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Resumen en Castellano 

 

 

Durante los últimos años la tendencia en el sector de las telecomunicaciones ha sido un 

aumento y diversificación en la transmisión de voz, video y fundamentalmente de 

datos. Para conseguir alcanzar las tasas de transmisión requeridas, los nuevos 
estándares de comunicaciones requieren un mayor ancho de banda y tienen un mayor 

factor de pico, lo cual influye en el bajo rendimiento del amplificador de 

radiofrecuencia (RFPA). 

Otro factor que ha influido en el bajo rendimiento es el diseño del amplificador de 

radiofrecuencia. Tradicionalmente se han utilizado amplificadores lineales por su buen 

funcionamiento. Sin embargo, debido al elevado factor de pico de las señales 
transmitidas, el rendimiento de este tipo de amplificadores es bajo. El bajo rendimiento 

del sistema conlleva desventajas adicionales como el aumento del coste y del tamaño 

del sistema de refrigeración, como en el caso de una estación base, o como la reducción 
del tiempo de uso y un mayor calentamiento del equipo para sistemas portátiles 

alimentados con baterías.  

Debido a estos factores, se han desarrollado durante las últimas décadas varias 

soluciones para aumentar el rendimiento del RFPA como la técnica de Outphasing, 
combinadores de potencia o la técnica de Doherty. Estas soluciones mejoran las 

prestaciones del RFPA y en algún caso han sido ampliamente utilizados 

comercialmente como la técnica de Doherty, que alcanza rendimientos hasta del 50% 
para el sistema completo para anchos de banda de hasta 20MHz. Pese a las mejoras 

obtenidas con estas soluciones, los mayores rendimientos del sistema se obtienen para 

soluciones basadas en la modulación de la tensión de alimentación del amplificador de 
potencia como “Envelope Tracking” o “EER”. 

La técnica de seguimiento de envolvente o “Envelope Tracking” está basada en la 

modulación de la tensión de alimentación de un amplificador lineal de potencia para 

obtener una mejora en el rendimiento en el sistema comparado a una solución con una 
tensión de alimentación constante. Para la implementación de esta técnica se necesita 

una etapa adicional, el amplificador de envolvente, que añade complejidad al 



 

 

amplificador de radiofrecuencia. En un amplificador diseñado con esta técnica, se 
aumentan las pérdidas debido a la etapa adicional que supone el amplificador de 

envolvente pero a su vez disminuyen las pérdidas en el amplificador de potencia. Si el 

diseño se optimiza adecuadamente, puede conseguirse un aumento global en el 
rendimiento del sistema superior al conseguido con las técnicas mencionadas 

anteriormente.  

Esta técnica presenta ventajas en el diseño del amplificador de envolvente, ya que el 

ancho de banda requerido puede ser menor que el ancho de banda de la señal de 
envolvente si se optimiza adecuadamente el diseño. Adicionalmente, debido a que la 

sincronización entre la señal de envolvente y de fase no tiene que ser perfecta, el 

proceso de integración conlleva ciertas ventajas respecto a otras técnicas como EER. 

La técnica de eliminación y restauración de envolvente, llamada EER o técnica de Kahn 

está basada en modulación simultánea de la envolvente y la fase de la señal usando un 

amplificador de potencia conmutado, no lineal y que permite obtener un elevado 
rendimiento. Esta solución fue propuesta en el año 1952, pero no ha sido 

implementada con éxito durante muchos años debido a los exigentes requerimientos 

en cuanto a la sincronización entre fase y envolvente, a las técnicas de control y de 
corrección de los errores y no linealidades de cada una de las etapas así como de los 

equipos para poder implementar estas técnicas, que tienen unos requerimientos 

exigentes en capacidad de cálculo y procesamiento. 

Dentro del diseño de un RFPA, el amplificador de envolvente tiene una gran 
importancia debido a su influencia en el rendimiento y ancho de banda del sistema 

completo. Adicionalmente, la linealidad y la calidad de la señal de transmitida deben 

ser elevados para poder cumplir con los diferentes estándares de telecomunicaciones.  

Esta tesis se centra en el amplificador de envolvente y el objetivo principal es el 

desarrollo de soluciones que permitan el aumento del rendimiento total del sistema a 

la vez que satisfagan los requerimientos de ancho de banda, calidad de la señal 
transmitida y de linealidad. 

Debido al elevado rendimiento que potencialmente puede alcanzarse con la técnica de 

EER, esta técnica ha sido objeto de análisis y en el estado del arte pueden encontrarse 
numerosas referencias que analizan el diseño y proponen diversas implementaciones. 

En una clasificación de alto nivel, podemos agrupar las soluciones propuestas del 

amplificador de envolvente según estén compuestas de una o múltiples etapas. 

Las soluciones para el amplificador de envolvente en una configuración multietapa se 
basan en la combinación de un convertidor conmutado, de elevado rendimiento con un 

regulador lineal, de alto ancho de banda, en una combinación serie o paralelo. Estas 



 

 

soluciones, debido a la combinación de las características de ambas etapas, 
proporcionan un buen compromiso entre rendimiento y buen funcionamiento del 

amplificador de RF. Por otro lado, la complejidad del sistema aumenta debido al 

mayor número de componentes y de señales de control necesarias y el aumento de 
rendimiento que se consigue con estas soluciones es limitado. 

Una configuración en una etapa tiene las ventajas de una mayor simplicidad, pero 

debido al elevado ancho de banda necesario, la frecuencia de conmutación debe 

aumentarse en gran medida. Esto implicará un bajo rendimiento y un peor 
funcionamiento del amplificador de envolvente. En el estado del arte pueden 

encontrarse diversas soluciones para un amplificador de envolvente en una etapa, 

como aumentar la frecuencia de conmutación y realizar la implementación en un 
circuito integrado, que tendrá mejor funcionamiento a altas frecuencias o utilizar 

técnicas topológicas y/o filtros de orden elevado, que permiten una reducción de la 

frecuencia de conmutación. 

En esta tesis se propone de manera original el uso de la técnica de cancelación de 

rizado, aplicado al convertidor reductor síncrono, para reducir la frecuencia de 

conmutación comparado con diseño equivalente del convertidor reductor 
convencional. Adicionalmente se han desarrollado dos variantes topológicas basadas 

en esta solución para aumentar la robustez y las prestaciones de la misma. 

Otro punto de interés en el diseño de un RFPA es la dificultad de poder estimar la 

influencia de los parámetros de diseño del amplificador de envolvente en el 
amplificador final integrado. En esta tesis se ha abordado este problema y se ha 

desarrollado una herramienta de diseño que permite obtener las principales figuras de 

mérito del amplificador integrado para la técnica de EER a partir del diseño del 
amplificador de envolvente. Mediante el uso de esta herramienta pueden validarse el 

efecto del ancho de banda, el rizado de tensión de salida o las no linealidades del 

diseño del amplificador de envolvente para varias modulaciones digitales. 

Las principales contribuciones originales de esta tesis son las siguientes: 

• La aplicación de la técnica de cancelación de rizado a un convertidor reductor 

síncrono para un amplificador de envolvente de alto rendimiento para un 

RFPA linealizado mediante la técnica de EER. 

• Una reducción del 66% en la frecuencia de conmutación, comparado con el 

reductor convencional equivalente. Esta reducción se ha validado 



 

 

experimentalmente obteniéndose una mejora en el rendimiento de entre el 

12.4% y el 16% para las especificaciones de este trabajo. 

• La topología y el diseño del convertidor reductor con dos redes de cancelación 

de rizado en cascada para mejorar el funcionamiento y robustez de la solución 

con una red de cancelación.  

• La combinación de un convertidor redactor multifase con la técnica de 

cancelación de rizado para obtener una topología que proporciona una 

reducción del cociente entre frecuencia de conmutación y ancho de banda de la 

señal. 

• El proceso de optimización del control del amplificador de envolvente en lazo 

cerrado para mejorar el funcionamiento respecto a la solución en lazo abierto 

del convertidor reductor con red de cancelación de rizado. 

• Una herramienta de simulación para optimizar el proceso de diseño del 

amplificador de envolvente mediante la estimación de las figuras de mérito del 

RFPA, implementado mediante EER, basada en el diseño del amplificador de 

envolvente.  

• La integración y caracterización del amplificador de envolvente basado en un 

convertidor reductor con red de cancelación de rizado en el transmisor de 

radiofrecuencia completo consiguiendo un elevado rendimiento, entre 57% y 

70.6% para potencias de salida de 14.4W y 40.7W respectivamente. 

Esta tesis se divide en seis capítulos. El primer capítulo aborda la introducción 
enfocada en la aplicación, los amplificadores de potencia de radiofrecuencia, así como 

los principales problemas, retos y soluciones existentes. En el capítulo dos se desarrolla 

el estado del arte de amplificadores de potencia de RF, describiéndose las principales 
técnicas de diseño, las causas de no linealidad y las técnicas de optimización. El 

capítulo tres está centrado en las soluciones propuestas para el amplificador de 

envolvente. El modo de control se ha abordado en este capítulo y se ha presentado una 
optimización del diseño en lazo cerrado para el convertidor reductor convencional y 

para el convertidor reductor con red de cancelación de rizado. El capítulo cuatro se 

centra en el proceso de diseño del amplificador de envolvente. Se ha desarrollado una 

herramienta de diseño para evaluar la influencia del amplificador de envolvente en las 
figuras de mérito del RFPA. En el capítulo cinco se presenta el proceso de integración 



 

 

realizado y las pruebas realizadas para las diversas modulaciones, así como la 
completa caracterización y análisis del amplificador de RF. El capítulo seis describe las 

principales conclusiones de la tesis y las líneas futuras.  





 

 

 

 

Abstract   

 

 

The trend in the telecommunications sector during the last years follow a high increase 
in the transmission rate of voice, video and mainly in data. To achieve the required 

levels of data rates, the new modulation standards demand higher bandwidths and 

have a higher peak to average power ratio (PAPR). These specifications have a direct 

impact in the low efficiency of the RFPA.  

An additional factor for the low efficiency of the RFPA is in the power amplifier 

design. Traditionally, linear classes have been used for the implementation of the 

power amplifier as they comply with the technical requirements. However, they have a 
low efficiency, especially in the operating range of signals with a high PAPR. The low 

efficiency of the transmitter has additional disadvantages as an increase in the cost and 

size as the cooling system needs to be increased for a base station and a temperature 
increase and a lower use time for portable devices. 

Several solutions have been proposed in the state of the art to improve the efficiency of 

the transmitter as Outphasing, power combiners or Doherty technique. However, the 
highest potential of efficiency improvement can be obtained using a modulated power 

supply for the power amplifier, as in the Envelope Tracking and EER techniques. 

The Envelope Tracking technique is based on the modulation of the power supply of a 

linear power amplifier to improve the overall efficiency compared to a fixed voltage 
supply. In the implementation of this technique an additional stage is needed, the 

envelope amplifier, that will increase the complexity of the RFPA. However, the 

efficiency of the linear power amplifier will increase and, if designed properly, the 
RFPA efficiency will be improved. The advantages of this technique are that the 

envelope amplifier design does not require such a high bandwidth as the envelope 

signal and that in the integration process a perfect synchronization between envelope 
and phase is not required. 

The Envelope Elimination and Restoration (EER) technique, known also as Kahn’s 

technique, is based on the simultaneous modulation of envelope and phase using a 
high efficiency switched power amplifier. This solution has the highest potential in 

terms of the efficiency improvement but also has the most challenging specifications. 



 

 

This solution, proposed in 1952, has not been successfully implemented until the last 
two decades due to the high demanding requirements for each of the stages as well as 

for the highly demanding processing and computation capabilities needed. At the 

system level, a very precise synchronization is required between the envelope and 
phase paths to avoid a linearity decrease of the system. Several techniques are used to 

compensate the non-linear effects in amplitude and phase and to improve the rejection 

of the out of band noise as predistortion, feedback and feed-forward. 

In order to obtain a high bandwidth and efficient RFPA using either ET or EER, the 
envelope amplifier stage will have a critical importance. The requirements for this 

stage are very demanding in terms of bandwidth, linearity and quality of the 

transmitted signal. Additionally the efficiency should be as high as possible, as the 
envelope amplifier has a direct impact in the efficiency of the overall system. 

This thesis is focused on the envelope amplifier stage and the main objective will be the 

development of high efficiency envelope amplifier solutions that comply with the 
requirements of the RFPA application. The design and optimization of an envelope 

amplifier for a RFPA application is a highly referenced research topic, and many 

solutions that address the envelope amplifier and the RFPA design and optimization 
can be found in the state of the art. From a high level classification, multiple and single 

stage envelope amplifiers can be identified. 

Envelope amplifiers for EER based on multiple stage architecture combine a linear 

assisted stage and a switched-mode stage, either in a series or parallel configuration, to 
achieve a very high performance RFPA. However, the complexity of the system 

increases and the efficiency improvement is limited. A single-stage envelope amplifier 

has the advantage of a lower complexity but in order to achieve the required 
bandwidth the switching frequency has to be highly increased, and therefore the 

performance and the efficiency are degraded. Several techniques are used to overcome 

this limitation, as the design of integrated circuits that are capable of switching at very 
high rates or the use of topological solutions, high order filters or a combination of 

both to reduce the switching frequency requirements. 

In this thesis it is originally proposed the use of the ripple cancellation technique, 
applied to a synchronous buck converter, to reduce the switching frequency 

requirements compared to a conventional buck converter for an envelope amplifier 

application.  

Three original proposals for the envelope amplifier stage, based on the ripple 
cancellation technique, are presented and one of the solutions has been experimentally 

validated and integrated in the complete amplifier, showing a high total efficiency 



 

 

increase compared to other solutions of the state of the art. Additionally, the proposed 
envelope amplifier has been integrated in the complete RFPA achieving a high total 

efficiency. 

The design process optimization has also been analyzed in this thesis. Due to the 
different figures of merit between the envelope amplifier and the complete RFPA it is 

very difficult to obtain an optimized design for the envelope amplifier. To reduce the 

design uncertainties, a design tool has been developed to provide an estimation of the 

RFPA figures of merit based on the design of the envelope amplifier.  

The main contributions of this thesis are: 

• The application of the ripple cancellation technique to a synchronous buck 

converter for an envelope amplifier application to achieve a high efficiency and 

high bandwidth EER RFPA. 

• A 66% reduction of the switching frequency, validated experimentally, 

compared to the equivalent conventional buck converter. This reduction has 

been reflected in an improvement in the efficiency between 12.4% and 16%, 

validated for the specifications of this work. 

• The synchronous buck converter with two cascaded ripple cancellation 

networks (RCNs) topology and design to improve the robustness and the 

performance of the envelope amplifier.  

• The combination of a phase-shifted multi-phase buck converter with the ripple 

cancellation technique to improve the envelope amplifier switching frequency 

to signal bandwidth ratio. 

• The optimization of the control loop of an envelope amplifier to improve the 

performance of the open loop design for the conventional and ripple 

cancellation buck converter. 

• A simulation tool to optimize the envelope amplifier design process. Using the 

envelope amplifier design as the input data, the main figures of merit of the 

complete RFPA for an EER application are obtained for several digital 

modulations. 

• The successful integration of the envelope amplifier based on a RCN buck 

converter in the complete RFPA obtaining a high efficiency integrated 



 

 

amplifier. The efficiency obtained is between 57% and 70.6% for an output 

power of 14.4W and 40.7W respectively. The main figures of merit for the 

different modulations have been characterized and analyzed. 

This thesis is organized in six chapters. In Chapter 1 is provided an introduction of the 

RFPA application, where the main problems, challenges and solutions are described. In 

Chapter 2 the technical background for radiofrequency power amplifiers (RF) is 
presented. The main techniques to implement an RFPA are described and analyzed. 

The state of the art techniques to improve performance of the RFPA are identified as 

well as the main sources of no-linearities for the RFPA. Chapter 3 is focused on the 
envelope amplifier stage. The three different solutions proposed originally in this 

thesis for the envelope amplifier are presented and analyzed. The control stage design 

is analyzed and an optimization is proposed both for the conventional and the RCN 

buck converter. Chapter 4 is focused in the design and optimization process of the 
envelope amplifier and a design tool to evaluate the envelope amplifier design impact 

in the RFPA is presented. Chapter 5 shows the integration process of the complete 

amplifier. Chapter 6 addresses the main conclusions of the thesis and the future work.  
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1. Introduction 

1.1. Overview 

The trend in the telecommunications sector during the last years follows a high 

increase in the transmission data rate, especially of voice and video. Several studies 

have been published in the last years that confirm this tendency [4GAmericas13]. In 

Figure 1 it can be seen the increase in the transmission data from 2012 to the 

predictions up to 2018 as well as the diversification of the services. Another 

indicator of this trend is the increase in the revenue in the telecommunications 

market from 2008 and the estimations of this trend up to 2018 [Eriksson13]. 

Specifically, an increase of 50% in the revenues in this period for the global mobile 

operators is estimated due to the increased data transmission as the most important 

factor. 

 

Figure 1. Transmission data rate, quantitative and qualitative, of 2012 and estimated evolution for 

2013 to 2018 

One of the main concerns in the transmitters at any scale in size, application or 

power level, from the small power transmitters in the cellular phones to the high 

power base stations is the efficiency of the complete transmitter. Due to the 

characteristics of the system, the efficiency is very low [Hanington99]. This is a very 

important issue by itself but also generates additional problems as the heating of the 

devices, so the heatsinks and cooling systems increase the cost and the size and also 
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[KimJ11] and [Moon11]. If the complexity of the system is increased, as solutions 

with modulated power supply, higher efficiencies can be reached. Theoretically ET, 

based in a linear power amplifier, can provide up to 80% and EER, based in a high 

efficiency and switched power amplifier, up to 100%. Despite the final global 

efficiencies are far from these numbers, improvements can be obtained and a wide 

variety of solutions have been published both for ET [Lopez09] [KimD11] and EER 

[Yoo11] [Chen12] in the last years. This thesis is focused on the EER technique, 

which is the most challenging from these techniques in terms of specifications for 

the system and the one that has the highest potential improvement in the efficiency.  

The overall efficiency (1) is calculated for this technique as de direct multiplication 

of the power amplifier and the envelope amplifier efficiencies so both stages have a 

significant impact in the overall efficiency and must be high to obtain a significant 

improvement in the overall efficiency obtained. 

 ƞ� 	= ƞ�� ∙ ƞ�� (1) 

 

Figure 5. Efficiency comparison of the different techniques for the RF transmitter 

For ET and EER, the envelope amplifier, the modulated power supply of the RF 

transmitter, is a key component of the transmitter with a high influence in the 

efficiency and in the performance of the whole amplifier. This thesis is focused in 

the envelope amplifier and most of the main original proposals are related to this 

stage of the RF transmitter. 

 However, the integration of the whole RF transmitter has been done and an 

optimization tool for the complete transmitter has been proposed. Both of them are 

focused on the EER technique but some of the results and techniques proposed 

could be extended and adapted to ET, as discussed later in this document. 

ƞ
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1.2. Thesis organization 

The thesis is divided in six main chapters: 

• Chapter 1: Introduction of the application and the main techniques used in 

the state of the art. 

• Chapter 2: The technical background that covers from the component level 

to the transmitter level is analyzed and discussed. This thesis is focused in 

the power electronics field, in the switch-mode power converters design and 

control, and most of the contributions belong to this area. However, in order 

to understand the application and the integration tasks, this chapter is based 

mainly in the radio and communications field. Main characteristics and 

types of transmitters and optimization techniques of RF power amplifiers are 

described and analyzed. The main sources of non-linearities and techniques 

to improve the linearity of the transmitter are also reviewed.  

• Chapter 3: The proposed solution for the envelope amplifier is presented, 

analyzed in detail and validated experimentally. Different control strategies 

are proposed as well as their advantages and limitations. Two topological 

modifications of the proposed solution are also presented and validated by 

simulation. 

• Chapter 4: This chapter is focused on the design and optimization of the 

envelope amplifier for an EER application. A design and optimization tool 

evaluates the performance of the envelope amplifier in the complete 

transmitter. There are several alternatives to provide the input data for this 

second tool. It can be the transfer function (both analytical and measurement 

results), the envelope in the time domain including the switching ripple 

information, which has a very high importance in the spectral masks 

compliance, or even the phase and magnitude of the simulated or measured 

bode plots of the transfer function. The main interest of this tool is to know 

by simulation the effect in the complete transmitter of the design 

specifications and non idealities of the envelope amplifier. This is very 
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interesting as it enables the decrease in the implementation time and also 

helps to prevent an under or over designed envelope amplifier. 

• Chapter 5: The results of the integration process of the proposed envelope 

amplifier in a RF transmitter for EER technique are detailed in this section. 

The integration tasks have been done in collaboration with the research 

group GIRA-CEI of UPM. A Class E power amplifier has been used for the 

experimental tests and the integration with the proposed envelope amplifier. 

