been conducted as it is shown in Figure 149. Ansoft Q3D 

Extractor has been used to electrically describe the interconnect structures of our 

converter. The modeling process in this field simulation environment consists of few 

basic steps: 

o Importing the layout geometry and assigning material characteristics.  

The PEEC method implemented in Ansoft Q3D Extractor needs only geometric and 
material information from the layout. Importing of whole layout leads to unacceptable 
large simulation time and some simplifications of the layout geometry are needed to be 
done. The layout have to be reduced to necessary minimum which considers only 
limited number of coupling effects with significant influence on the circuit behavior. 
The branches that have no significant coupling with the part of the layout that is the 
object of the simulation are simply omitted. The simulation has been carried out for the 
circuit branches that are carrying high magnitudes of current and voltage. 

o Identifying the nets 

A net is collection of touching conductor objects separated by non conducting material 
and can be assigned only to the conducting material. If we want to generate only a 
capacitance solution, we do not need to assign any net. However, for resistive or 
inductive solutions, in any net that we want to include in the inductance/resistance 
matrix solution the electromagnetic field must be established. Assigning of source and 
sink terminals to the interconnections that we want to electrically characterize should 
be according to the direction of the current flow in the actual circuit. Current enters the 
source terminal and leaves the sink terminal. Each conductor that needs to be 
incorporated in the parasitic extraction must have attached a single sink and at least 
one source terminal. In the case of two level cell of the multilevel converter source and 
drain terminals of high and low side MOSFET are sources and the terminal that 
connects this cell with the next one is the sink. The other non-net conductive objects are 
grounded. After this, the model is ready for a field solution. 

o Solving for the resistance, inductance and capacitance matrices  

Since a model may contain many nets, the electromagnetic interaction between nets is 
described by the RLC matrices. Depending on the matrix type, the diagonal terms in 
the matrix represent the self capacitance, resistance or inductance of each signal line 
and the off-diagonal terms represents the mutual coupling between the signal lines. To 
compute the entries of a matrix, the solvers individually excite each defined source 
terminal. After the field solutions and matrix calculations are completed Q3D Extractor 
constructs a balanced circuit to model the transmission structure using the matrix 
parameters. Figure 150 shows the equivalent balanced circuit representation of 
conductive layout between source and drain terminals of upper and lower MOSFETs 
in the multilevel cell. 
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Figure 150. Balanced equivalent circuit for the part of the layout in the multilevel cell  

Equivalent circuits for all conductive structures that carry significant values of current 
and voltage have been imported to SPICE simulator and the whole design has been 
simulated. The plot in Figure 151 illustrates the waveform obtained from the 
simulation of the model compared with its measured counterpart. 

 
Figure 151. Waveforms of the measured output voltage of the multilevel converter (left) and 

simulated multilevel converter’s output voltage (right) at 1 MHz 

It is clearly visible that the waveform measured from the prototype of the model and 
the simulated waveform of multilevel converter output voltage are quite similar. This 
means that extraction of parasitic parameters from the layout can be reliable tool in 
good predicting of the circuit behavior and that additional costs of expensive 
prototyping are not need.  

As a comparison, the model is also simulated without including all the PCB parasitic 
effects obtained by the help of the field solver and it resulted in the dashed curve of 
output voltage, shown on Figure 152. Its shape is much different from the one obtained 
when all parasitic inductances and capacitances are included in simulation. It is 
obvious that the analysis based on this simulation may lead to a wrong conclusion 
about functionality of the proposed topology. 
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Figure 152. Comparison between multilevel converter output voltages with (green trace) and 

without (red trace) parasitic elements included  
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