The integrated system has been characterized for several digital modulations 

and the main figures of merit of the RFPA obtained. 

• Chapter 6: In this chapter are detailed the summary and main conclusions, 

highlighting the most relevant contributions of this thesis. Additionally, the 

publications and future work is included at the end of the chapter. 
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Chapter 2  

Technical Background  
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2. Technical Background 

2.1. RF Power Amplifiers for Communications 

In this section the main characteristics of the power amplifiers and their application 

for a RF transmitter are described and compared. The main focus of this thesis is not 

on the power amplifier itself, but on the envelope amplifier, so only an overview 

and the comparison of the main characteristics of the power amplifier will be done. 

The main purpose of a power amplifier is to amplify an electrical signal. Despite this 

definition seems simple, the power amplifier has to comply with several demanding 

specifications: 

• Bandwidth 

• Output power 

• Gain 

• Linearity 

• Efficiency 

• Cost  

• Reliability 

Some of them are not easy to measure or to comply with. However, there are some 

common figures of merit that are usually given to characterize a power amplifier: 

• Adjacent Channel Power Ratio (ACPR): Is the ratio between the average 

power transmitted in the desired band compared to the power transmitted 

in the lateral bands. Additionally, the spectral mask has to be complied for a 

specific application or service, where the attenuation at each frequency is 

defined. In chapter 5 the ACPR compliance will be analyzed with more 

detail. 

• Error Vector Magnitude (EVM): This parameter is the addition of all the 

error vectors when the envelope is represented by the I-Q constellation 

diagram. An error vector is defined, in the constellation diagram, as the 

vector from the reference to the measured constellation point. 
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• Power Added Efficiency (PAE)/ Total Efficiency: Both of them are used as a 

measure of the efficiency of the transmitter but there are some differences 

between them. These efficiency figures will be defined in this chapter. 

• Power Back-off: In order to operate out of the saturation region of the 

Pout/Pin curve it is necessary to design the amplifier with higher output 

power rating, approximately 6dB more, to avoid the compression region, 

represented in Figure 6. This region starts when the curve of Pout/Pin 

decreases 1dB from the ideal linear curve. 

 

Figure 6. Linear, compression and saturation regions of a power amplifier  

One important aspect of the power amplifier is the load, which is the antenna for 

this application. The output power is defined as the active power delivered to the 

antenna. In the antenna this power will be consumed or dissipated in the form of a 

radiated electromagnetic wave [Reynaert06].  

In most of the cases, the impedance of the antenna is designed to be purely resistive 

at the frequencies of operation of the amplifier, so it will behave as shown in Figure 

7. The value of RLoad is normally 50Ω. However, it can be adapted to other values. 

The block diagram of the system is depicted in Figure 7 where the power flow 

between the main stages is shown.  
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Figure 7. Block diagram of the transmitter with a resistive load 

The power added efficiency (PAE) and drain efficiency (DE) are normally used to 

provide a measure of the efficiency of the RF transmitter and are defined as: 

 PAE	 = ��������������� 	   (2) 

 	�� = 	��_��������     (3) 

In (2), (3), (4) PRF_out is the output power, PRF_IN the input power of the power 

amplifier, PDC_PA is the output power of the envelope amplifier and PDC_DR is the 

driving power. There can be one or several cascaded driving stages, but we will 

consider PDC_DR as the total driving power, independently of the number of stages. 

In this thesis, the PAE will be used for comparison purposes with the state of the art 

as it is widely used but the experimental results will be provided using the total 

efficiency, where PEA is the input power of the envelope amplifier (including the EA 

driving losses): 

 ƞ� =	 ��_�������������� (4) 

The bandwidth of the amplifier is usually given in Hertz but it can be given as the 

bit rate in (Mb/s). The relationship between them is not completely linear and 

reaches a saturation point for a certain bandwidth depending of the type of 

modulation. In [Lozano12] different examples of this conversion can be found. 

In this section the main figures of merit of the RF power amplifier have been 

introduced. In chapter 5, where the experimental results of the integrated RFPA are 

shown, they will be analyzed in more detail. 
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2.1.1 Transmitted Signals 

The signals transmitted can be modulated in amplitude (AM), phase (PM) and 

frequency (FM). More complex modulated signals combine different modulations, 

as a simultaneous amplitude and phase modulation, which is the case considered in 

this thesis, as a higher bandwidth and efficiency can be obtained. 

A high frequency carrier is used for the transmission for two main reasons. The first 

one is practical, as the antenna length is one half of the wavelength. Therefore, only 

with high frequency carriers can be achieved a practical length for the antenna. The 

second reason is the possibility to implement multiplexing. 

The purpose of these modulated signals is to transmit as much information as 

possible in a specific frequency band, without making any interference in the lateral 

bands. Most of the new complex modulations are generated digitally and they are 

measured in the receptor by discrete sampling. 

Next subsections will describe the classification of the signal depending in the 

frequency range and the mathematical background of the modulated signals. 

2.1.1.1 Frequency range of the applications 

Depending on the frequency of operation of the RF transmitter, the spectrum is 

divided into several regions, which correspond to different technologies and 

applications. The ones listed below are the ones that are inside or close to the 

frequency range of interest and some examples of the applications: 

• MF: 300-3000kHz; AM broadcasts. 

• HF: 3-30MHz; Marine and mobile radio telephony and radio 

communications. 

• VHF: 30-300MHz; FM, television broadcasts, ground to aircraft. 

• UHF: 300-3000MHz; Microwave communications, wireless LAN, 

communications satellites, digital broadcast satellite (DBS). 

 It can be observed the wide range of frequencies depending on the application. 

Together with the huge differences in the output power, from few mW [Deen07] to 

hundreds of kW [Kwack11], it can be noticed that very different types of 

transmitters will be used to supply a cellular phone, a microsatellite or a high power 

base station.  
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2.1.1.2 Modulated signals   

The mathematical expressions of a modulated band-pass signal both in Cartesian 

and Polar coordinates are shown in (5): 

 C t" = x t" + i ∙ y t" = A t" ∙ e() *" (5) 

 x t" = A t" ∙ cos	 θ t"" (6) 

 y t" = A t" ∙ sin	 θ t"" (7) 

where (6) and (7) are respectively the in-phase component or I(t) and the quadrature 

component or Q(t) of the Cartesian reference system. 

The same signal can be represented in polar coordinates changing the reference in 

the following way:  

 A t" = 0x t"1 + y t"1 (8) 

 θ t" = arctan	 4 *"5 *"" (9) 

Finally, the expression of the modulated band-pass signal in polar coordinates is: 

 C t" = A t" ∙  cos 2πf9" + θ t"" (10) 

Analyzing the possible references, Polar or Cartesian, it could be assumed that there 

are more advantages in using polar coordinates. However, for the practical 

hardware implementation, using I and Q coordinates, avoids a complex high 

frequency phase and amplitude modulation as with both of them this information is 

obtained as it is shown in (6) and (7). 

In digital modulated systems, the digital signal is discrete in time and in amplitude 

so there are a finite number of points to be considered. For example, in a QPSK there 

are only four possible combinations of amplitude and phase. The transitions 

between them will define the transmitted information. However, in order to keep a 

limited bandwidth a raised cosine filter with a roll-off factor (β) is applied to obtain 

the envelope for modulations defined in the time domain, as the QAM-based. This 

envelope, together with the carrier that contains the phase modulation, forms the RF 

signal. Sampling this signal at the adequate frequency, the information can be 

retrieved. The transitions that cross close to the origin in the IQ plane have a big 

influence in the bandwidth requirements of the transmitter. To minimize this effect, 

the ̟/4-QPSK modulation can be used, which is a QPSK-based modulation where 

each transition is done from the original constellation point to the corresponding 

one in the constellation which is rotated ̟/4 radians from the original one. This 
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constellation avoids the high variation of the envelope especially in the points close 

to the origin or with less amplitude. Other modulation as OQPSK also avoids lower 

amplitudes by limiting the phase variation to 90º, which means that only the I or Q 

component of the signal is varied at a time. 

One of the most important parameters to define a signal for this application is the 

density of probability distribution of the amplitude. Many of the most common 

signals have very high PAPR, as a QAM based or OFDM. However, OQPSK and 

̟/4-QPSK are an exception and have the maximum density of probability closer to 

the unity. Examples of both cases can be seen in Figure 8. 

 

Figure 8. Density probability of the envelope (ρ) as a function of the normalized amplitude for 

different types of modulation 

2.1.2 Linear classes 

Starting from the maximum conduction angle, the transistor of the Class A amplifier 

conducts all the time the quiescent current. Therefore, the efficiency will be low and 

theoretically is limited by a maximum of 50%. Moreover, a signal modulated in 

amplitude will produce efficiency values much lower than this number with this 

type of amplifier as the operation point will not be always in the maximum 

efficiency operation point. 

Reducing the conduction angle, classes AB and B are obtained. For them, the 

conduction angle θ is reduced to ̟<θ<2̟ and ̟ respectively. The effect is a loss in 

the linearity as the turn-off of the transistor will generate additional harmonics and 

an increase in the efficiency. Additionally the output power capability is lower 

when the conduction angle approaches zero. 
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The maximum efficiency for a class B is 78%, much higher than a Class A amplifier. 

However, additional reductions of the conduction angle will increase highly the 

drain current peak and will limit the operation under these conditions. 

Additionally, the high PAPR of the signals to be transmitted will decrease the 

efficiency of the solution highly compared to the 78% ideal value, as the amplifier 

will operate during most part of the time in a low efficiency region. 

2.1.3  Switching classes 

Switching amplifiers, classes C, D, E and F, are hardly non linear. For them, the 

output will have constant amplitude that will only depend on the input voltage. The 

schematic of a class E is shown in Figure 9. 

 

Figure 9. Schematic of a Class E amplifier 

Class C amplifier will have a reduced conduction angle compared to linear classes, 

and 0<θ<̟. Class F is obtained by a modification of the Class B with some harmonic 

resonators to improve the efficiency of the PA. Class E and class D are capable of 

achieving 100% efficiency theoretically. Due to its nonlinearity it cannot be used to 

amplify signals, but is valid for transmitting a constant frequency phase modulate 

signal. The two transistors of a class D amplifier increase the gate charge 

capacitance and make them less attractive for a RF application. A Class E amplifier 

is an ideal candidate due to the combination of performance and efficiency. 

2.1.4 Efficiency and linearity 

In the design of a RF transmitter, there is a trade-off between linearity and 

efficiency. Linear classes are less efficient and their use has been mostly replaced 

during last years for more efficient and less linear solutions. Additionally, new and 

more complex techniques have also contributed to the substitution of the linear 

amplifiers for this application. On the other side, non linear classes are more 

efficient but suffer different types of distortion, which are analyzed in this chapter. 
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The main techniques of the state of the art for a RF transmitter are described in the 

next section.  

The high PAPR characteristics of the most complex modulations imply that the 

system is operating far from the region where the maximum power is delivered, 

which is also the highest efficient region. If the modulated signal does not vary the 

envelope, it is almost of no use for an RF application. Additionally, close to the 

highest efficiency and power region, the curve Pout/Pin has a saturation behavior, 

which means that the amplifier is not linear for such a high power level. To avoid 

this source of nonlinearity there are some alternatives. The easiest and most efficient 

one to implement is to apply, as explained before, the back-off technique. 

2.2. Techniques to implement a RF transmitter 

In this section several of the most used techniques to implement a RFPA or RF 

transmitter are described. 

2.2.1 Doherty Amplifier 

The objective of this technique, proposed in 1936 [Doherty36], is not to linearize a 

non-linear amplifier but to obtain a high efficient one. 

The Doherty amplifier is a topological modification of a class B amplifier where 

several amplifiers are used. The schematic of this amplifier is shown in Figure 10. 

 

Figure 10. General schematic of the Doherty Technique 

The amplifier will operate with a maximum efficiency in the saturation region but 

due to the characteristics of the signal this will only happen in the peaks values of 

τ

τ
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the signal to be transmitted. In order to increase the efficiency of the power 

amplifier, the Doherty is based on a configuration with several power amplifiers.  

In the case of two amplifiers the main amplifier will always be active and the 

auxiliary power amplifier will operate if the output voltage is higher than a defined 

threshold. 

The Doherty amplifier presents an efficiency value of two or three times the 

efficiency of the class B amplifier if it is operating far from the peak power point, as 

it can be seen in Figure 11. 

 

Figure 11. Efficiency of the Doherty amplifier compared to the class B amplifier as a function of the 

normalized output voltage 

Main advantages of the Doherty technique are ([Yang01]): 

• Simplicity: There is no need of complex sub-paths and envelope control 

circuits as in EER and ET. 

• High efficiency: Due to the use of the main and auxiliary amplifiers it is 

feasible to achieve a high efficiency, comparable to other methods as EER 

and ET. 

• It is possible to implement linearization techniques using the conventional 

methods as feed-forward and envelope feedback. 
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The main disadvantages of this amplifier are: 

• Limitation in the bandwidth, despite it has been implemented successfully 

up to 20MHz. 

• Poor inter-modulation distortion (IMD) performance. The auxiliary peaking 

amplifier, due to the low biasing operation, will generate a considerable 

distortion. However this effect can be compensated as explained in [Yang01]. 

Due to the ease of implementation and the efficiency improvement over the class B 

amplifier, the Doherty amplifier has been widely used in many applications [Wu12], 

[KimJ11], [Lee11].  

2.2.2 Outphasing 

This technique, also known as linear amplification of nonlinear components (LINC), 

consists in the combination of two constant envelope and phase modulated 

amplifiers (Figure 12). Their outputs are added so their combination can achieve up 

to two times the amplitude of a single amplifier if they are on phase or smaller 

amplitudes if their phases are opposed in phase. This solution provides a high 

efficiency and linearity power amplifier. 

 

Figure 12. General schematic of the outphasing technique 

In Figure 13 are shown two examples of different operation points, where the 

output voltage has higher or lower amplitude compared to the constant amplitude 

of both amplifiers depending on the phase of them. 

In order to have a high efficiency and to avoid signal distortion an isolating 

combiner, as the Wilkinson combiner, should be used, which isolates the outphased 

amplifiers and provides fixed load impedance to both of them. 
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However, if the signals are outphased, the out of phase components are dissipated 

in the isolated resistor load [Hakala05]. An improvement can be achieved by using a 

non-isolating power combiner, as the Chireix combiner, but the linearity will 

decrease [Godoy12].  

 

 

Figure 13. Concept of the outphasing amplifier for two different operation points  

2.2.3 Power combiners 

Many RF applications require power combiners or dividers. A power combiner is a 

passive, three-port device that performs the linear function of adding incoming 

signals to a single output. As a passive device, it is reversible and can be used as a 

power splitter when using the combined output as the input. 

There are various types of power combiner circuits depending on the number of 

signals combined and whether they combine power in phase, quadrature or even 

out of phase. In Figure 14 are shown two differential power amplifiers with a 

differential power combiner. 

 

Figure 14. Two differential power amplifiers with a differential power combiner  
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The configuration method of combiners or dividers differs, depending on the 

frequency of operation, bandwidth, output power or size requirements. The power 

combiners can provide very wide operating bandwidths and operate up to 

frequencies higher than 3GHz. They are widely used in the HF and VHF bands and 

their low losses make them especially useful in high power circuits [Sevick01]. 

2.2.4 Stage Bypassing and Gate Switching 

Stage switching and bypassing is a technique used to improve the efficiency of the 

RF transmitter when the power amplifier operates far from the highest efficiency 

point due to the high PAPR of the modulated signals [Raab03]. 

It is based in the reduction of the power consumption of the power amplifier by 

switching between high power and lower power amplifiers depending on the 

characteristics of the signal. Therefore it is possible to optimize the design of each of 

the power amplifiers. 

In Figure 15 it is shown the high-level schematic of the bypassing amplifier. The 

main operation principle is the following. SA is disconnected and SB and SC switches 

connect the driver to the output load during the low power operation. For the high 

output power mode, the driver is connected to the high power PA by SB and SC and 

SA will be closed to provide the supply to the PA. To implement this technique is 

very important to design very precisely the transition between both modes to make 

the system reliable. The other drawback is the energy lost in the switches that are 

necessary in this technique.  

 

Figure 15. Block diagram of the bypassing amplifier  

In the gate switching technique, the gate width of the upper FET (and therefore the 

current and power capability) is ten to twenty times bigger compared to the lower 

FET. The gate bias of the high-power FET is turned off unless it is needed to support 

a high power output and therefore the quiescent drain current is reduced to low 

levels unless it is needed. With this architecture the problem of the additional losses 

of the bypassing amplifier are avoided. An additional advantage is the low-power 

FET operation in a more linear zone. The main disadvantage is the change in the 
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impedance of the source and of the load. In Figure 16 it is shown the schematic 

diagram of a PA with adaptive gate switching. 

 

Figure 16. Schematic of the adaptive gate switching technique  

2.2.5 Envelope Tracking 

This technique is based in a linear amplifier with a modulated power supply to 

increase the efficiency of the RF transmitter. The basic block diagram of this 

technique is shown in Figure 17. This technique was proposed in the 1930s 

[Barton30] but was not implemented until slightly more than one decade ago. The 

improvements in the technology and the increased data rates of the new 

transmission standards have driven the development of this technique during the 

last years. 

 

Figure 17. Schematic of the ET technique 

Due to the high PAPR of the transmitted signals, if a fixed voltage supply is used, 

the power amplifier will operate far from the high efficiency operation point. In this 

technique, the power supply of the power amplifier is modulated to ensure that the 

PA is operating in any instant at a high efficiency region given the required output 

power level. To ensure a correct operation, the amplifier should operate in the linear 
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region and therefore there will be a minimum value of the variable supply voltage 

over the envelope that will have to be maintained. 

In terms of efficiency, adding the envelope amplifier increases the power losses but 

at the same time an increase in the efficiency of the linear power amplifier is 

achieved in a way that the overall efficiency can be increased. 

One of the main advantages is in the design of the envelope amplifier. As the output 

of this stage is not the envelope of the RF signal directly, it can be designed with 

lower bandwidth than the envelope. The drawbacks are, on one side, the loss of 

linearity if the envelope and the output of the envelope amplifier are too close at an 

operation point. Additionally, if the bandwidth of the envelope amplifier is 

reduced, there will be a high load variation for the envelope amplifier. As this load 

variation will affect to the behavior of the envelope amplifier, it has to be considered 

in the design on the converter and control stages to avoid instability problems.  

Figure 18 illustrates different operating conditions of the envelope amplifier using 

the ET technique for a lower bandwidth EA design. The output power of the RFPA, 

and the load of the envelope amplifier, will depend on the envelope value. In the 

operation points where the envelope amplifier output is close to the envelope the 

load will be higher compared to the operation points where the envelope is far from 

the envelope amplifier output (low load operating point shown in Figure 18). This 

characteristic will have a high influence in the design of the envelope amplifier as it 

will be discussed in the next chapter. 

 

Figure 18. Different operating points for the EA for ET technique 

If the envelope amplifier is designed to have almost the same bandwidth as the 

envelope signal, there will be no problems with load variation but the bandwidth 

requirement of the envelope amplifier will be higher. 
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2.2.6 Envelope Elimination and Restoration and Polar Modulation 

Envelope Elimination and Restoration (EER) is the technique proposed by Kahn in 

1952 [Kahn52] to improve the efficiency of the RFPA. This technique is based on the 

simultaneous modulation of the envelope and the phase as is can be seen in Figure 

19.  In this technique the RFPA is a high efficiency and switched power amplifier 

(classes D, E and F). 

This technique provides a higher theoretical efficiency compared to the envelope 

tracking technique and to the linear solutions. However, it has more demanding 

requirements both for the envelope amplifier, as a higher bandwidth, and for the 

overall system, as the synchronization between the envelope and the phase path 

will be critical for the quality of the transmitted signal. 

 

Figure 19. Block diagram of the EER technique 

The polar modulation derives from the EER technique being the main difference in 

the input of the system (Figure 20).While in [Kahn52] the input is the complete 

signal and the system also generates the independent envelope and phase signals, in 

polar modulation is done in a different way.  

 

Figure 20. Block diagram of the polar transmitter  
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Using digital processors, all the data can be processed digitally and the envelope 

and phase signals provided separately, simplifying the transmitter and reducing the 

cost. Additionally, the digital processor needed can be used to implement 

techniques to improve the linearity of the RFPA. 

One of the main advantages of the polar modulation and EER techniques is the 

difference between the time constants of the envelope and phase independent 

modulations. Due to this, the behavior of the switched and high efficient power 

amplifier as the load of the envelope can be considered a fixed resistor [Raab77]. 

In order to achieve a high efficiency for EER/Polar transmitter, both the envelope 

amplifier and the power amplifier have to be optimized as the total efficiency is the 

product of both stages efficiencies (1). This thesis is focused on the envelope 

amplifier design to improve the overall efficiency without degrading the 

performance of the transmitter. In the next chapter, the solutions proposed for the 

envelope amplifier to achieve this efficiency improvement will be detailed. 

Next section reviews the different sources of distortion that are present in polar 

modulation as this is the technique that has been implemented for the integration of 

the proposed envelope amplifier in the RFPA. 

2.2.7 Distortion in a polar power amplifier 

Polar modulation has the big advantage that the requirements in terms of 

bandwidth are the envelope bandwidth requirements. There are four sources of 

distortion, AM-AM, AM-PM, PM-AM and PM-PM. For the AM modulation, the 

linearity of the envelope amplifier can be compensated easily. Therefore, the main 

source of distortion will be the non-linearities in the Class E amplifier. 

2.2.7.1 AM-AM and AM-PM 

These types of distortion are the most important for this type of modulation. The 

AM-AM modulation refers to the changes in the envelope of the RFPA due to a non 

ideal transfer function of the envelope amplifier. This type of distortion is defined 

mathematically by A(t)fd (11) being C(t) the transmitted signal (12). 

 C t" = A t":; ∙  cos 2πf9" + θ t"" (11) 

 A t":; = A t" ∙ f<; A t"" (12) 

The AM-AM distortion can be caused by the envelope amplifier or by the switched 

power amplifier. The last type of distortion is more difficult to characterize and to 
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eliminate [Reynaert06]. However, it can be characterized by experimental tests to 

compensate the influence in the performance of the transmitter. 

The AM-PM distortion is a phase distortion in the RF signal produced by the 

changing envelope signal. The power amplifier will produce the most significant 

part of the AM-PM distortion. The expression for the AM-PM distortion is: 

 C t" = A t" ∙  cos 2πf9" + θ t" + f=; t"" (13) 

Finally, taking both effects into account we obtain: 

 C t" = A t":; ∙  cos 2πf9" + θ t" + f=; t"" (14) 

2.2.7.2 PM-AM and PM-PM distortion 

For RF amplifiers the PM-AM distortion is negligible as the phase modulation does 

not change significantly the operating conditions in terms of output power. 

Regarding PM-PM distortion, it will not be a problem as the frequency gap between 

the carrier and the envelope makes that the phase modulation in the RF carrier has 

no influence in the envelope frequency range. Only for very wide bandwidth 

amplifiers this issue will be a concern. 

2.2.7.3 Feed-through 

This type of distortion appears in EER systems as the phase information with 

constant amplitude that is processed by the high efficiency power amplifier contains 

a spread spectrum different from the one that we want to transmit (signal 

spectrum). This distortion can be reduced or cancelled by the modulation of the 

amplitude on the phase path in a way that the spectrum that is provided to the 

power amplifier is the very similar or the same to the one at the output. 

2.3. Linearization of Power Amplifiers for a RF application 

Due to the complex structure of the polar transmitters as well as the high power and 

efficiency required, the linearity of the RF transmitter can be lower than expected for 

several application requirements. As a consequence, several techniques have been 

developed to increase the linearity of the transmitter. Three main techniques are 

described: 

• Feed-forward 

• Feedback 

• Predistortion.  
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2.3.1 Feed-forward 

The main purpose of the feed-forward loop is to increase the linearity of the power 

amplifier. Using an auxiliary path the distorted components of the main PA are 

processed and combined finally with the distorted signal of the main PA path to 

obtain, theoretically, a non distorted output spectrum [Kennington00]. The block 

diagram of this technique can be seen in Figure 21. 

 

Figure 21. Block diagram of the feed-forward technique  

As it can be seen, there are two amplifiers, the main and the error amplifier, 

directional couplers, transmission lines and control loops [Kang97]. The control 

loops are in charge of adjusting the phase and amplitude correction levels.  

The main PA signal spectrum will contain the components to be transmitted and 

additional distortion. A lower amplitude copy of the non linearities is created in an 

additional path, amplified in the error amplifier, which should be highly linear, to 

the required level and subtracted from the main PA output to reduce the distortion 

of the main PA. 

The main advantages of this technique are:  

• The gain of the amplifier is not reduced as the product gain-bandwidth is 

kept constant in the band of interest. 

• The error amplifier can be a low power device, as it only amplifies the 

intermodulation products.  

However, as the error amplifier is not completely linear it is very difficult to adjust 

all the errors in amplitude and phase as well as the delays. As a result, the error 

amplifier will generate intermodulation products that will appear at the output of 

the loop and therefore, cannot be compensated, as it is not an iterative process.  

τ

τ
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There are several factors that limit the use of this technique as the high accuracy 

needed for the phase and amplitude correction, the aging effects which are not 

compensated and mainly the cost and complexity of the practical implementation of 

this technique. 

2.3.2 Feedback 

This technique, due to the lower cost and the lower complexity compared to the 

feed-forward technique, is more widespread to increase the linearity of the power 

amplifier. It requires a high bandwidth, depending of the type of modulation and it 

can be applied to the RF amplifier or indirectly to the modulation (envelope, phase 

or Cartesian components) [Raab02]. 

This technique, applied to polar modulation, feeds back the amplitude and/or the 

phase signal to obtain the error signal as a comparison with the input signal. The 

main advantage is that it can compensate effects as aging and memory effects, non-

idealities of the input source and temperature effects. Polar feedback consists of two 

loops both of amplitude and phase. The phase loop presents fewer problems as it 

does not need to have amplitude linearity. However, both loops rely on an envelope 

detector that has a very wide dynamic range so there is no AM-PM distortion. 

2.3.3 Predistortion 

The main principle of this technique is a characterization of the non-idealities of the 

system to obtain and apply the inverse function to cancel the non-idealities at the 

output of the amplifier as shown in the block diagram of Figure 22.  

 

Figure 22. Schematic diagram of the predistortion technique  

The predistortion technique can be applied to decrease AM-AM and AM-PM 

distortion, as well as the delay effect. Other non-idealities as the memory or thermal 

Predistorter RF Amplifier

Input
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effects cannot be compensated with this technique unless they have a slow time 

constant characteristic. 

The predistortion can be done in RF, IF and in base band. In the last case the 

predistortion is applied before shifting the signal to the operating frequency. 

The expression obtained to compensate the predistortion can be very complex, so 

digital processors are used as they can achieve the complexity of the high order 

curve needed, managing up to 25dB of improvement [Horn84], [Draxler12]. 

Usually, the limitation in the linearity improvement is in the maximum sample 

frequency of the A/D and D/A converters. Another important issue is the power 

consumption of the implementation of this technique for low power RF amplifiers, 

which penalizes in excess the overall efficiency. 

To summarize, this technique is easy to implement, stable and it is implemented in 

open loop so there will not be stability problems associated to a feedback loop 

system. Additionally, high bandwidths can be achieved despite the complexity of 

the high order predistortion curves. 

An improvement of this technique, that will also add complexity to the 

implementation, is the adaptive predistortion. This technique takes into account 

variations in the behavior of the components due to aging and temperature effects 

that can affect the gain and phase and therefore decrease the performance of the 

predistortion technique if they are not considered. 

2.4. Conclusions 

In this chapter the technical background of the RF amplifiers has been reviewed. 

The different techniques to improve the performance of the RF power amplifier 

have been described. For the design of the power amplifier for EER, switched 

classes of operation provide the higher efficiencies and especially Class E type has 

been identified as the most suitable for the practical implementation. A brief 

description of the different techniques used to improve the linearity is done. From 

all the techniques to implement the RF power amplifier, the ones that include a 

modulated power supply for the power amplifier are of special interest for this 

thesis, especially the polar modulation due to the higher efficiency improvement 

potential as well as an easier implementation compared to pure EER.  
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3. Proposed High Efficiency Envelope Amplifier 

3.1. Envelope amplifier for a RF transmitter 

In an RFPA, the main purpose for using a modulation of the voltage supply of the 

switched PA is to increase the overall efficiency, but the complexity of the system 

will increase and many other design parameters have to be taken into account. In 

Figure 23 is shown the simplified block diagram of the RFPA for an EER 

application, where the envelope amplifier stage can be appreciated. The envelope 

amplifier is a dc-dc converter used to modulate the voltage supply of the power 

amplifier of a RF amplifier and has a high impact in the performance of the RFPA. 

The main characteristics that the envelope amplifier has to comply with are: 

• High efficiency 

• High linearity 

• High bandwidth 

• Low distortion of the output voltage 

• Wide output voltage range 

 

Figure 23. Simplified block diagram of the RFPA 

These highly demanding requirements make the envelope amplifier a converter 

with a low efficiency compared to other applications where efficiencies over 90% 

can be easily obtained [Xunwei00]. The main reason is the very high bandwidth 

required in this application, that implies a very high switching frequency.  
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A higher efficiency of the RFPA can be obtained using a modulated power supply 

compared to some of the solutions described in the previous section as a linear, 

Outphasing or Doherty amplifier but the complexity and requirements for the 

envelope amplifier increase to achieve a high efficiency improvement. 

An easy and simple design for an envelope amplifier is to use a linear regulator 

with a fixed voltage supply. The voltage supply will need to be set slightly higher 

than the maximum output voltage. However, this solution has a very low efficiency, 

especially for signals with high PAPR. In Figure 24 is highlighted in red the voltage 

drop between the supply voltage and the envelope. 

 

Figure 24. Fixed voltage supply control strategy 

It can be seen that for a time varying envelope with high PAPR the overall efficiency 

will be low, as the output current multiplied by the voltage drop will be dissipated 

as losses in this stage and will contribute highly to the low efficiency of the system. 

Figure 25 shows a modulated supply control strategy where the supply voltage 

tracks very closely the envelope and therefore the efficiency of this stage and of the 

system will be higher. If we compare the red area with the corresponding in the 

previous figure it can be seen that in this solution the power amplifier stage will be 

more efficient. However, the requirements for the envelope amplifier will be higher.  

 

Figure 25. Modulated voltage supply control strategy  

If a modulated voltage supply control is implemented, an additional stage will be 

needed if we consider an EER application, as it is necessary to provide the exact 

envelope to the power amplifier. 
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However, if the designed EA is able to transmit the envelope with a switched-mode 

power converter, there will be an efficiency improvement as there will not be the 

need of an additional stage.  

At this point it is important to understand that the selection of the technique, ET or 

EER, has a high impact on the envelope amplifier. For ET technique the output 

voltage of the EA does not have to reproduce the exact envelope. Therefore, the 

requirements are lower, and there is more design space for different techniques to 

improve the efficiency without a high bandwidth. For EER, the output voltage of the 

EA is the directly the supply voltage of the power amplifier so the requirements are 

more demanding. Additionally, an envelope amplifier for ET technique does not 

need such a highly optimized integration process as EER, where the time 

synchronization is a very important requirement for the performance of this 

technique as well as the linearity improvement techniques. 

In both cases the performance of the envelope amplifier is measured in the complete 

system integrated with the power amplifier so it is complex to estimate the effect of 

the design of a specific design parameter or of the non-linearities of the envelope 

amplifier in the design stages. This issue will be analyzed in detail in chapter 4 of 

this document where a tool is proposed to estimate the performance of a particular 

design of the envelope amplifier in the figures of merit of the RFPA for EER 

technique.  

3.1.1 State of the art of the envelope amplifier for a RFPA application 

In this section it is analyzed the state of the art of the envelope amplifier for a RFPA 

application. The solutions analyzed have been classified into two groups depending 

on the number of stages (single stage and multiple stages). A single stage envelope 

amplifier will be simpler and easier to control. Despite the energy is processed by a 

high efficiency converter, the switching frequency has to be increased highly to 

comply with the requirements of the application and therefore the achieved 

bandwidth is limited. The optimization of the output filter, in case of a buck derived 

envelope amplifier, will play a very important role in the switching frequency 

limitation. 

A multiple stage envelope amplifier, which normally is designed combining a 

switched-mode power converter and a linear regulator, either in series or in parallel 

configuration, increases the complexity of the solution but a good trade-off between 

efficiency and bandwidth can be obtained. In a series configuration, the efficiency 

will be limited by the processing of the energy through several stages, and in a 
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parallel configuration by the amount of energy processed by the linear regulator 

[Vasic12C]. 

Additionally, the envelope amplifier solutions have also been classified as a 

function of the final application, ET or EER, due to the differences in the 

requirements. 

3.1.2 Single stage envelope amplifier 

An envelope amplifier based in a single stage configuration, either for ET or EER, 

will be simpler and easier to control. For these reasons, it is also easier to develop an 

on-chip integrated solution for the envelope amplifier with the limitation of the 

power level. However, the EA application requires a high bandwidth and to achieve 

this there are several alternatives: 

• Increase the switching frequency. 

• Use of a topological solution to increase the equivalent frequency at the 

output of the converter. 

• Use of high order filter and complex filter designs to provide high rejection 

of the switching noise allowing lower switching frequency for the same 

bandwidth. 

The first option, an increase in the switching frequency, using a well known 

topology and output filter has been used in [Bathily12], where the switching 

frequency is of 200MHz, and a BiCMOS (bipolar CMOS) integration technology has 

been used. The drive and the inductor are integrated together with the power 

switches and the LC filter is off-chip. A maximum efficiency of 77% is obtained for 

an output power of 724mW and an output voltage of 2.2V for a bandwidth of 

20MHz. In [Hong13], where the switching frequency is also 200MHz, a microwave 

monolithic integrated circuit (MMIC) is proposed for an ET application. The 

maximum efficiency is 73%, the output power 3.3W and the maximum output 

voltage is 28V. With this solution, a bandwidth of 20MHz is obtained. However, the 

rejection of the first switching harmonic is low for this design, of -36dBc. 

These solutions have in common the integration technology for the implementation. 

A high increase in the switching frequency increases also the switching losses and 

the influence of the parasitic components of the converter and therefore decreases 

the advantages of this envelope amplifier design alternative. Additionally, at certain 



 

57 

fsw the linearity of the control pulses modulation is highly decreased as well as the 

performance of this solution. 

 Despite a very high switching frequency and a high envelope bandwidth can be 

obtained with these solutions, they are limited in the output power level that can be 

achieved. 

The use of topological solutions can help to increase the bandwidth without such a 

high increase in the switching frequency. In [Yousefzadeh06] a three-level buck 

converter is presented for an ET application. The main advantages of this solution, 

which is similar to a two-phase buck converter with phase shifting, are the 

following: 

• The frequency of the output voltage is two times the switching frequency. 

• The voltage in the transistors is reduced to Vin/2. 

Multiphase converters are a well-known and widespread solution that theoretically 

allows a multiplication by N (the number of phases) of the switching frequency, and 

therefore, allow higher bandwidths. In the state of the art it can be seen the 

application of the multi-phase converters for ET and EER techniques as in [Miaja12], 

where an multi-input buck (MIBuck) with a fourth order filter and a two-phase 

MIBuck with a fourth order filter are presented and where an slew rate 

improvement by a factor of 3 and 4 respectively is presented. In [Cheng14] the 

minimum time control strategy for output voltage transients is combined with a 

four-phase multiphase converter to improve the dynamic response of the converter 

for an ET application. 

A design alternative to avoid a high switching frequency is to implement a high 

order output filter. In [Sebastián14], a high order (up to sixth order) Bessel-

Thompson, Legendre-Papoulis and Butterworth filters are studied for an 

asynchronous buck converter for an envelope amplifier application focused on ET. 

The performance of these filters for band-limited envelopes and for broadband 

signals is analyzed, considering also the mode of conduction as the topology and 

the most suitable type of filter is identified for each case. 

The main parameters of evaluation of a low-pass filter are the attenuation level of 

the harmonics at the switching frequency, the damping at the cut-off frequency and 

the group delay. If we consider the application, the complexity increases as the 

transmitted bandwidth has a spread spectrum. Despite the amplitude decreases 

with the frequency, it has a significant effect in the performance of the envelope 

amplifier.  
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The effect in the complete RFPA can be seen in the frequency spectrum in the lateral 

bands corresponding to the intermodulation between the switching frequency and 

the spectral components of the transmitted signal. This effect decreases the linearity 

of the system and can cause a non-compliance with the spectral masks if not take 

into account. This issue will be analyzed with more detail in chapter 4 and in this 

chapter the analysis will be focused on the EA stage. 

A solution that has a good potential is the use of the Class E amplifier as an 

envelope amplifier. This solution has a high efficiency as shown in [Liu96], 

[Singhal11] and [Roslaniec12], even at high switching frequencies, due to the zero 

voltage switching (ZVS) capability. However, ZVS is lost if duty cycle modulation is 

required, so it cannot be considered for this application where a high output voltage 

range is needed. Even recently published solutions for keeping ZVS to load 

variations [Roslaniec12] are not valid for the specifications required in this work. 

3.1.3 Linear Assisted Envelope Amplifier 

This architecture is based on the combination of a linear amplifier stage with one or 

several switched-mode power converter to achieve the highly demanding 

specifications of the envelope amplifier.  

Either a series (Figure 26) or a parallel (Figure 27) combination of them is widely 

referenced in the state of the art. The linear regulator provides a high bandwidth 

and operates as a voltage controlled voltage source. Ideally, due to the low 

efficiency, it should process as low percentage of the energy as possible. The 

switched-mode dc-dc converter provides a high efficiency but has limitations in the 

bandwidth that can be obtained. The efficiency of this solution is limited mainly by 

the voltage drop in the linear regulator. This architecture provides a good trade-off 

of the required specifications of the EA but has the drawback of the increased 

complexity due to the additional stages of the converter and to their control and 

synchronization. 

 

Figure 26. Series architecture of a linear assisted envelope amplifier 



 

59 

 

Figure 27. Parallel architecture of a linear assisted envelope amplifier 

In the state of the art many examples of a hybrid solution consisting in a linear 

assisted converter can be found, either in a series [Vasic10] or parallel [Vasic12A] 

combination of a switched dc-dc converter and a voltage-controlled linear regulator. 

In this case, the series configuration requires a switched dc-dc converter operating 

as a voltage source while the parallel configuration requires a switched dc-dc 

converter operating as a current source. In the parallel configuration, a linear 

regulator operates as a low efficiency-high bandwidth converter and the switched 

converter as a high efficiency-low bandwidth converter [Yousefzadeh05].  The main 

challenge of this solution is how to select the frequency spectrum division that each 

stage will provide and the practical implementation. 

In [Vasic09], a multilevel converter, based on voltage cells stacked in series, that 

supplies a linear regulator, was presented. Additionally, a first stage that generates 

the voltage inputs of the voltage cells is needed for this solution. The first stage is 

designed using a single input-multiple output converter. In this solution, three 

stages are needed in order to obtain a high bandwidth. Therefore, the efficiency 

improvement is limited and the complexity of the envelope amplifier increases. In 

[Díaz09A] it is presented an alternative topology for the multilevel converter based 

on three-level voltage cells and an optimization of the first stage of the system. In 

this solution, the multilevel converter has more voltage levels per voltage cell and 

less voltage cells for a total configuration with the same number of switches. The 

performance is very similar to [Vasic09] but it is a design alternative that in some 

cases, depending on the specifications, especially on the density of probability of the 

amplitude, will provide a higher efficiency. In addition, in [Díaz09A] it is presented 

an optimization of the first stage of the converter that generates the input voltages 

of the multilevel converter. With this optimization, based on the study of the energy 

processed by each voltage cell, the size and efficiency of this stage can be improved 

and the efficiency of the complete RFPA increased.  
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In [Vasic10] a third alternative, a voltage multiplexer, is proposed for the multilevel 

converter for the series architecture. The first stage is designed in this case with a 

switched capacitor converter, obtaining in this stage a very high efficiency and 

power density. This solution offers a good trade-off between bandwidth and 

efficiency. 

In [Vasic11] it is done the comparison and optimization between both series and 

parallel combination of a switched dc-dc converter and a linear regulator. As 

commented previously, the series combination offers a good trade-off between 

bandwidth and efficiency, while the main disadvantage is the increase of the 

complexity and the limited efficiency improvement due to the series connection of 

three stages. The parallel configuration has as a main limitation the percentage of 

energy processed by the linear regulator stage, with low efficiency. This architecture 

has a high bandwidth capability.  

Comparing the losses distribution, in the parallel architecture the losses are mostly 

on the linear regulator stage, while in the series configuration are in the switched 

power converter. These solutions are capable of providing a high power level, 

higher than 100W and the best option will be defined by the specifications of the 

particular application. 

In [Miaja10] it is presented a parallel configuration of a linear regulator and a 

switched converter with multiplexed voltage inputs (MIBuck). Both stages are 

controlled as voltage sources following the same reference. The current demanded 

by the load will be provided mostly by the switched stage unless the bandwidth is 

not enough to follow the reference. In that case the linear regulator will provide the 

current with the consequent decrease in the efficiency. This solution provides a 

good trade-off between bandwidth, efficiency and slew rate and has been validated 

experimentally for a maximum output power of 20W at 11V. 

An additional switched buck converter is added in [Kanbe08] and [Hsia10] to the 

parallel architecture presented in [Yousefzadeh05]. Therefore there are three 

different stages with different bandwidths. The linear regulator stage has a high 

bandwidth, a medium bandwidth is obtained in the first switched converter and the 

second switched converter will have a lower bandwidth. This solution processes 

most part of the power transmitted through high efficiency switched converters but 

also adds additional components to the envelope amplifier and has a more complex 

control stage as it divides the envelope reference spectrum and then reconstructs it 

again later.  
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In [Xiong11] a feed-forward loop is added to decrease the current provided by the 

linear regulator and therefore to improve the efficiency, but the improvement is 

below 5% and is validated experimentally only for low bandwidth signals (20kHz-

100kHz). 

In [Díaz09A] and [Díaz12] are shown the main results of the Master of Research in 

Industrial Electronics, based on a multiple stage architecture, using a multilevel 

converter in series with a linear regulator. However, the main results of this thesis 

are based on single stage architecture and the multiple stage architecture analysis 

and results have not been included. 

3.2. Ripple cancellation technique applied to an envelope 

amplifier application 

In this section the proposed topological solution for a high efficiency envelope 

amplifier is presented. This proposed solution as well as two topological variations, 

that improve the performance and robustness of the solution, constitute part of the 

original and more relevant proposals of this thesis. The use of the ripple cancellation 

technique is proposed to increase the efficiency of an envelope amplifier stage with 

a single stage topology for a RF power amplifier application. The new design of the 

buck converter with ripple cancellation network achieves a switching frequency 

reduction compared to the equivalent conventional buck converter, that will allow 

an efficiency increase of the envelope amplifier.  

3.2.1 State of the art on ripple cancelation design and applications 

The ripple cancellation technique is a well known technique [Schutten03] [Kolar97] 

to obtain, theoretically, output (or input) zero current ripple. It has been applied to 

several topologies and applications, both in dc-dc [Martinelli91], [Hamill99], 

[Díaz09B], [Zhou12] and ac-dc [Chou09], [Barbosa01] conversion. The main 

advantage of this technique is the theoretical elimination, or a very high reduction 

in practice, of the output current switching ripple. 

The practical implementation is done by adding a cancellation branch as shown in 

Figure 28. The main components of the cancellation branch or network are an 

additional winding coupled to the main inductor (L1B), an additional inductor (L2), a 

capacitor (Cb) and a resistor (Rd) connected in series. 
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Figure 28. Schematic circuit of the synchronous buck converter with ripple cancellation network  

In Figure 29 are shown the most representative waveforms of the ripple cancellation 

technique applied to a synchronous buck converter. During the on-state of the high 

side power transistor, Vin-Vout is applied to L1A and therefore Vin-Vout/N to L1B 

(assuming VCb=Vo). N=N1/N2 is designed lower than unity to comply with equation 

(15". Additionally, the passive components of the cancelation branch are reduced. 

The correspondent terminals of the coupled windings are chosen so i1 and i2 have 

opposed phases, and therefore, allow the current ripple cancellation in the output of 

the converter. 

 

Figure 29. Most representative waveforms of the ripple cancellation circuit applied to a conventional 

synchronous buck converter 

The cancellation branch also could be connected to the Vsw node of the converter, 

between the source of the HS power switch and the drain of the LS power switch. 

However, this is not a good design option as the voltages in the winding L2 will be 

Cancellation

Branch



 

63 

higher, equal to (Vin-Vo)*(N-1)/N, so there will be higher current ripple for the same 

L2 inductance and additional power losses. 

The value of the capacitor Cb has to be high enough so the voltage is the same as in 

Vo. In this case, the voltage ripple in Cb is negligible. Finally, the damping resistor Rd 

will be necessary to damp the high peak resonance and distortion that is the 

complex double pole in the control design of the converter. This resonance can be 

seen in the magnitude Bode plot of the duty cycle to output voltage (d to Vo) 

transfer function. 

The value of L2 inductance is chosen to achieve zero current ripple at ir (i1+i2) as 

shown in (15" where it can be deduced the design condition N>1. 

 	>1 = >?@ ∙ ?A ∙  1 − ?A" (15) 

With the previous design considerations, the performance of the ripple cancellation 

technique is independent of the switching frequency, duty cycle or any other 

parameter of the converter [Schutten03]. In Figure 30, a time domain simulation in 

PSPICE is shown for the conventional ripple cancellation circuit applied to a dc-dc 

SR buck converter considering the previously described design of the buck 

converter with ripple cancellation network. The current ripple of the currents i1 and 

i2 has the predicted behavior. The values used for the simulation are shown in Table 

I. The cut-off frequency of the filter is 2.68kHz. 

Table I. Design parameters of the RCN buck converter for a low bandwidth design and a constant Vo 

 

Parameter Value

L1A 70µH

L2 11,2µH

N1:N2 5:1

Cb 10µF

Co 100µF

Rd 60mΩ

RL 2Ω
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Figure 30. Simulated main waveforms of the synchronous buck converter with ripple cancellation 

network in steady-state operation 

Figure 31 shows the comparison of the magnitude Bode plot of d to Vo transfer 

function of the buck converter with ripple cancellation network and the equivalent 

design, for the same cut-off frequency, of the conventional buck converter. It can be 

seen the high frequency complex double pole effect and therefore the need of a 

damping resistor Rd to damp its resonance and the possible influence in the 

instability in the control loop. 

The principles of operation of the ripple cancellation network for a buck converter 

have been described and the waveforms shown correspond to a synchronous buck 

converter or to an asynchronous buck converter in CCM. 

   

Figure 31. Magnitude Bode plot of d to Vo transfer function for the synchronous buck converter with 

ripple cancellation network; Comparison with the equivalent buck converter design 

However, the current ripple cancellation technique is also applicable to the DCM 

conduction mode (Figure 32). In [García13] it is shown the input current ripple 

cancellation for a boost converter for CCM and DCM. 
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Figure 32. Most representative waveforms of the ripple cancellation circuit applied to an 

asynchronous buck converter in the DCM conduction mode 

3.2.1.1 Applications 

The ripple cancellation technique, as commented before, has been used for different 

topologies and applications. It has been used for dc-dc conversion for an aerospace 

application in [García13], where it is implemented to cancel the input current ripple 

of a boost converter being the main advantage in the size and cost reduction of the 

EMI filter, both critical design drivers in an aerospace application. In [Barbosa01] it 

is used in a three-phase boost for the first stage of a front end converter for a 

distributed power system (DPS) application. In [Chou09] it is also proposed the use 

of the ripple cancellation network at the input of a boost converter to decrease the 

conducted noise and the stress on the capacitors of the converter in the first stage of 

an ac-dc converter for a LCD TV application. In these applications, the main focus is 

on the filter reduction due to the lower switching noise, but the bandwidth is 

decreased due to the implementation of the state of the art design of this technique. 

3.2.2 Original contribution 

In this thesis it is originally proposed the use of this technique to cancel the output 

current switching ripple without a high increase in the switching frequency. If the 

output current switching ripple is highly decreased, the switching frequency can be 
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reduced without decreasing the large signal bandwidth of the converter. The large 

signal bandwidth is defined as the frequency range of a converter where the 

maximum amplitude can be transmitted and will be limited for a buck-derived 

converter by the cut-off frequency of the output filter. 

As the switching losses are dominant in the proposed application, due to the high 

switching frequency in the range of MHz and a peak power in the order of 100W, 

there will be a high increase in the efficiency compared to a conventional buck 

converter design, where the switching frequency will have to be several times 

higher to obtain the same output voltage ripple. There are additional advantages for 

this design, as the reliability due to the lower power losses and therefore a lower 

temperature (if the switching frequency is lower for the same large signal 

bandwidth). If the switching frequency is the same for both converters, a higher 

bandwidth can be obtained with the proposed solution.  

The design procedure is the following: 

• In order to increase the bandwidth, the passive components of the output 

filter should be decreased without reducing the output current ripple 

rejection ratio at the switching frequency. A decrease of L1A would imply a 

high current ripple in the circuit (despite it is cancelled in the output) which 

would generate additional losses so only a small reduction can be 

considered (increasing the maximum ∆ipk-pk specifications).  

• Then the turns ratio N of the coupled windings is selected. The value has to 

be higher than one, as seen before, and it is defined high enough to allow a 

reduction in the L2 inductance (due to the lower voltage in VL1B and therefore 

in VL2). A high turns ratio will also limit the performance of this solution as 

the voltage level will decrease compared to the noise and the accuracy of the 

ripple cancellation will be degraded. 

• The value of the capacitor Cb is the key parameter because, in principle, it 

can be reduced highly (a capacitor 250 times smaller is proposed compared 

to the design in [Schutten03]) without a significant increase in the losses (the 

additional voltage ripple will cause negligible additional power losses taking 

into account that the resistance of the ripple cancellation network (RCN) is 

the addition of the parasitic resistances of the components, and there will not 
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be a significant effect in the overall efficiency). The consequence of the 

capacitor reduction will be a voltage ripple on this capacitor, assumed 

sinusoidal, that will increase the i2 current ripple and will have to be taken 

into account in i1 and i2 current ripple calculation and therefore in the design 

of L2. In terms of the design of Cb, it is designed together with L2 as both 

define the ripple cancelation frequency once the other design parameters are 

known. Setting the maximum voltage ripple in Cb will define the capacitance 

required and L2 will be chosen to set the current ripple cancellation 

frequency. 

• Under these design considerations, Co can be highly reduced. A small 

capacitor value is defined to filter higher frequency harmonics and to 

compensate non-ideal operation of the current ripple cancellation. The value 

of this capacitance has no influence in the large signal bandwidth of the 

converter as will be shown in the sensitivity analysis in this chapter. 

• An important characteristic of this design is the suppression of the damping 

resistor Rd, which will be justified in the next section.  

The most representative waveforms of this design are shown in Figure 33.  

It has to be noted that there is not a unique solution for a design, as different 

combinations of Cb and L2 could produce a very similar design.  

To understand the differences between the proposed design and the one proposed 

in [Schutten03] the main waveforms will be analyzed. It can be seen that there are 

two contributions in the voltage VL2 both on the on and off periods of the switching 

device. VI is caused by the voltage VL1A reflected in the ripple cancellation branch 

due to the coupling windings. 

VII is the voltage component caused by the voltage ripple in Cb. Doing the voltage 

balance in the loop that contains the RCN and the output capacitor, it can be seen 

that both voltages are applied to VL2 as it is shown in Figure 33. 
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Figure 33. Most representative waveforms of the proposed design for the ripple cancellation circuit 

applied to a synchronous buck converter  

In order to understand the proposed design, the synchronous buck converter has 

been analyzed and simulated in the time domain and in the frequency domain. It 

can be seen in Figure 34 the dynamic behavior and the high attenuation of the 

magnitude Bode plot of duty cycle to output voltage transfer function for a specific 

frequency range (centered in the switching frequency, 4MHz for this particular 

design).  

 

Figure 34. Magnitude and phase Bode plots of d to Vo transfer function for the conventional vs 

proposed ripple cancelation buck converter 

As a conclusion, by a reduction in the passive components of the RCN, the 

switching frequency can be decreased without an impact in the bandwidth of the 

converter. However, the desired output voltage ripple rejection will only be 

achieved for a specific frequency range that will depend on the RCN parameters. 
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Therefore, the complexity of the design increases and a sensitivity analysis is 

necessary to evaluate the robustness of current ripple cancellation. 

The value of the voltage ripple rejection ratio is limited by two factors. It is an effect 

that is added to the filter response so the higher the frequency of the ripple 

cancellation is, the higher the voltage ripple rejection ratio will be. The second factor 

is the parasitic resistance of the ripple cancellation network, which will reduce 

highly the output voltage ripple rejection ratio. In the sensitivity analysis shown in 

this chapter both effects can be seen more clearly. 

In Figure 35 it is shown an illustration of the comparison between the proposed 

design of the RCN buck converter and the conventional buck. The transfer function 

He (d to Vo) is shown and compared to the equivalent design of the conventional 

buck converter in terms of large signal bandwidth. 

 It can be seen that for the same attenuation, the switching frequency needed is 

lower (fswRCN<fswBuck) and therefore, the ratio R1/BW is lower than R2/BW.  

 

Figure 35. Illustration of the magnitude Bode plot of the transfer function He; Comparison between 

the conventional buck converter and the proposed RCN buck converter 

The parasitic resistance has a very high impact in the output voltage rejection ratio 

and therefore in the ratio R2/R1, that ideally could be very high. However, due to 

the practical limitations of the design, a ratio of 3 has been achieved experimentally 

for a single phase synchronous buck converter with current RCN, which will allow 

a high efficiency increase as it will be shown in the experimental validation. 

The proposed design for the current ripple cancellation can be also justified 

analyzing the transfer functions of d to iL1A and d to iL2. In Figure 36 the phase and 

magnitude (middle and bottom figures) Bode plots of both transfer functions are 

shown. In addition, the magnitude Bode plot of d to Vo transfer function (top figure) 

has been added for a better understanding. It can be seen that at the notch frequency 
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in d to Vo magnitude transfer function, the phase between d to iL1A and d to iL2 

becomes 180º and the magnitude of both transfer functions is exactly the same. 

Therefore, both currents have the same amplitude and are opposed in phase at the 

specific frequency where the notch is placed so the current ripple will be 

theoretically cancelled. 

 

Figure 36. Magnitude Bode plot of d to Vo (top graph) and phase (middle graph) and magnitude 

(bottom graph) Bode plots of d to iL1 and d to iL2 transfer functions for the proposed design of the 

ripple cancelation buck converter 

Due to the new design of the RCN buck converter, the expression to obtain L2 

inductance value shown in (15) is not valid, as there are additional contributions to 

the current ripple that have to be considered in the current balance at the output of 

the converter. The first calculation step to obtain the new value of L2 is shown in (16) 

where the balance of current ripple at the output of the converter is done. In (17) is 

shown the current ripple expression in L1A. 

 DEF?@ + GHIJA − DEF1 = 	0 (16) 

 DEF?@ =	LMNO∙;∙�F?@  (17) 

The equation (16), shown above, is a balance of the current ripple of i1 and iL2. The 

ripple in i1 also depends on the ripple in iL2 divided by N due to the coupled 

windings effect with the polarity shown in Figure 28.  

To obtain the new current ripple cancellation expression, the assumption of 

sinusoidal voltage ripple on the Cb capacitor and a triangular current ripple in the 

ripple cancellation branch (Figure 28) has been done. Applying these assumptions 

the expression (18) and (19), for the voltage ripple in Cb and for the current ripple in 

L2 are obtained respectively. 
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 DVQR = GHIJ∙�S∙QR  (18) 

 DEF1 =  TU�TUU"∙;∙�FJ  (19) 

Therefore, during each of the conduction states of the MOSFETs there will be two 

contributions to the voltage in L2. The first one (VI) is the voltage of VL1B=VL1A/N 

and the second (VII) the voltage ripple in Cb, as we make the assumption that Co has 

a negligible voltage ripple, doing the voltage balance in the loop that involves the 

ripple cancellation network and the output capacitor. The expressions of VI and VII 

are defined in (20) and (21). VII has been defined as the mean voltage in a switching 

sub-period and is calculated integrating the voltage ripple ∆VCb (due to the 

reduction of Cb and illustrated in Figure 33) in d*T and taking it into account in the 

calculation of ∆iL2. 

 VV =	LMNOA  (20) 

 VVV =	 GT�WX   (21) 

Substituting account VI and VII in (19), the expression (22) for the current ripple in 

the cancellation branch is obtained. 

 DEF1 =  YMNOZ �[�IJ∙\]∙^∙�W"∙;∙�
FJ  (22) 

Solving this equation for ∆iL2 (23), and substituting it in (16) we obtain (24), which 

shows the new parameters involved in the cancellation and increases the 

understanding of the proposed design. 

 DEF1 = YMNOZ ∙;∙�
FJ_ `J

]∙^∙�W∙a
 (23) 

The equation (24), given in an implicit form for a better understanding, shows the 

new solution for the output current cancellation, obtained from the current ripple 

balance in the output of the converter.  

 
?FN� + ?

AJ∙bFJ_ `J]∙^∙�W∙ac − ?
bFJ_ `J]∙^∙�W∙ac∙A = 0 (24) 

Analyzing (24) it can be seen that the output current cancellation depends on more 

parameters than in [Schutten03], as Cb, T and the duty cycle d. By adjusting them 

properly, and once fsw is set, there is a single value for L2 that we can calculate with  

to design a ripple cancellation network (RCN) buck converter with higher 

bandwidth and with a reduced fsw to bandwidth ratio. By reducing Cb it has been 
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introduced a dependence in the current ripple cancellation to some parameters 

unlike the conventional design [Schutten03]. Despite the output capacitor can be 

highly reduced, it will be necessary to filter the higher frequency spectral 

components so a small capacitor Co (with very small effect in the large signal 

bandwidth of the converter) has been added. For variable duty cycle operation, it 

could be a problem the influence of the duty cycle “d” in the cancellation, but if the 

effect of this parameter is limited by design (limiting the reduction of Cb), 

considering that the specifications allow a small output voltage ripple, a high 

current ripple rejection ratio can be obtained, as it has been demonstrated 

experimentally at different operating points. To evaluate the output voltage ripple 

rejection ratio, a 1% of the output voltage for d=0.5 will be adopted as a reference 

value in this section. However, the maximum Vo ripple will be determined by the 

figures of merit of the complete EER RF power amplifier.  

The damping resistor, Rd in Figure 28, is eliminated in this design, as the higher the 

value the lower the current rejection ratio at the switching frequency so, due to its 

importance, the resistor has not been suppressed in Figure 28. 

3.2.3 Transfer function 

In order to validate the averaged model and to analyze in detail the effect of the 

ripple cancellation in the new design, the theoretical transfer function has been 

calculated and implemented in Mathcad.  

In Figure 37 it can be seen the comparison between the duty cycle to output voltage 

transfer function obtained from the analytical transfer function (right figure) and the 

simulation results of the averaged model for the same design (left figure). The 

frequency of the desired operation point (switching frequency selection) is exactly 

the same and only a small error of 0.04dB in the Vo ripple rejection ratio is obtained 

for the desired operation point, as it can be seen on the markers of both figures, due 

to the different tools used for the calculation of the magnitude Bode plot. The values 

of the simulation are shown in Table II. 
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Table II.  Design parameters of the RCN buck converter for the magnitude Bode plot comparison 

shown in Figure 37 

 

 

Figure 37. Comparison of the magnitude transfer function of d to Vo calculated with: averaged model 

calculated in PSPICE (left figure) and analytical transfer function (right figure) 

As it is explained in [Schutten03], a fourth order denominator and a zero produced 

by the damping resistance effect should be expected in Vo/Vx transfer function. In 

order to compare with the proposed design, it has been calculated and analyzed the 

Vo/Vx transfer function, using the T-equivalent circuit for the coupled windings. 

The conversion between the model parameters and the design values are shown in 

Figure 38. It has been considered a high coupling coefficient k=0.99 for the 

calculation of the mutual inductance M.  

In Figure 39 it is compared the transfer function of Vx to Vo of the RC-buck with the 

equivalent circuit shown in Figure 38, showing a perfect matching in all the 

frequency range. 

 

Figure 38. Equivalent circuit of the Vx to Vo transfer function using the T-equivalent circuit for the 

coupled windings 
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The damping resistance (or ESR of the RCN) Rd has not been considered for this 

comparison. In Figure 39 (bottom figure, with linear horizontal axis up to 1MHz) is 

can be seen that the phase is linear which guarantees a minimum distortion even 

beyond the large signal bandwidth. The averaged model has been obtained in 

PSPICE and the theoretical transfer function has been obtained in MathCad. 

 

 

Figure 39. Comparison between the magnitude and phase (linear horizontal axis) Bode plot of the 

transfer function Vx to Vo and the equivalent model shown in Figure 38 

The transfer function G(s)=Vo/Vx can be seen analytically in (25), (26) and (27), 

where R represents the equivalent load, considered resistive for an EER application. 

  (25) 

  (26) 

Substituting (26) in (25) and rearranging the coefficients it can be obtained the 

following expression: 

  (27) 
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  (28) 

    (29) 

  (30) 

  (31) 

It can be seen in (27) that there is a double zero in the numerator and a fourth order 

denominator. From (28) to (31) are shown the coefficients of the denominator. 

Analyzing the roots of the denominator, there is a double pole at the resonant 

frequency. Additionally there are two single poles between the resonant frequency 

and the notch, so the decreasing slope is high as it can be seen in the magnitude 

Bode plot of the transfer function of d to Vo. Finally, the key point of the design is 

the double zero of the numerator, which should be designed at the switching 

frequency. As the effect of the damping resistor Rd is the attenuation of the effect of 

the complex double zero, it should not be placed in the proposed design, unlike in 

the design shown in [Schutten03]. Even with an Rd in the order of 100mΩ the output 

voltage rejection ratio will be attenuated. However, this attenuation will make more 

stable the current ripple rejection in the adjacent frequencies. 

As it can be seen in (27), the double zero effect depends on Cb and Lc, considering 

there is no damping resistor. The double zero expression in a non ideal case where 

the parasitic resistance is not neglected has been calculated and is shown in (32). 

 d e" = 	fR ∙ >g ∙ e1 + fR ∙ ha ∙ e + 1 (32) 

The comparison of the double zero effect, with an Rd value of 100mΩ and 10mΩ and 

with an ideal RCN with no Rd, has been done to evaluate the effect and it is shown 

in Figure 40. 

 

Figure 40. Effect of the parasitic resistance Rd in the magnitude Bode plot of the transfer function of 

the double zero (numerator) of the Vx to Vo transfer function 
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3.2.4 Sensitivity analysis 

For the proposed solution, based on a very high rejection ratio of the output current 

ripple, it is very important to evaluate the influence of each of the design parameters 

in the ripple cancellation, as an unexpected variation in one of them could imply, if 

not taken into account in the design, a decrease in the output voltage ripple rejection 

ratio. Firstly it is going to be analyzed the effect of each parameter individually and 

finally several solutions to increase the robustness of the proposed design will be 

proposed. The magnitude Bode plot of the transfer function of d to Vo of the 

equivalent conventional buck converter has been added so a comparison can be 

done. Main parameters that have influence in the current ripple cancellation are: 

• L1A inductance. 

• L2 inductance. 

• Cb capacitance. 

• Co capacitance. 

• Rd damping resistor (ESR or parasitic resistance of the ripple cancellation 

network). 

As it was shown in (24), the current ripple cancellation is influenced by the duty 

cycle. However, this effect is small. Taking into account the design values of Table 

III the output voltage ripple for different duty cycles from 10% to 90% has been 

evaluated. The results are shown in Table IV. 

Table III. RCN buck design parameters to evaluate the output voltage ripple for different duty cycles 

 

Table IV. Simulated output voltage ripple as a function of the duty cycle 

 

To evaluate the effect of the variation of these components, a sensitivity analysis 

considering variations from 5% to 20%, depending on the sensitivity of each 

Parameter Value

L1A 1,95µH

L2 403nH

N1:N2 4:1

Cb 40nF

Co 5,6nF

Rd 100mΩ

RL 5

duty cycle (%) 10 30 50 70 90

Δvout (mV) 40m 61m 52m 61m 40m

Output voltage ripple for different duty cycles
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parameter in the output current ripple cancellation, has been done. Figure 41 shows 

the analysis for L1A and L2, where variations of 10% and 5% respectively have been 

tested.  

  

Figure 41. Sensitivity analysis of the proposed converter for L2 (left) and L1A (right) inductance 

variations (±5% ±10%respectively); magnitude Bode plot of the duty cycle to output voltage transfer 

function 

A smaller variation has been used for L2 due to the higher sensitivity of this 

parameter (especially for lower values of L2). For this analysis it has been used a 

very small Rd (10mΩ) and the effect can be observed in the very high rejection ratio 

of the output voltage ripple. 

The sensitivity analysis of the current rejection ratio for L2, the most sensitive design 

parameter, can be seen also in Figure 42, where the parasitic damping resistance Rd 

has been increased to 125mΩ. It can be appreciated that now the output voltage 

high rejection ratio is smaller but less sensitive to any parameter variation. 

 

Figure 42. Sensitivity analysis of the proposed converter for L2 inductance variations (+10%) 

considering a Rd of 125mΩ; magnitude Bode plot of duty cycle to output voltage transfer function 

In Figure 43 the sensitivity analysis of Cb and Co capacitances is done for a ±20% 

variation and in Figure 44 is shown the same analysis for different damping resistor 

(Rd) values. 
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Figure 43. Sensitivity analysis of the proposed converter for Cb capacitance and Co capacitance 

(±20%); Magnitude Bode plot of the duty cycle to output voltage transfer function 

Analyzing the sensitivity analysis it can be seen that L1A and especially L2 are the 

most sensitive parameters of the ripple cancellation design, so any effect that 

modify their value as their tolerance or variations with the temperature or the 

operation point has to be considered to obtain a robust design. As explained 

previously, the damping resistor is not considered in the proposed design. However 

the addition of the ESR of all the components of the cancellation network will 

reduce the current rejection ratio at fsw. Due to the reduced value, in the order of 

decades of mΩ, the power dissipated will be very small, negligible compared to the 

converter losses. Figure 44 shows the sensitivity analysis for Rd. 

 

Figure 44. Sensitivity analysis of the proposed converter for the parasitic resistance (Rd) variations; 

Magnitude Bode plot of duty cycle to output voltage transfer function 

There are several ways to make the design more robust. One is to reduce the 

tolerance of the components, and can be done using planar magnetic technology for 

the windings and a magnetic core with lower tolerance or considering an integrated 

solution that would also help to reduce the Rd parasitic resistance. Other approach 

to increase the robustness is by a control strategy, as tracking the ripple cancellation 

frequency, that can be done using a phase follower. Additionally it could be done by 
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tuning the L2 inductance, with a similar control than the proposed in [Lymar06]. 

Finally, it can be done by a topological modification of this solution that will be 

presented in this section. 

3.2.5 Output filter design 

In this chapter it has been presented and analyzed the proposed design of the RCN 

buck converter and compared with the state of the art design for a constant output 

voltage as in [Schutten03]. Additionally it has been analyzed the transfer function 

and the robustness of the solution to variations of the design parameters. 

However, due to the cancellation of the output current ripple, the parameters L1A 

and Co are not designed to meet a specific requirement for the output voltage ripple. 

The design is not totally decoupled from the ripple as a very low L1A inductance will 

produce a high current ripple in the converter that will increase the conduction 

losses, but the design criteria are different. 

Analyzing the magnitude Bode plot of d to Vo transfer function it can be seen that 

there are several possibilities, as shown in Figure 45, in the design of the output 

filter for the same resonant frequency. The undamped output filter will amplify the 

frequency components close to the resonant frequency. For an application as the EA 

of a RF power amplifier, where the envelope has a spread spectrum, this design will 

produce a high decrease in the linearity of the solution. Therefore, the solution is to 

damp properly the filter at the resonant frequency, choosing an adequate quality 

factor, to obtain a response as shown in Figure 45. 

 

Figure 45. Illustration of the influence of the damping in the duty cycle to output voltage magnitude 

transfer function 

In (33) it is shown the expression of the group delay and Figure 46 it is shown the 

group delay of a buck converter with a properly damped LC filter design. The main 

disadvantage of a non constant group delay is the different delay introduced at 

different frequencies. In this case, it will not be possible to compensate the delay in 
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all the frequency range and some distortion will be introduced. In an application as 

the envelope amplifier, it will be important to keep a constant group delay in the 

frequency range of the transmitted envelope. While the spread spectrum of the 

envelope together with the phase non-linearity will make this difficult to achieve, it 

has to be considered that the amplitude of the envelope decreases at higher 

frequencies so in a practice the effect after the compensation will be limited. 

In (33) it is shown the expression of the group delay, where d is the phase and ω the 

angular frequency. 

 i = 	− ajak (33) 

Analyzing the phase Bode plot of He transfer function, shown in Figure 46, it is very 

important, as commented before, that the phase is linear up to the highest possible 

frequency. In this design, the output LC filter has been implemented with an 

inductor of 1.4µH and a capacitor of 28nF, for a cut-off filter of 800kHz. 

 

Figure 46. Comparison of the magnitude Bode plot of d to Vo (top graph) phase (middle graph) and 

group delay (bottom graph) between the proposed design of the RCN buck and the conventional buck 

Comparing the group delay of the RCN buck and the conventional buck for the 

equivalent design, it can be seen that the decrease in the linearity takes place at 

higher frequencies for the RCN buck. At higher frequencies than the large signal 

bandwidth of the converter it can be appreciated that the group delay is higher but 

has less variation compared to the second order LC filter of the conventional buck 

converter. Therefore, despite the time delay will be higher, it can be compensated 

up to a higher frequency for the RCN. This would imply a lower impact in the 

linearity of the converter for an envelope amplifier application. 
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3.2.6 Control mode of the proposed envelope amplifier 

In this chapter, it has been considered open loop control for the design, analysis and 

experimental validation of the proposed solution. The main reason is that the 

analysis has been focused on the advantages of the proposed design for an envelope 

amplifier application and the comparison with a buck converter in terms of the 

switching frequency necessary for the same large signal bandwidth. With these 

design criteria, the main capabilities of the proposed solution are defined and 

compared to the conventional buck converter. However, in this section it is 

analyzed the closed loop control and compared to the open loop solution. There is 

additional interest in the closed loop operation as for other applications as ET, a 

closed loop control strategy has several advantages over the open loop.  

Firstly, open loop is a valid solution for EER because the load can be considered 

resistive and constant [Raab77] (assuming the voltage supply (Vin) does not have 

voltage variations) so there is no need of additional control of the converter to load 

variations. However, several sources of non-linearity have to be taken into account 

in the design. 

A potential source of instability would be the DCM conduction mode operation at 

low output voltages. As the topology that is considered is a synchronous buck 

converter, there are no additional considerations to be taken regarding a potential 

operation in DCM and the consequent influence of the load in the duty cycle to 

output voltage transfer function.  

One of the main disadvantages of the open loop control compared to closed loop is 

the higher audiosusceptibility. If there is distortion in the power supply of the 

envelope amplifier, that distortion will be reflected in a higher degree in the output 

voltage. 

A source of nonlinearity is the influence of the parasitic components of a power 

transistor. As it can be seen in Figure 47, the d to Vout transfer function for a specific 

load is not completely linear, especially at low voltages. The output capacitance 

(Coss) of the low side power switch, as it is shown in detail later in this chapter, does 

not discharge instantaneously the voltage from Vin to 0, in the turn-on transition in 

that transistor.  
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Figure 47. Illustrative comparison between the ideal and real transfer function of duty cycle to output 

voltage of a buck converter 

That contribution to Vout is not negligible when the duty cycle is very small and the 

switching frequency high if the load is not high enough. Even if the output 

capacitance Coss is small, there will be a significant effect that will decrease the 

linearity of the converter. This effect, however, is not specific of the RCN buck 

converter and is a limitation of the buck converter for the specifications commented 

above. 

This effect is important in an envelope amplifier application for EER, as for lower 

output voltages the load is also low as it behaves as a constant resistance. The effect 

can be compensated with amplitude predistortion but a closed loop would 

compensate this effect too.  

These compensation methods can improve the linearity of the non-linear operation 

points but there will be a minimum value that will limit the possibility of any 

correction, as it can be seen in Figure 47. However, the energy transmitted in the 

lower voltages is reduced and the decrease in the linearity will not be very high. 

Experimental results of this effect are shown in section 5 where the integrated EER 

power amplifier is validated.  

An advantage of the open loop control strategy for these specifications is the 

possibility to implement it in the digital domain. The closed control loop, on the 

other side, has a more complex digital implementation for this application. Due to 

the high bandwidth requirements, the switching frequency has to be very high so 

the available computation time for the control loop calculations is very limited. 

Even with a very high performance controller, the MIPS should be very high and 

will increase the cost of the controller highly. Additionally, the ADC, with a MSPS 
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rate from 10MHz-20MHz (for a bandwidth in the range of 1MHz-2MHz) will have a 

very high cost, even higher than the power switches. 

One of the main advantages of a digital control stage is, firstly, that the data for the 

envelope is provided in this domain in a polar amplifier. Therefore, for the 

experimental tests and for the integration tasks, is easier to implement it digitally 

and there are less sources of error. Additionally, if we consider the cost of the 

control stage, it is better to integrate the entire control stage using a digital 

implementation including the envelope amplifier and the RF amplifier. The 

techniques to improve the linearity of the RF amplifier and of the envelope 

amplifier, as AM-AM and AM-PM predistortion, can also be integrated in a digital 

control stage. This will simplify the communication problems due to the reduced 

number of control and processing devices. 

Therefore, the implementation of the closed loop operation will be analog and more 

robust as there will be no need to update the predistortion or compensation 

techniques implemented in open loop for AM-AM distortion of the envelope 

amplifier. 

For other applications as ET, both open loop and closed loop can be a valid design 

option depending on the design strategy. If the envelope amplifier has the same 

bandwidth than the envelope signal (Figure 48), open and closed loop can be a valid 

design.  

 

Figure 48. Illustration of the envelope amplifier output voltage and the envelope voltage for an ET 

application when both have the same bandwidth 

However, as the power amplifier is linear for the ET technique, the requirements for 

the envelope amplifier are different and not as highly demanding as in EER and an 

alternative design that requires lower bandwidth can be done, as shown in Figure 

49. 
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Figure 49. Illustration of the envelope amplifier output voltage and the envelope voltage for an ET 

application when the first one has a lower bandwidth 

In the design case shown in Figure 49, the equivalent load of the envelope amplifier 

(the power supply of the linear power amplifier) is variable and the damping of the 

output filter, including the ripple cancellation network, will not be the same for all 

the operation points. Due to the lower damping at lower loads, there will be 

amplification of some of the spectral components of the envelope. 

Therefore, the linearity will be decreased and undesired problems as ringing and 

over and undershoot will affect the performance of the RFPA. A potential solution 

can be the use of a damping resistor in parallel to the load. However it is not 

considered because it will decrease highly the total efficiency. It has also been 

analyzed the possibility to add the damping resistor in the ripple cancellation 

network. The effect, validated by simulation, will be a decrease in the attenuation of 

the output voltage rejection ratio so, as in the previous case, it will not be 

considered. 

Therefore, both control design options are valid for an EER application, but for ET a 

close loop operation is a better design option, especially if the bandwidth of the 

envelope amplifier is lower than the envelope bandwidth. 

3.2.7 Closed loop control design and optimization 

Despite an open loop control strategy has been used for the design and 

experimental validations, in this section are analyzed the possibilities of the closed 

control loop and the potential advantages and disadvantages compared to the open 

loop control. An optimization of the design of the synchronous buck converter for 

an envelope amplifier application, based on a closed loop control design, is 

presented in this section. The optimized design will allow a reduction of the 

switching frequency to signal bandwidth ratio for the conventional and RCN 

synchronous buck converter. The proposed design is explained and justified in this 

section and validated by simulation. In the next section, an additional validation 
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will be provided using a simulation tool to evaluate the performance of the EER 

RFPA based on the characteristics of the envelope amplifier.  

It has to be noted that the term large signal bandwidth is related to the design of the 

filter and particularly to the cut-off frequency of the filter, that is, the frequency 

range where the filter will not limit the output voltage maximum amplitude. 

The proposed optimized design will be applied also to the synchronous buck 

converter with RCN. For this particularization of the closed loop design, the ratio 

between signal bandwidth and large signal bandwidth is also improved but the 

design of the control loop will be more complex than in the case of the conventional 

buck converter due to the higher complexity of the transfer function, which makes 

more difficult to obtain the desired Vref to Vo transfer function as it will be shown. 

For simplicity and for a better understanding, the analysis will be done firstly for 

the conventional synchronous buck converter and finally the particularization for a 

ripple cancellation buck converter will be analyzed. 

Considering a general case, a closed loop control has several advantages over the 

open loop control design as the lower audio susceptibility and output impedance. 

Even if we consider the supply of the envelope amplifier stage as a well regulated 

and free of noise voltage source, there are additional benefits of a closed control 

loop that will potentially improve the ratio between the switching frequency to 

signal bandwidth ratio and decrease the non linearities effect on the envelope 

amplifier, always depending on the application.  

If the envelope amplifier application is analyzed, an improvement of the design can 

be done when the closed control loop strategy is adopted. In the state of the art, the 

filter cut-off frequency of a buck converter for an EA application is chosen several 

times higher than the bandwidth of the transmitted signal. The reason is the spread 

spectrum of the envelope whose spectral components go beyond the bandwidth of 

the transmitted signal. Despite the amplitude of the spectral components of the 

envelope decreases from fc±(BWsignal/2), being fc the carrier frequency and BWsignal 

the bandwidth of the RF signal, there will be a distortion effect if the cut-off 

frequency of the filter is not several times higher than these values. The cut-off 

frequency will be also influenced by the type of filter and by the ACPR required by 

the application. 

Additionally, the switching frequency has to be chosen several times higher than the 

cut-off frequency so the attenuation of the switching harmonics and the 

intermodulation products of the switching frequency with the envelope spectral 
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components is high enough and there is compliance with the spectral mask. 

However, the compliance with the standards will be discussed in more detail in 

chapters 4 and 5 of this document and this section will be focused on the closed loop 

design performance of the envelope amplifier. 

The design of a conventional buck converter with open loop control will be as 

illustrated in Figure 50. In the state of the art many references can be found where 

different ratios of BWconverter/BWenvelope for this design are considered, as in 

[Marco06A] where a maximum factor of 5 is analyzed.  

In [Reynaert06] the relationship between the bandwidths ratio (signal bandwidth to 

envelope bandwidth ratio) and the attenuation level of the intermodulation 

products (in dBc) for an open loop design is shown for a two-tone test. 

Additionally the switching frequency to BWenvelope is also analyzed in the state of the 

art. In [Krauss80], the relationship between the fsw and the maximum frequency to 

be amplified is set to a minimum of 5 a low EVM. However, in this analysis the 

spread spectrum of the envelope is not considered so the switching frequency to 

BWenvelope bandwidth will be higher. 

In [MarcoB] a value of 5.1 between the switching frequency and the signal 

bandwidth is obtained by simulation using a sinusoidal signal considering only the 

in-band error due to the non linearities of the PWM modulation. Additional effects 

as the switching ripple or converter non linearities will make the ratio higher.  

In [Lopez08], the switching frequency is chosen 16 times higher than the signal 

bandwidth for an EDGE transmission standard. 

 

Figure 50. Illustration of the envelope spread spectrum and comparison with the open loop magnitude 

Bode plot of d to Vo transfer function in open loop 
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As a conclusion, very different ratios can be found depending on the type of signal 

or communication standard, topology of the envelope amplifier, the effects 

considered in the analysis or the figures of merit selected. 

If a closed loop control is considered, the small signal bandwidth can be extended to 

higher frequencies than the cut-off frequency and an improved performance, 

compared to an open loop design, can be obtained. Additionally, if the cut-off 

frequency of the filter is decreased, the switching frequency could be decreased as 

well if the rejection of the switching harmonics is considered to have the same rate 

in that frequency range. The limitation for this reduction will be a fCUT_OFF > 

BWSIGNAL/2 because at fc+(BWSIGNAL/2) the maximum amplitude will be required. 

The amplitude of the components of the envelope at higher frequencies will 

decrease gradually, as seen in Figure 51.  

 

Figure 51. Illustration of the proposed optimization of the envelope amplifier in closed loop operation; 

Open loop and closed loop magnitude Bode plot of d to Vo transfer function vs envelope spectrum 

Therefore, the cut-off frequency can be reduced to the fc+(BW/2) frequency, slightly 

higher in practice, so the filter does not limit the required large signal bandwidth. 

Additionally, the closed loop control can extend the small signal bandwidth a few 

times over the cut-off frequency so the higher frequency and reduced amplitude 

harmonics are correctly reproduced, which is an improvement compared to an open 

loop design where beyond the large signal bandwidth the spectral components are 

attenuated by the filter. 

To achieve the proposed envelope amplifier design, several additional requirements 

have to be complied by the control design loop. The closed loop control design has 

to be done in such a way that the gain of Vref to Vo transfer function is flat within the 
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small signal bandwidth. Additionally, the phase should be as linear as possible so 

the group delay can be compensated up to the highest possible frequency. An 

example of a design as the proposed is shown in Figure 51 where the magnitude of 

the open loop (d to Vo in a dashed line) and closed loop (Vref to Vo dotted line) 

transfer functions are shown. 

An additional factor to be taken into account is the maximum slew rate required. 

The maximum signal amplitude can be demanded at fc+(BWSIGNAL/2), as at higher 

frequencies the amplitude will be lower. Therefore, assuming that design point as 

the worst case, there is no limitation in terms of the slew rate in the large signal 

bandwidth of the envelope amplifier. In chapter 4 the envelope spectrum of several 

digital modulations will be analyzed, to validate the assumption of the maximum 

slew rate requirement and therefore the limitation in the minimum large signal 

bandwidth of the envelope amplifier. 

For an open loop large signal bandwidth of 800kHz, taking the -3dB of the 

magnitude Bode plot of d to Vo transfer function as the reference, the RCN buck 

converter will have a switching frequency of 4MHz to have an adequate rejection 

ratio of the output voltage switching ripple. For the conventional buck converter, a 

switching frequency of 12MHz is necessary to have the same output voltage ripple 

rejection ratio (these values will be justified in the experimental results section of 

this chapter). In Figure 52 the switching frequency of each converter for a large 

signal bandwidth of 800kHz are illustrated.  These design values correspond to the 

design that has been validated experimentally both at the envelope amplifier level 

and also in the integrated RFPA. 

 

Figure 52. Comparison between the switching frequency of the conventional buck converter and the 

proposed RCN buck converter to obtain the same attenuation of the output voltage ripple 

M
a

g
n

it
u

d
e

 (
d

B
)

Frequency (Hz)

Large signal bandwidth (BW)= 800kHz

4MHz

R1

12MHz

R2 = 3xR1

RCN buck 

Conventional buck

(-3dB)



 

89 

Using the design for the envelope amplifier shown above, a signal bandwidth up to 

600kHz will be taken as a reference for the open loop design. This estimation has 

been obtained from the experimental results of the integrated amplifier where tests 

up to a bandwidth of 758kHz have been done. The experimental results of the 

integrated RFPA are shown in chapter 5. 

In order to optimize the design of the envelope amplifier for the closed loop design, 

a reduction of the filter cut-off frequency is done to a value slightly higher than the 

large signal bandwidth of the envelope. In this analysis, as the performance of the 

closed loop design is higher than the open loop, a 1MHz signal bandwidth has been 

chosen. For this design, the envelope large signal bandwidth is 500kHz. 

 To evaluate the effect of the proposed design optimization, the switching frequency 

reduction in closed loop operation, the output filter cut-off frequency has been set to 

520kHz for both the closed loop design. The new design values of the output filter 

of the power stage are L=1.75µH and Co=53nH. A closed loop output voltage 

control has been implemented with a small signal bandwidth of 2.3MHz for the 

conventional buck converter.  

The proposed envelope amplifier design for a closed loop operation has been 

validated by simulation using SIMPLIS. A conventional synchronous buck 

converter with a voltage mode control has been implemented and the time and 

frequency domain waveforms analyzed.   

The simulation has been done using SIMPLIS due to the possibility of obtaining 

both the frequency and the time response using the switched model. Therefore the 

design time can be reduced as the parasitic components can be added and modified 

without an increase in the model complexity.  

 

Figure 53. Schematic of the control and power stages of the conventional buck converter with voltage 

mode control 
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The schematic of the power and control stages of the conventional buck converter 

with output voltage mode control is shown in Figure 53.  

A PID regulator has been implemented. The specifications for the regulator design 

are a phase margin of 60° and a value of R1p of 1kΩ. The parameters of the calculated 

PID regulator are shown in Table V.  

Table V. Parameters of the PID controller of the conventional buck converter 

 

Assuming the design considerations presented previously, and keeping the 

relationship between fsw and fOL constant, the switching frequency will be 8MHz 

instead of 12MHz (to have the same attenuation of the output voltage ripple), 

obtaining a 33% reduction in the fsw compared to the open loop design. 

The Bode plots of magnitude and phase for the d to Vo transfer function in open 

loop and the Vref to Vo closed loop transfer function can be seen in Figure 54. The 

extended small signal bandwidth beyond 2MHz allows a better response to 

envelope signals with a bandwidth close to the cut-off frequency of the filter. 

 

Figure 54. Comparison of the open loop vs closed loop Vref to Vout Bode plot in magnitude (top graph) 

and phase (bottom graph) 

Additionally the phase response can be designed to be linear up to a higher 

frequency than in the open loop design, which makes feasible the compensation of 

the current harmonics up to a higher frequency. 
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Figure 55. Voltage loop transfer function in magnitude (bottom) and phase (top) 

In Figure 55 the closed loop transfer function in magnitude and phase is shown. The 

phase margin is almost 60°, the gain margin is 12.6dB and the closed loop frequency 

is 2.3MHz. 

The design has been validated also in the time domain using the SIMPLIS 

simulation tool. A sinusoidal reference from 2V to 22V, almost the maximum 

amplitude that can be achieved practically with a 24V supply, has been tested at 

different frequencies. This test validates the performance of the proposed solution 

within the large signal bandwidth. The additional validation where the spread 

spectrum of the envelope signal is taken into account will be done in the next 

section. 

 Two frequencies, of 300kHz and 520kHz have been chosen to evaluate the closed 

loop operation and the comparison with the open loop design. Results can be seen 

in Figure 56 and Figure 57 respectively. 

 

Figure 56. Comparison of the open loop versus proposed closed loop design in the time domain for a 

sinusoidal voltage reference of 300kHz from 2V to 22V 

The first conclusion is that the closed loop design can accurately track the envelope 

at both frequencies in amplitude and also practically the same time delay can be 

observed.  
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Figure 57. Comparison of the open loop versus proposed closed loop design in the time domain for a 

sinusoidal voltage reference of 520kHz from 2V to 22V 

For the open loop design, with a 300kHz reference, the amplitude is practically the 

same. However, for a signal of 520kHz, there is a reduction in the amplitude (3V 

peak to peak) and an increase in the phase delay (from 414ns to 482ns respectively), 

so the quality of the transmitted signal will be lower.  

These results validate (partially and with the assumptions done as a signal limited 

in bandwidth) the design strategy where the cut-off frequency of the filter can be 

optimized compared to the conventional design where it is designed to be several 

times higher than the bandwidth of the envelope to be reproduced. Despite the 

relationship between the signal bandwidth and the cut-off frequency of the filter is 

not fixed and varies depending on the application requirements, it has been 

validated that with the proposed closed loop design optimization, the design of the 

envelope amplifier can be improved.  

Therefore, using a voltage mode control loop together with the reduction of the 

filter cut-off frequency, the switching frequency could be reduced to 8MHz. An 

additional analysis of the feasibility of this solution is included in the next section 

where additional validation is shown, taking into account an envelope signal with 

spread spectrum. 

In Figure 58 and Figure 59 are summarized the main design parameters for the open 

and closed loop control strategies. 

For the open loop control, fo is defined by the large signal bandwidth of the 

conventional buck converter. A ratio N1 is set in order to have a good quality in the 

signal transmission. Additionally, a ratio N2 between fsw and fo has to be chosen to 

have a proper rejection of the output voltage ripple. Finally, the switching frequency 

will be N1xN2 times the large signal bandwidth of the signal envelope (BWenv). As a 

clarification, the RF signal bandwidth is assumed to be 2x BWenv. In the next section 

the envelope spectrum for different digital modulations will be analyzed to validate 

this assumption. 
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Figure 58. Illustration of the open loop control design parameters 

In the closed loop design, there are additional criteria as the loop stability that will 

imply additional restrictions.  

In the proposed design optimization, N1 can be reduced to be almost the large signal 

bandwidth of the envelope (BWenv) and therefore a reduction of the switching 

frequency can be done maintain the same ratio (N2). Additionally, N3, the closed 

loop frequency has to be chosen several times higher than the cut-off frequency of 

the filter. In this work we will consider a value of 3 for the designs but depending 

on the type of control and specifications it could be modified. N4 will be always 

limited by the switching frequency and a value of 4 has been chosen in this work to 

ensure a stable loop. Taking into account both design conditions, there will be a 

minimum value of N2 defined by the minimum output voltage rejection ratio and 

additionally the condition N3xN4 in order to ensure the stability of the loop. As both 

of them have to be complied the most restrictive of them will be chosen. 

 

Figure 59. Illustration of the closed loop control design parameters for the proposed optimized design 

For a cut-off frequency of 800kHz in the open loop design, a switching frequency of 

12MHz has been chosen to obtain a proper output voltage ripple rejection. The 
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magnitude at that frequency is of 47dBs and the ideal output voltage ripple would 

be approximately of 1% of the mean output voltage value (12V), 120mV 

approximately. 

If the design optimization is applied, the cut-off frequency of the output filter could 

be reduced to 520kHz, slightly higher than the resonant frequency of the envelope 

large signal bandwidth. In this case, a reduction of the switching frequency can be 

done keeping the same value of N2. The switching frequency for this design is of 

8MHz.  

 

Figure 60. Illustration of the design constrains considered to have a stable control loop design 

Having defined the values of N3 and N4 as 3 and 4 respectively as the design 

constraints to have a stable control loop (Figure 60), it can be evaluated if there is a 

valid design space for an output voltage control loop design. As the N3xN4 (12)<N2 

(16), the switching frequency will be set to 8MHz as N2 will be the limiting factor for 

the closed loop design. 

For a design where N3*N4 >N2 , the limiting factor would be the closed loop design 

constraints. The closed loop frequency has been chosen of 2.3MHz (should be higher 

than 1.56MHz) as the switching frequency has been set at 8MHz to comply with the 

switching frequency rejection ratio.  

For the conventional buck converter, the proposed optimized design will allow a 

reduction of a 33% in the switching frequency of the envelope amplifier.  

3.2.8 Closed loop design and optimization of the ripple cancellation 

buck converter 
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more complex transfer function, a more complex loop design will be required, that 

will also require a redesign of the RCN buck converter. 

To deal with the more complex control stage and with the high number of variables 

present in the design of the RCN buck, new design considerations have been taken 

to separate the two poles at lower frequency from the rest of poles that will decrease 

highly the phase of the d to Vo transfer function limiting the control loop 

performance. This will lead to a limitation in the minimum switching frequency, 

which will not be reduced or even may be increased slightly compared to the RCN 

buck in open loop. However, the maximum signal bandwidth transmitted will be 

increased so there will be an improvement in the ratio between the switching 

frequency and the signal bandwidth over the conventional buck converter. At the 

end of this section the comparison between the performance of the open and closed 

loop design both for the conventional buck converter and for the RCN buck will be 

done.  

Applying the general criteria for the design of a stable control loop, the cut-off 

frequency of the filter should be between three to four times smaller than the closed 

loop frequency, which also has to be between four and five times lower than the 

switching frequency. Therefore, the switching frequency should be between 12 and 

20 times the cut-off frequency of the filter for a general case. For this design, it will 

be selected 12 as the design ratio as in the analysis of the conventional buck 

converter. 

 This condition has to be complied both by the conventional buck converter and by 

the RCN buck converter as it is related with the stability of the solution in addition 

to the requirements in terms of switching ripple attenuation. 

The limiting factor in the design of the control loop will be different for the RCN 

buck and for the conventional buck converter. The switching ripple rejection ratio 

requirement will affect in a higher degree to the design of the conventional buck 

converter. In the case of the RCN buck converter, the limitation is in the control loop 

requirements, as the switching ripple is theoretically cancelled. 

Applying these design requirements the control loop of the output voltage for the 

RCN buck converter has been designed. Firstly, the design of the power stage has 

been modified to separate the effect of the higher frequency additional poles from 

the effect of the lower frequency double pole. The values of this design are shown in 

Table VI. 
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In a first approach, a PID regulator to control the output voltage has been designed 

and simulated, using the same type of control than with the conventional buck 

converter shown previously. The transfer function of Vref to Vo can be seen in Figure 

61, where two possible designs are shown for different small signal bandwidths of 

the control loop.  

Table VI. Parameters of the RCN buck converter 

 

As it can be seen in both of them, from 50kHz the response cannot be designed to be 

flat and both an attenuation and an increase of the amplitude will happen inside the 

desired operation frequency range. As a conclusion, this control strategy is not valid 

to obtain the required performance of the envelope amplifier. 

 

Figure 61. Different designs of the Vref to Vo transfer function (magnitude) for the RCN buck 

converter in voltage mode control 

To improve the control design, an inner current loop has been included to decrease 

the variations in the Vref to Vo transfer function. In this case, the fact that after the 

RCN, the current has a negligible ripple makes easier the design of the controller as 

no additional filter is needed in the measurement for the current loop. The output 

voltage loop has been designed as previously to obtain a flat response of Vref to Vo 

up to the maximum possible frequency given the switching frequency and the 

converter design parameters.  

In Figure 62 are shown the loop gain and phase Bode plots of the current loop 

control and in Figure 63 the equivalent Bode plots for the voltage loop.  
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The current loop has a bandwidth of 1MHz and the voltage loop of 400kHz. A PI 

controller has been designed for the current loop obtaining 60 degrees of phase 

margin and 5dB of gain margin. An integral controller has been chosen for the 

voltage loop with a phase margin of 55 degrees and a gain margin of 8dB. 

 

Figure 62. Loop gain and phase of the current loop of the RCN buck converter 

For the control loop design of the RCN buck converter, only a small reduction of the 

large signal bandwidth, to 700kHz, can be done to ensure a good performance.  

 

Figure 63. Loop gain and phase Bode plots of the voltage loop of the RCN buck converter 

Frequency (Hz)

M
a

g
n

it
u

d
e

 (d
B

)

10k 100k 1Meg1k

P
h

a
se

 (
d

e
g

)

90

0

-90

40

0

-40

PM=60°

GM=5dB

-80

Frequency (Hz)

M
a

g
n

it
u

d
e

 (d
B

)

10k 100k 1Meg1k

P
h

a
se

 (
d

e
g

)

90

45

0

-45

20

40

0

-20

PM=55°

GM=8dB



High Efficiency EA based on a Ripple Cancellation Buck Converter. Design, Optimization and Integration in an EER RFPA 

98 

It can be seen that the Vref to Vo transfer function, Figure 64, is flat until the -3dB 

magnitude value at 930kHz. For this design, the switching frequency is slightly 

increased due to the control loop performance, from 4MHz to 5MHz, to obtain Vref 

to Vo transfer function and a time domain simulation performance equivalent to the 

one shown for the conventional buck converter, considering a RF signal bandwidth 

of 1MHz. The improvements are therefore related to the increased small signal 

bandwidth, despite the increase is not as high as for the conventional buck 

converter.  

 

Figure 64. Vref to Vo transfer function Bode plots (magnitude and phase) for the RCN buck converter 

In Figure 65 it is compared, with a linear frequency axis, the open and closed loop 

phase Bode plots of the reference to output voltage transfer function. It can be seen 

that with the closed loop control it has been improved the frequency range in which 

the phase is linear, that is, where the time delay can be compensated.  
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Figure 65. Comparison of the phase Bode plot between open and closed loop control design for the 

RCN buck (linear frequency axis) 

Additionally, it has been evaluated the audiosusceptibility of the buck converter 

with ripple cancellation network in open and closed loop. In Figure 66 it can be seen 

the comparison of the audiosusceptibility between open and closed loop design. 

 

Figure 66. Audiosusceptibility comparison between the RCN buck converter in open and closed loop; 

magnitude Bode plot of the Vin to Vo transfer function 
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Figure 67. Time domain simulations for a single tone with 20V of amplitude (from 2V to 22V) for the 

closed loop RCN buck converter; Frequency of the reference (bottom to top): 100kHz, 200kHz, 

300kHz, 400kHz and 500kHz (2V/div and 2µs/div) 

In Figure 67 are shown different simulations for different sinusoidal waveforms 

from 100kHz to 500kHz with a high amplitude, from 2V to 20V. It can be 

appreciated that the peak to peak value is accurate, the phase difference is constant 

and the output voltage does not present an appreciable ripple or any distortion. 

Finally, to summarize the conclusions of this section, if both topologies, the 

conventional and the RCN buck converter, are compared under the same 

specifications, the main conclusions are the following: 

• The use of a closed loop design improves the performance of each topology 

compared to the open loop design for this application. 

• The improvement is greater for the conventional buck converter as the 

switching frequency can be reduced by one third and the small signal 

bandwidth can be increased highly. 

• Comparing the closed loop design of the conventional buck with the RCN 

buck it can be seen that despite the switching frequency cannot be reduced 

for the RCN buck in closed loop, it still provides a significant reduction of 

37.5% of the switching frequency compared to the conventional boost 

converter (8MHz to 5MHz reduction).  

• The performance of the closed loop design of the conventional buck 

converter is slightly better than the equivalent design for the RCN buck due 
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to the extended small signal bandwidth, but there will be significant 

additional switching losses. In case the switching frequency is chosen to be 

the same, larger bandwidths could be obtained with the RCN design, so it is 

more suitable when switching frequencies that go to the limit of the available 

technology are required. 

• The limitations for the design are different for each topology. The limiting 

factor for the conventional buck converter is the switching ripple 

attenuation. For the RCN buck the limiting factor is the complexity of the 

transfer function and the control loop design criteria. 

Finally, to summarize the capabilities of the conventional buck converter and the 

ripple cancellation buck converter for open and closed loop design, Table VII shows 

the switching frequency requirements, the maximum signal bandwidth and the 

envelope amplifier large signal bandwidth.  

The RF signal bandwidth that can be achieved for each solution for the open loop 

control of the conventional and of the RCN buck has been obtained based on the 

experimental tests done in the integrated RFPA. 

For the closed loop solution, the large signal bandwidth of the envelope amplifier 

has been reduced and the bandwidth of the signal increased to validate the 

proposed design improvement. 

Analyzing the ratio between the switching frequency and the RF signal bandwidth, 

it can be seen that the lower figure of merit is for the conventional buck converter in 

open loop, with a value of 20 (note that in this case the best figure of merit will be 

for the lowest ratio). For the closed loop conventional buck design the ratio is 

reduced to 8 and for the open loop RCN is 6.7. The best fsw/signalBW is achieved by 

the closed loop RCN buck and has a value of 5. 

Table VII. Comparison of the switching frequency, large signal bandwidth and RF signal bandwidth 

for the conventional and the RCN buck converters in open and closed loop  

 

In the next sections, the maximum signal bandwidth will be estimated with a design 

tool (chapter 4) and additionally measured experimentally (chapter 5).  
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3.3. Synchronous buck converter with two cascaded ripple 

cancellation circuits 

From the sensitivity analysis of the RCN buck converter, one of the potential sources 

of an undesired operation is the narrow frequency band of the current ripple 

cancellation. Despite the parasitic resistance of the components of the RCN 

decreases the impact of this effect it is still one of the main design considerations 

and limitations to obtain a robust design for the proposed application.  

In Figure 68 it is illustrated the potential problem of having a narrow frequency 

range where the output voltage ripple is cancelled. When a spread spectrum signal 

is processed, if the amplitude and frequency range of the intermodulation noise is 

higher than the rejection range, the attenuation of some of the intermodulation 

products could be considerably lower than expected. 

As an improvement of the performance of the RCN synchronous buck converter, it 

is proposed the use of two ripple cancellation networks connected in series to 

increase the robustness of the ripple cancellation circuit. The schematic circuit of this 

converter is shown in Figure 69 and is applied to a single phase synchronous buck 

converter with a resistive load. For the analysis of this topological variation it is 

considered an open loop control strategy. 

 

Figure 68. Illustration of the potential interaction between a narrow frequency range of the high 

output voltage ripple rejection ratio and the intermodulation products of the switching frequency and 

the envelope spectrum 

The ripple cancellation network 1 does the main part of the current ripple 

cancellation and the second one, if properly designed,  reduces the current ripple to 

almost zero compensating any current ripple due to a decrease in the rejection ratio 

of the first RCN. Therefore, an increased current ripple rejection ratio can be 
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obtained and additionally a more robust design to variations of the components of 

the ripple cancellation networks. 

 

Figure 69. Proposed synchronous buck converter with two series-connected ripple cancellation 

networks 

For this design, each of the ripple cancellation networks has different design 

considerations for the main parameters: L1_1, N1, L2_1, Cb_1 and the equivalent 

components of the ripple cancellation network 2 (L1_2, N2, L2_2, Cb_2). Both ripple 

cancellation networks are designed to provide the highest output voltage ripple 

cancellation at the same frequency so the effect is much higher and wide. 

The main design drivers are not modified from the single RCN design: a very high 

output voltage ripple cancellation and a high bandwidth.  

Additionally, it is important that the attenuation close to the switching frequency is 

very high, especially in the range (fsw-signal_BW, fsw+signal_BW). In that range the 

lateral bands of the intermodulation between the switching frequency and the 

transmitted frequency components of the envelope have a higher impact. This effect 

has been simulated and measured and is shown in sections 4 and 5 respectively, but 

the main idea is that if the rejection ratio of the lateral bands is not high enough 

there will be higher output voltage ripple and non compliance with the 

communication standards. 

Main factors that can produce a low rejection ratio in the RCN buck converter are 

the following: 

• A design that has a very narrow frequency range of the rejection ratio of the 

output voltage ripple. 

• If the ratio between the switching frequency and the cut-off frequency of the 

filter to is decreased, the intermodulation distortion will have a higher 

influence. This problem can be even worse if the previous factor applies. 
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In this work, two possible designs of the synchronous buck converter with two 

ripple cancellation networks are proposed and analyzed. The design that is shown 

in Figure 70 has the rejection frequency of both ripple cancellation networks at the 

same frequency, 10MHz, and the open loop large signal bandwidth is 1.8MHz.  

 

Figure 70. Magnitude Bode plot of d to Vo transfer function for the synchronous buck converter with 

two RCNs connected in series (large signal bandwidth of 1.8MHz) 

This solution has the advantages of a higher and more robust rejection ratio of the 

output voltage ripple and improves slightly the ratio between the switching 

frequency and the large signal bandwidth of the envelope amplifier of the single 

RCN buck in open loop, which is of 5.5. 

Due to the high output voltage ripple rejection ratio, an alternative design has been 

proposed, shown in Figure 71.  

 

Figure 71. Magnitude Bode plot of d to Vo transfer function for the synchronous buck converter with 

two ripple cancellation networks connected in series; alternative design with lower fSW/BWenv ratio 
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This second design has a lower ratio between the switching frequency and the 

bandwidth of the EA, and switching at 10MHz, almost 4MHz of bandwidth could 

be achieved with a high output voltage ripple rejection ratio (slightly lower than in 

the previous design alternative). The theoretical limitation will be to have a large 

signal bandwidth lower than fSW/2. However, the practical limitation will be higher. 

For an output voltage reference whose spectral content is limited the ratio between 

the switching frequency and the large signal bandwidth could be optimized. 

Otherwise, the lateral bands cannot be attenuated enough and the linearity of the 

converter will be degraded. At 9MHz (fsw-1MHz), the first design (shown in Figure 

70) has 30dB more of attenuation of the output voltage ripple than this design 

alternative, which makes it not feasible from the practical point of view. 

Doing the same calculation for the design of Figure 71, it can be seen that for a high 

bandwidth design the lateral bands, at 10MHz-3MHz will be in the pass band, so 

the linearity will be very low despite of the high rejection ratio of the switching 

ripple. 

As a conclusion, the ratio between the switching frequency and the large signal 

bandwidth of this solution cannot be improved highly, especially for the proposed 

application where the frequency components of the reference go beyond the large 

signal bandwidth of the envelope. The main advantages of this topology are a 

higher rejection ratio of the output voltage ripple and of the lateral bands and a 

higher robustness of the design. 

 

Figure 72. Comparison of the magnitude and phase Bode plot of d to Vo transfer function between the 

synchronous buck converter with two ripple cancellation networks connected in series and the single 

RCN synchronous buck converter 

The improvement of the design can be seen in Figure 72 where it is compared to a 

synchronous buck converter with single RCN for a design with the same large 

signal bandwidth and the same switching frequency.  
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Despite later will be shown the sensibility analysis, it can be appreciated that a 

reduction of the performance of the RCN can be tolerated as the output voltage 

ripple rejection is much higher for the equivalent design (considering the same 

parasitic resistance in the RCNs). At 10MHz, the rejection ratio of the solution with 2 

RCNs is 42dBs higher than the buck with RCN. 

The design parameters of the buck converter with two cascaded RCN used for the 

comparison shown in Figure 72 are detailed in Table VIII and in Table IX the design 

parameters of the buck converter with RCN are shown. 

Table VIII. Design parameters for the buck converter with two cascaded RCNs 

 

Table IX. Design parameters of the RCN buck converter  

 

An interesting analysis is the comparison with an equivalent buck converter with 

two cascaded LC filters, which is shown in Figure 73. The design parameters of the 

the filters for this comparison are shown in Table X.  

Table X. Design parameters of the buck converter with two cascaded LC filters 

 

Analyzing the comparison of Figure 73, it can be seen that the performance of the SR 

buck with two RCNs can be higher as it will be necessary a lower switching 

Parameter Value Parameter Value

L1_1 800nH L2_1 200nH

L2_1 140nH L2_2 100nH

N1:N2 5:1 N1:N2 2:1

Cb_1 20nF Cb_2 5nF

Rd_1 50mΩ Co 3nF

Rd_2 50mΩ

RL 5

RCN1 RCN2

Parameter Value

L1_1 900nH

L2_1 190nH

N1:N2 4:1

Cb_1 12nF

Rd_1 50mΩ

Parameter Value

L1 600nH

C1 20nF

L2 250nH

C2 2nF

RL 5Ω
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frequency compared to the double LC filter alternative. At higher frequency, over 

30MHz, the performance will be worse but beyond frequency range the spectral 

components of an envelope with a large signal bandwidth in the range of a few 

MHz will be negligible.  

 

Figure 73. Comparison of the magnitude and phase Bode plot of d to Vo transfer function for the 

synchronous buck converter with two RCNs connected in series and the equivalent design with two 

LC cascaded filters 

Analyzing the phase, it will be lower for the buck with two RCNs. In Figure 74 are 

compared the phase Bode plots with linear frequency axis, to evaluate the phase 

linearity for both solutions. It can be seen that the response in the design range is 

similar for the proposed converter in terms of linearity if both converters are 

designed properly. Therefore, despite the time delays will be different, it can be 

compensated on both converters. 

 

Figure 74. Comparison of the phase Bode plot of d to Vo for the synchronous buck converter with two 

series RCNs and the alternative with two LC cascaded filters: (linear scale in horizontal axis) 

In terms of the design of the buck converter with two RCNs, the first cancellation 

network is designed as explained previously in the design for a single RCN. The 
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main inductance L1_1 has to be rated for most of the voltage of the converter as 

almost no ripple is processed by the second ripple cancellation network and the 

value will mostly define the current ripple value in both i1 and i2. N1 has the same 

function as in the single RCN design, the reduction of the voltages and currents in 

the cancellation network and L2_1 and Cb_1 will be adjusted to have the high output 

voltage rejection at the designed frequency.  

To design the second RCN, the turns ratio N2 can be selected lower than in the first 

RCN, with a values N2=2. Otherwise the voltage in the components of the network 

would be so small that it would be difficult to detect it from the noise. L1_2 can be 

designed to be 4 or 5 times smaller than L1_1 as the voltage applied will be lower. 

However, it has to be rated for all the current and practical design considerations 

have to be taken into account to avoid very small inductance values. 

The capacitor Cb_2 and the inductance L2_2 are designed both to have the desired 

magnitude Bode plot response and to set the maximum rejection ratio of the output 

voltage at the same frequency than the first or main RCN. In terms of the physical 

design, the second RCN has the same current rating but lower voltage rating so the 

design, especially in terms of the required weight and size can be reduced compared 

to the main RCN. 

In Figure 75, Figure 76, Figure 77 are shown the sensitivity analysis for the most 

critic design parameters: L1_1, Cb1, L2_1 of RCN1 and in Figure 78, Figure 79 and 

Figure 80 L1_2, Cb2 and L2_2 of RCN2 respectively. The variations chosen for the 

analysis are 20% for the capacitors and 10% for the inductors. 

 

Figure 75. Sensitivity analysis of the synchronous buck converter with two RCNs; ±10% variation of 
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Figure 76. Sensitivity analysis of the synchronous buck converter with two RCNs; ±20% variation of 

Cb1 

 

Figure 77. Sensitivity analysis of the synchronous buck converter with two RCNs; ±10% variation of 

L2_1 

From the sensitivity analysis it can be seen that L1_1 and L2_1 have a higher influence 

in the design, as expected, as the first RCN has an important role in the design. The 

variations on the other parameters have less influence in the design. However, in 

this case the output current ripple rejection ratio is very high so even in the worst 

case shown in this analysis the rejection ratio of the output voltage ripple will be 

high enough to consider the output voltage ripple negligible. 
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Figure 78. Sensitivity analysis of the synchronous buck converter with two RCNs; ±10% variation of 

L1_2 

 

Figure 79. Sensitivity analysis of the synchronous buck converter with two RCNs; ±20% variation of 

Cb2 

 

Figure 80. Sensitivity analysis of the synchronous buck converter with two RCN; ±10% variation of 

L2_2 

In this section has been presented a topological modification that improves the 

output voltage rejection ratio as well as the robustness of the synchronous buck 

converter with ripple cancellation network. This solution has been compared both 
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with the single RCN buck converter and with the buck converter with a fourth order 

filter (two cascaded LC filters) in the frequency domain and the sensibility analysis 

has confirmed the robustness and high rejection ratio of the output voltage of the 

proposed solution. Additionally, the second ripple cancellation network, due to the 

lower voltage rating and the lower current ripple, will have lower size, weight and 

cost compared to the first RCN and therefore a small impact in the envelope 

amplifier design. 

3.4. Multiphase synchronous buck converter with ripple 

cancellation circuit 

In this section it is presented a combination of the ripple cancellation technique with 

a multilevel topology to improve the performance of the SR buck converter with 

RCN by combining the advantages of both topologies. 

The multiphase technique is well known in the state of the art [García09], [Qiu05]. 

Main advantages are the lower requirements of the input and output filter and the 

improved performance in a load transient as there are less energy stored in each 

output inductor. In Figure 81 it can be seen the schematic circuit of the multiphase 

synchronous buck converter for N phases. 

 

Figure 81. Schematic circuit of an N-phase multiphase synchronous buck converter 

If the phase-shifting technique is applied to the multiphase converter [Zhou98], 

additionally to the advantages described previously, the output current ripple can 

be cancelled or reduced in a certain degree depending on the operation point. The 
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phase-shift technique consists on applying a time delay of i/N for i from 0 to N-1 

being T the period and N the number of phases. With this technique an equivalent 

frequency of N*fsw is achieved at Vo if the assumption of an ideal current sharing is 

made. 

Due to the current sharing among the phases, if a current control is implemented, 

and the phase shifting technique applied, the design of the phase inductances and of 

the output capacitor can be optimized and therefore the bandwidth and the 

transient response can be improved. In this work it is considered the synchronous 

buck converter so the discontinuous conduction mode (DCM) will not be analyzed. 

The current ripple cancellation factor (KI) in an N-phase phase-shifted multilevel 

converter is shown in (34), and depends on the parameter m, defined in (35), which 

is the largest integer less than or equal to N*D. The current ripple cancellation factor 

is obtained dividing the output current ripple by a single inductor current ripple, 

assuming all the inductances have the same value. 

 lm =	 ∆mI∆mI�o 	=  1 − pA∙a" ∙  ?�p_A∙q?_q " (34) 

 r = stuuv d ∙ �" (35) 

Therefore, to obtain the output current ripple, ∆IL, ∆ILCH is multiplied by the 

coefficient KI(N,D) [García07]. Figure 82 shows the cancellation factor KI as a 

function of the duty cycle for a phase-shifted multiphase synchronous buck 

converter of two, three and four phases. 

 

Figure 82. Normalized current ripple cancellation factor as a function of the duty cycle for two, three 

and four phases for a phase-shifted multiphase buck converter 

0 0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

KI4 D( )

KI2 D( )

KI3 D( )

D



 

113 

It can be seen that the zero ripple operation points take place at d=T/N. 

Additionally, for a higher number of phases, a higher attenuation of the output 

current ripple is obtained for high and low duty cycles. 

The simulated waveforms for an ideal phase-shifting and current sharing design, 

obtained with PSPICE, are shown in Figure 83. The top waveform has an equivalent 

frequency of N times the switching frequency, three for this example. The current 

on each of the phases is shown in the bottom waveforms. As the duty cycle for this 

operating point does not correspond to a complete current ripple cancellation, there 

will be a current ripple at 3*fsw whose magnitude can be calculated with KI3 (shown 

in Figure 82).  

 

Figure 83. Simulation of the total (top waveform) and phase (lower waveforms) current waveforms of 

a three-phase synchronous buck converter with ideal phase-shifting 

Despite the output current ripple is reduced, it is not completely cancelled for all 

duty cycles. This implies, if the ripple has to be negligible in all the operation range 

as in an envelope amplifier application, that the operation of this solution is limited 

to specific duty cycles. This will be very important for an EER application. For an ET 

application, this will have a lower impact for certain designs where the bandwidth 

of the EA is lower than the bandwidth of the envelope. 

An alternative solution is the addition of an output filter that attenuates the 

undesired current ripple at the output of the converter for all the duty cycle range. 

Other solution, especially for EER, could be to operate only at the duty cycles where 

a complete ripple cancellation is achieved together with a post-regulation second 

stage. An example of this alternative is the use of a linear regulator as in 

[González13] where a coupled windings strategy is also proposed to improve the 

dynamic response of the multilevel converter. 

Additional design aspects that should be taken into consideration are the non-ideal 

phase-shifting or the tolerances of the inductors of each phase. In [García09] those 
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design considerations are discussed and solutions for achieving a reliable phase-

sifting operation are presented. 

In this thesis it is originally proposed the use of the ripple cancellation technique 

applied to a phase-shifted multiphase synchronous buck converter to improve the 

output ripple cancellation design for the whole output voltage range. 

The main advantage of the proposed design, shown in Figure 84, is that the effect of 

the phase-shifting in the multiphase converter of having at the output an equivalent 

switching frequency of N*fsw is used to reduce the switching frequency of the 

converter. If the RCN is designed to have the ripple cancellation frequency at fsw, the 

real switching frequency can be divided by the number of phases. 

 

Figure 84. Schematic circuit of the proposed synchronous multiphase buck converter with ripple 

cancellation network 

The values of the phase inductance for this equivalent design can be increased to 

2.3uH and the cancellation branch L1A primary inductance can be reduced 

compared to the conventional design as the voltage on it will be much lower 

compared to the single phase design. The design values of the ripple cancellation 

network are L1A=500nH, a turns ratio of the coupled windings of 2:1, lower than the 

conventional due to the lower voltages on L1A, L2=177nH, Cb=30nF and Co=5nF. It 

can be noted that the design of the RCN in this design is similar to the second RCN 

of the buck converter with two RCNs. These design parameters are summarized in 

Table XI. 

The validation of the proposed design has been done by simulation using SIMPLIS 

software. The design of the converter has been done as in the previous cases shown 
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in this section, with a large signal bandwidth of 800kHz and the ripple cancellation 

frequency at 4MHz. 

In Figure 85 are shown the main current waveforms of the two-phase synchronous 

buck converter with ripple cancellation circuit. The currents on the phases are 

shown for three different duty cycles, d=0.2, d=0.5 and d=0.8. The currents iSW and io 

are shown for d=0.5 and for a non-zero current ripple, for d=0.2 and d=0.8 at 2*fsw. It 

can be observed that for d≠0.5 both currents are not the same and the difference is 

eliminated by the ripple cancellation network. 

Table XI. Design parameters for the two-phase buck converter with RCN 

 

 

Figure 85. Time domain simulations for the two-phase buck converter with RCN; isw, io and iphases for 

d=0.2, 0.5 and 0.8 

In this topology, the combination of the multi-phase and the RCN technique allows 

theoretically a switching frequency reduction to one half of the current ripple 
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cancellation frequency, 2MHz instead of 4MHz. Despite at the VSW node (Figure 84) 

there will be non-zero current ripple for certain duty cycles, the effect of the RCN 

will ensure an output voltage with negligible ripple. 

In Figure 86 the magnitude and phase Bode plots of the d to Vo transfer function are 

shown. The Bode plot is equivalent to the single phase RCN buck converter either in 

phase and magnitude but in this case the switching frequency will be reduced by a 

half.  

On the other hand, there are twice the number of power switches and two 

inductors, but all of them rated for less current. Therefore, they can be optimized to 

decrease the overall power losses of the converter.  

 

Figure 86. Magnitude and phase Bode plot of d to Vo transfer function for the multiphase buck 

converter with RCN 

In order to evaluate the robustness of this proposed solution it has been done the 

sensitivity analysis for L1, Cb and L2, the most sensitive parameters of the design. 

The results are shown in Figure 87, Figure 88 and Figure 89. 
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Figure 87. Sensitivity analysis of the proposed multiphase synchronous buck converter; magnitude 

and phase Bode plots of d to Vo transfer function; ±10% variation of the inductance in one of the 

phases 

 

Figure 88. Sensitivity analysis of the proposed multiphase synchronous buck converter; magnitude 

and phase Bode plots of d to Vo transfer function; ±20% variation of Cb 
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Figure 89. Sensitivity analysis of the proposed multiphase synchronous buck converter; magnitude 

and phase Bode plots of d to Vo transfer function; ±10% variation of L2 

From the sensitivity analysis, it can be concluded that L2, as also happened in the 

single phase RCN buck converter, is the most sensitive converter of the design. 

However, in this case the effect of the variation of the RCN parameters is smaller, as 

happened in the case of the second RCN in the buck converter with two cascaded 

RCNs. The potential strategies to increase the robustness, described for the single 

phase RCN buck converter, can be applied to this case too. 

 

Figure 90. Sensitivity analysis of the proposed multiphase synchronous buck converter; magnitude 

and phase Bode plots of d to Vo transfer function; ±20% variation of the inductance in one of the 

phases 

In Figure 90 it is shown the effect of the unbalance in the inductance of one of the 

phases (±20%, that is an inductance in a phase of 1.84µH and 2.76µH being 2.3µH 
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the nominal value) in the Bode plots of d to Vo transfer function where is can be 

appreciated that the effect is very small.  

Despite the sensitivity analysis shows a very small impact in the frequency response 

of the proposed converter, the unbalance in the current ripple in one phase or more 

phases can introduce additional spectral components that will not be attenuated in 

the implemented design. This will be the most limiting factor for this converter and 

has to be taken into consideration as the effect can be added to a variation in the 

components of the RCN. 

The consequence of a phase inductance unbalance will be a slight increase in the 

switching ripple that will imply a small increase in the switching frequency. In the 

design example if has been considered an increase from 4MHz to 5MHz in the 

ripple cancellation frequency to achieve the desired output voltage ripple rejection 

ratio even in the case that both effects happen. Therefore the switching frequency 

will be increased from 2MHz to 2.5MHz. 

This effect can be seen in the time domain simulation in Figure 91 using also 

SIMPLIS as the software tool for the validation. It can be seen that the maximum 

voltage ripple in case of a phase inductance unbalance is of 117mV, for fsw=2.5MHz 

and the ripple cancellation frequency set at 5MHz.  

 

Figure 91. Sensitivity analysis of the proposed multiphase synchronous buck converter for a phase 

inductance variation (±20%); simulated output voltage ripple for duty cycle values of 20%, 50% and 

80% (20mV/div) (200ns/div) 

In this case, the voltage ripple is lower for any operating condition than the 1% 

(120mV) of the mean output voltage (12V). In case there is no unbalance between 

the inductances, the output voltage ripple will be negligible for a duty cycle of 0.5 

and of 25mV for duty cycles of 0.2 and 0.8, obtained by simulation. 
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An additional reason for increasing the switching frequency can be found in the 

proposed application of this topology. If we consider an unbalance in the 

inductances of the phases, the intermodulation products of the switching frequency 

with the envelope frequency components will be very closer to the pass band and 

less attenuated so the output voltage ripple will increase. For a similar reason, the 

number of phases for the proposed design cannot be highly increased without 

addressing those design challenges. However, a reduction factor of two or three can 

be feasible. 

3.5. Experimental Results 

In this section are presented the main experimental results for the envelope 

amplifier that correspond to the synchronous buck converter with RCN proposed 

for an EER application. First of all, the specifications and the technology used for the 

validation tests are described.  

3.5.1 Specifications and limitations of the experimental validation of 

the RCN buck converter 

The output power and bandwidth of the envelope amplifier for a RF power 

amplifier have a very big influence in the selection of the architecture: single or 

multiple stages, the switching frequency value and the technology of the converter 

(open frame or integrated technology). If we analyze the possible specifications in 

the state of the art for a RFPA, we can find from low power (mW) transmitters in 

small portable communication devices to high power base stations, in the range of 

kW. 

In this work, the input voltage and output power are defined by the power 

amplifier that is going to be used for the integration tests and the maximum 

bandwidth will be defined by the maximum switching frequency that can be 

applied in the envelope amplifier. 

The most critical specifications for the selected application are: 

• Input voltage of 24V (for class E amplifier). 

• Peak output power of 100W. Defined by the input voltage and the envelope 

amplifier load. 

• Maximum switching frequency of 12MHz. 
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Considering these specifications and the use of discrete components, the maximum 

achievable switching frequencies are 10-12MHz. If a switching frequency higher 

than those values is used, the control signals are distorted and the linearity of the 

converter transfer function Vout/d will decrease highly. Additionally, the effect of 

the parasitic components decreases highly the reliability of the converter, as the 

switching of the power devices cannot be fully controlled and the probability of a 

breakdown increases highly. Therefore, the maximum switching frequency for the 

experimental tests has been 12MHz. That switching frequency value has caused 

reliability problems in the experimental prototype. Finally, the validation has been 

done for a switching frequency of 4MHz due to the reliability and also due to the 

accuracy of the control devices available during the testing process. 

However, for the comparison with the conventional buck converter, a switching 

frequency of 12MHz has been used up to an input voltage of 20V.  

The drivers for the experimental results are EL7158 from Intersil due to the very 

high peak current. ISO722 isolation chips have been used to provide the necessary 

isolation for the high side switches and have been included in the low side gate 

drive path to keep the same time delay for both driving signals. 

The magnetic core for L2 has been chosen of low permeability materials [Han12]. 

This is especially important in the design of the inductance of the ripple cancellation 

circuit L2. The low nH/N2 value allows a design with low inductance and a high 

accuracy. Additionally this material provides low losses versus size ratio. It is also 

important that the permeability does not change in the different operating 

conditions to keep a high current ripple cancellation. 

3.5.2 Synchronous buck converter with ripple cancellation network 

The transfer function of Vsw to Vo of the converter has been modeled and measured 

to validate the proposed design. In order to do the measurement of the transfer 

function, a Bode 100 equipment has been used.  The magnitude and phase bode 

plots have been measured. The same transfer function has been modeled in PSPICE 

and compared to the measurements. The comparison is shown in Figure 92 

(magnitude) and Figure 93 (phase).  

In Figure 92 the equivalent transfer function of the conventional buck converter has 

been included to compare, for the same large signal bandwidth, 800kHz, and output 

voltage ripple attenuation (-56dB approximately), the different fsw that have to be 

selected for each converter. 
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Figure 92. Comparison between the measured and simulated Vo/Vsw transfer function (magnitude) of 

the buck converter with RCN and the simulated equivalent design of the conventional buck converter 

 

Figure 93. Comparison between the measured and simulated Vo/Vsw transfer function (phase Bode 

plot) of the SR buck converter with ripple cancellation network 

An important result from this analysis is that, with the proposed design, a reduction 

from 12MHz to 4MHz for the RC buck converter can be obtained as shown in 

Figure 92. 

It can be seen on Figure 92 and Figure 93 that there is a good correspondence 

between both transfer functions in the frequency range of design. The simulation 

models include the parasitic components of the passive components, L1A, L2, Cb and 

Co, obtained from measurements to achieve a good correspondence between the 

model and the measurement. Analyzing in detail the Figure 92 it can be seen that 

the measured bandwidth of the converter is of 800kHz, taking the -3dBs in 

magnitude as the point of reference. 

First of all, a validation of the proposed converter has been done for fsw=4MHz, 

Vin=24V, and a fixed duty cycle of 30% and 50% to validate the output voltage ripple 

cancellation in several DC output voltage operation points. A resistive load of 5Ω 

has been selected for all these tests. The equivalent load for the envelope amplifier 
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of the high efficiency PA for EER technique can be considered resistive and of 5Ω for 

the class E amplifier that has been used for the experimental validation, so that 

assumption is valid for this application.  

Figure 94 shows a photograph of the experimental prototype. The components used 

have been a dual MOSFET FDMS7620S, the isolation chip ISO722, the EL7158 

drivers, the magnetic cores 3C90 for the coupling windings and T80-2 from 

Micrometals for L2. For Co and Cb, metalized polyester film capacitors have been 

used. 

 

Figure 94. Photograph of the implemented RCN buck converter 

Figure 95 and Figure 96 show experimental results for Vo, i1 and i2 currents and low 

side drain-source voltage (Vds_LS) for 50% and 30% duty cycle respectively.  

 

Figure 95. Main waveforms of the RCN buck converter for fsw=4MHz, Vin=24V and d=0.5; Vds 

(10V/div), Vo (2V/div), i1 & i2 (1A/div); 100ns/div 

It can be seen that in both cases the current ripple of i1 and i2 are equal in magnitude 

and opposed in phase so both the current ripple cancellation and almost zero ripple 

Vo are achieved. 
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Figure 96. Main waveforms of the RCN buck converter for fsw=4MHz, Vin=24V and d=0.3; Vds 

(10V/div), Vo (2V/div), i1 & i2 (1A/div); 100ns/div 

In Figure 97 a detail of the output voltage ripple for a duty cycle of 50% is shown, 

where it is demonstrated the negligible value (∆Vopk-pk=56mV). 

 

Figure 97. Output voltage switching ripple detail (50mV/div) for fsw=4MHz, Vin=24V, d=0.5; 

100ns/div 

For the application that is considered in this thesis, EER, the load is considered 

resistive [Raab77], and therefore lower duty cycles correspond to the lower output 

current operation points. Due to the high switching frequency, in the range of MHz, 

and to the slow output capacitance discharge rate of the low side MOSFET, the 

falling slope of Vds can affect to the converter operation in two ways, shown in 

Figure 98, for a duty cycle of 6%, and in Figure 99 respectively:  

• Low accuracy of the output voltage for lower duty cycles due to the 

contribution of the low side MOSFET Vds discharging slope in the output 

voltage. 

• Limitation in the minimum output voltage of the converter. 

The first issue can be solved by characterizing the output voltage for low duty 

cycles at different loads and compensating them using a digital control 

implementation. Additionally, a closed loop design can also be implemented to 

solve this issue. 
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Figure 98. Vds_LS and Vo for a low duty cycle (6%) at low load for fsw=4MHz, Vin=24V; 40ns/div 

Analyzing the Figure 98, it is appreciated that the discharging time of the output 

capacitance of the low side MOSFET is higher, almost two times, than the duty 

cycle. 

 

Figure 99. Comparison between the experimental and the theoretical duty cycle to output voltage 

transfer function 

The second issue can be considered a limitation of the conventional buck converter 

for this type of application at low load. For higher output currents this effect is 

decreased as the output capacitance of the MOSFET is discharged faster and 

therefore the contribution of the decreasing slope of Vds to Vo is smaller. If the 

limitation has to be fully overcome, a block that supplies a small negative voltage 

drop can be introduced in series with the converter with the disadvantage of a small 

reduction in the efficiency. However, as it will be validated by simulation in the next 

section, this effect does not produce a high decrease in the linearity of the RFPA. 

The proposed design of the SR buck converter with ripple cancellation technique 

has been validated experimentally also for a variable output voltage. Firstly, a 

sinusoidal reference of 285 kHz has been applied to test the ripple cancellation 

performance as well as the bandwidth of the converter. The specifications of the test 

are an input voltage of 24V and an output voltage from 6V to 16.5V. A resistive load 

of 5Ω has been used for a maximum output power of 54.45W. A Cb value of 40nF 

has been chosen and Co=5.6nF. The turn ratio is 4:1 and the inductance L1A=1.95µH. 
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With these values, L2= 403nH. With the proposed design, the SR buck converter 

with ripple cancellation at fsw=4MHz can achieve a very high output voltage ripple 

attenuation in the worst case condition while a conventional buck converter would 

need a switching frequency of 12MHz to obtain the same attenuation of the output 

voltage ripple and large signal bandwidth.  

To compare this solution with the classical buck converter considering open loop 

operation and EER, two tests have been done. First of all, both converters, designed 

with the same large signal bandwidth have been tested experimentally at the same 

switching frequency (fsw=4MHz), to compare the output waveforms, as shown in 

Figure 100 and Figure 101. The LC values of the conventional buck converter used 

for this comparison, designed with the same large signal frequency, are an 

inductance of 1µH and an output capacitance 40nF. 

  

Figure 100. Experimental measurements of the buck converter with the ripple cancellation circuit for 

fsw=4MHz (Vo: 2V/div; ir: 500mA/div; 1µs/div)  

  

Figure 101. Experimental measurements of the conventional buck converter switching at fsw=4MHz; 

Vo (2V/div); io (500mA/div); 1µs/div  

It can be seen that the output voltage and current ripples are negligible for the RCN 

buck converter compared to the noisy waveform of the equivalent design of the 

conventional buck converter. In Figure 102 are also shown i1 and i2 currents for the 

RCN buck converter.  
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Figure 102. Experimental measurements of the buck converter with ripple cancellation circuit: 5V/div 

for Vo and 500mA/div for currents; 400ns/div 

Analyzing the current waveforms of Figure 102 it can be seen that, in addition to the 

switching frequency ripple, there is a component in i2 at the frequency of the 

sinusoidal reference while the output current ir is as expected (Figure 100). This can 

be explained analyzing the magnitude and phase Bode plots duty cycle to iL1A, ir and 

iL2 currents (Figure 103). This plot was shown previously in Figure 36, but in this 

case the focus is in the frequency of the reference (285kHz) and it is included in this 

section for a better understanding. 

In Figure 103 it can be seen that while the magnitude of iL1A at the sinusoidal 

reference frequency is almost the same as the amplitude of ir, in the cancellation 

network (iL2) there is smaller amplitude. 

 

Figure 103. Magnitude and phase Bode plots of d to iL1A and d to iL2 transfer function (and 

comparison with d to ir transfer function) 

Analyzing the phase Bode plot, by a PSPICE simulation, it can be seen that the 

phase difference at that frequency is 102° so it will not cause an increase in the 

amplitude at 285kHz in the current i1, as the peak current of the 285kHz component 

of i1 takes place very close to the zero crossing point of the same frequency 

component of i2. The effect will be some additional losses in the cancellation 

network but as the resistance of the RCN is, as explained before, the parasitic 
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resistance of the components of the branch (Rd), this value will be negligible 

compared to the switching losses.  

    

Figure 104. Experimental measurements of the buck converter with the ripple cancellation circuit for 

a sinusoidal output voltage (VCb (5V/div) ; ir (500mA/div) ; 1µs/div  

In Figure 104 it can be seen both ir current and the switching ripple in VCb, caused by 

the reduction of its capacitance to 40nF. 

To test the performance of the converter for the proposed application, it has been 

used a 64-QAM signal as the reference signal, with a 1.5V offset to avoid the 

limitation at low output voltages. Figure 105 shows the experimental results, for a 

switching frequency of 4MHz for a 64QAM modulation of 500kHz of bandwidth 

and with a 5Ω load, and the comparison with the reference (generated in MATLAB 

from a look-up table with the envelope data of the 64QAM modulation). 

It can be seen the good correspondence between the output voltage and the 

reference which validates the correct operation of the ripple cancellation buck 

converter as an envelope amplifier. Additionally it can be seen the negligible output 

voltage ripple for all the output voltage range, as predicted by the proposed design. 

VCb
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Figure 105. Experimental measurements of the buck converter with the ripple cancellation network for 

a 64-QAM signal (top waveform); Vo (2V/div); 20µs/div; and output voltage reference (bottom 

waveform)  

To obtain a complete experimental characterization of the proposed converter, the 

slew rate of the proposed buck converter with RCN has been measured. The 

maximum slew rates for this particular design are 38V/µs for a duty cycle step-up 

and 35V/µs for a duty cycle step-down as it can be seen in Figure 106. 

   

Figure 106. Experimental measurement of the slew rate of the buck converter with RCN (Vo: 2V/div 

and 200ns/div) 
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Finally, the results of the efficiency of proposed RCN buck converter for a switching 

frequency of 4MHz for a large signal bandwidth of 800kHz and the equivalent 

design of the conventional buck, switched at 12MHz to obtain the same bandwidth 

and output voltage ripple rejection, are shown in Table XII. For this comparison the 

additional specifications are an input voltage of 10V, 15V and 20V and 50% of duty 

cycle. 

Analyzing the efficiencies shown in the table, it can be seen that the efficiency 

improvement is very high, from 12.4% up to 16%, for 15V and 10V at the input 

respectively. It also can be seen that the losses ratio is higher than 2 in the 

conventional buck for all the cases. 

Table XII. Efficiency and losses comparison between RCN buck and the conventional buck 

 

At this point, it is important to mention that no additional ripple has been measured 

for a time varying reference compared to a DC reference. In section 5, where the 

integrated RF amplifier and the validation tests are shown, a more detailed time and 

frequency domain analysis of the envelope switching ripple will be done as well as 

an evaluation of the influence in the compliance with the telecommunication 

standards. 

3.5.3 Application of wide band-gap devices in the proposed envelope 

amplifier  

New wide band-gap semiconductors are a very attractive solution to replace Si 

power switches in an envelope amplifier application. They offer better figures of 

merit and allow operation at high temperatures compared to the equivalent devices 

in Si. For the specifications of the application that is considered, only low voltage 

GaN HEMTs, normally-off devices, can offer significant advantages for the envelope 

amplifier application. 

Nowadays, only EPC offers commercially available devices suitable for the 

envelope amplifier specifications. Main characteristics of these devices are the small 

package, of low parasitic components but also with very poor heat dissipation of the 

package, with a theoretical maximum of 5W per device (EPC2007 HEMT, with a 

package size of 1.7x1.1mm) and considering a heatsink. Despite the second 

10 82,5 21,3 66,5 50,4 16,0 x2,4

15 86,3 15,9 73,9 35,3 12,4 x2,2

20 87,8 13,9 75,3 32,8 12,5 x2,4
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generation of these HEMTs is more reliable, the devices are very fragile and have to 

be soldered with a specific temperature profile. The maximum recommended 

temperature during the process of 260ºC. Additionally, to be able to dissipate 5W 

per device, a heat sink should be placed which makes the mechanical design more 

complex. 

In order to evaluate the difference between Si MOSFETs and GaN HEMTs, several 

performance tests have been done to compare them under the specifications that are 

considered for this thesis. 

One of the main points is that the losses are mainly switching losses, because the 

switching frequency is in the range of MHz and the output current is low, from a 

few amperes in peak down to mA for lower voltages. This has a big influence in the 

selection of the devices, as the parasitic capacitances play a more important role 

than the on-state resistance of the power switch and therefore the usual figure of 

merit is not a valid indicator to evaluate the best device. 

The Si and low voltage dual package MOSFETs with a drain-source breakdown of 

30V offer a very good performance due to the very low parasitic inductance as well 

as the very small parasitic capacitances. Despite the on-state resistance is several 

times higher compared to GaN HEMTs and therefore the FOM is also several times 

higher, the performance for the specifications of this work is very similar for both 

devices. 

Table XIII shows the comparison of the main characteristics for the best 

commercially available GaN HEMTs and Si MOSFETs. The input voltages 

considered are 24V and 48V so devices from 30V to 100V have been identified. 

Despite the FOM of GaN HEMTs seem very superior to the Si, taking into account 

that for this application the switching losses are dominant and that the input gate 

charge losses are not very high due to the low driving voltage, both devices have 

very similar performance in terms of efficiency.  

In Table XIV are shown the parasitic capacitances comparison for 100V GaN HEMTs 

and Si MOSFETs. 
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Table XIII. Comparison of the main characteristics of best low voltage GaN HEMTS and Si 

MOSFETs 

 
 

Table XIV. Comparison of the parasitic capacitances of low voltage GaN HEMTS and Si MOSFETs 

 
 

In Table XV are shown the efficiency measurements done to compare the devices 

shown in Table XIV. The specifications for the comparison tests are: 

• Vin=24V and 48V 

• d=50% 

• fsw=4.6MHz 

• Resistive load RL=21Ω 

• Pout of 7.3W and 27.8W for Vin of 24V and 48V respectively. 

Table XV. Efficiency and losses measurements (of the power stage) comparison between a GaN 

HEMT and a Si MOSFET 

  

 

Analyzing independently the control and driving losses, it is obtained 200mW for 

GaN HEMT and 400mW for Si MOSFET, as expected from the data of the input 

capacitance of each of the devices. 

Considering the losses of the power and control stages, a difference of efficiency 

between 2% and 3% for the different implemented tests has been experimentally 

measured. 

DEVICE Max Vds FOM - RDSon*Qg (mΩ*nC) Nº devices/package

EPC2007 100 63 SINGLE

EPC1007 100 81 SINGLE

EPC2009 60 75 SINGLE

EPC1009 60 70 SINGLE

BSC750N10ND 100 496 DUAL

BSZ097N04 40 234 SINGLE

FDMS9620 30 230 DUAL

GaN HEMTs

Si MOSFETs

Ciss Coss Crss

EPC2007 205 118 6,6

BSC750N10ND 540 76 8

Parasitic capacitances (pF)

Vin=24V Efficiency Losses (W)

EPC2007 86,0% 1,19

BSC750N10ND 84,0% 1,32

Vin=48V Efficiency Losses (W)

EPC2007 87,5% 3,96

BSC750N10ND 85,3% 4,64
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Figure 107 shows the Vds of low side switch for the compared devices, for an input 

voltage of 48V. Analyzing the waveforms it can be seen that almost the same rising 

and falling time and ringing are achieved. 

 

Figure 107. Vds of the low side GaN HEMT (left figure) and Si MOSFET (right figure) for the same 

operating conditions 

The main conclusion is that the best Si devices, in dual SMD packages have at this 

moment very similar performance that the currently available GaN for these 

specifications where the current levels are low. A 2%-3% higher efficiency has been 

measured for the GaN HEMTS for the specification of this work but they have 

disadvantages in terms of a worse heat dissipation, a more complex experimental 

implementation and a lower robustness. The expectations are that new versions of 

GaN HEMTs can increase the efficiency improvement higher than the measured 

values in this work and additionally the reliability of the devices. However, for 

higher currents, where even the paralleling of devices can be considered, there will 

be more advantages in terms of efficiency and in power density for the GaN 

HEMTs. 

3.6. Conclusions 

In this section it has been proposed an original solution for a high efficiency 

envelope amplifier for EER technique. The solution is based in a new design 

proposed for the synchronous buck converter with ripple cancellation network to 

achieve both an output current ripple cancellation and a high bandwidth. 

Due to the high rejection of the output voltage ripple at a specific frequency range, 

the switching frequency can be reduced compared to the equivalent design of the 

conventional buck converter. It has been validated experimentally a switching 

frequency reduction from 12MHz to 4MHz for an envelope amplifier with a 

bandwidth of 800kHz. As it has been demonstrated, the reduction in the switching 

frequency allows an increase in the efficiency and in the reliability of the converter. 
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It has been obtained experimentally an efficiency increase of 15.95% (from 75.3% 

to 87.8%) for an input voltage of 20V, which is a high efficiency value compared to 

other solutions in the state of the art for this application, where the envelope 

amplifier has a low efficiency due to the requirements as the high peak to average 

power ratio (PAPR) of the envelope of the transmitted signal.  

The control mode of the conventional buck converter and of the RCN buck 

converter as been analyzed both in open and closed loop. A design improvement of 

the closed loop design has been proposed and validated by simulation that 

improves the figures of merit for an envelope amplifier application in open loop. 

The closed loop control design has been applied to both topologies and finally a 

comparison of the main figures of merit of both converters for open and closed loop 

control design is shown for the specifications of this work. 

In order to improve the robustness and performance of the proposed design, it has 

been proposed the use of a buck converter with two series-connected RCNs. The 

effect is an increase in the maximum rejection ratio of the output voltage ripple and 

an improvement in the robustness of the proposed solution. The main drawback is 

the addition of an additional RCN, which will increase the size and cost of the 

solution. However the voltage rating and the current ripple will be lower so the 

impact in the weight, size and losses of the converter will be small. 

Additionally, the use of the phase–shifted multiphase synchronous buck converter 

with ripple cancellation network has been originally proposed. The main 

advantage of this solution is the decrease in the switching frequency proportionally 

to the number of phases. In this case, additional considerations have to be taken to 

ensure the robustness of the solution to achieve a reduction in the switching 

frequency to signal bandwidth ratio. The application of the phase-shifting technique 

to the proposed topology enables the reduction of the switching frequency and the 

output voltage ripple cancellation for all the operation points. 
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Chapter 4 
Design and Optimization of a Buck Derived 

Converter for an Envelope Amplifier 

Application 





 

137 

4. Design and Optimization of a Buck Derived 

Converter for an Envelope Amplifier Application 

In this chapter is presented a design tool developed to improve the design and 

optimization of a switched-mode power converter for an envelope amplifier 

application for EER. The tool has been focused in a buck derived converter for an 

envelope amplifier application, but it can be extended to other topologies and 

applications. 

Due to the different figures of merit of the envelope amplifier and of the RFPA, it is 

difficult to evaluate in the design of the envelope amplifier the influence of the 

design parameters in the performance of the final RFPA. 

This approach can be very useful as it can provide a first validation of the design 

process that otherwise could only be done by a combination of design experience 

and the implementation and integration of the whole amplifier. It is clear that 

without this approach the design may not be valid or lead to an overdesigned 

converter, with more capabilities than the requirements of the application. 

Therefore, the proposed design tool provides necessary design conditions for the 

envelope amplifier and reduces the risks of an unexpected design issue. 

The model has been validated experimentally and based on the results several 

design conclusions about the design of the envelope amplifier have been obtained. 

4.1. Design and optimization tool of an envelope amplifier for an 

EER RF power amplifier 

The proposed design tool allows the design and optimization of the envelope 

amplifier for an EER RFPA based on the effect of the following design parameters of 

the EA: 

• Transfer function. 

• Control loop design. 

• Switching ripple. 

• Non-idealities. 

In Figure 108 it is illustrated the design flow of a RFPA. First of all, the specifications 

of the envelope amplifier are defined. Then the architecture and topology are 

selected and the next stage is the envelope amplifier simulation and design. Once 
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the envelope amplifier is designed and validated by simulation, the next stage will 

be the prototype implementation. After the implementation is done the next stage is 

the characterization and tests and then the integration with the complete amplifier. 

Finally, the validation stage will provide the figures of merit of the RFPA. 

 

Figure 108. Block diagram of the design flow of RF power amplifier starting from the EA stage 

As it can be see, it will not be until the last stage where the RF power amplifier will 

be characterized and the figures of merit to be complied evaluated. Therefore, it will 

be in that stage when a not optimized design of the envelope amplifier could be 

identified, not only in the case of a non-compliance with the standards but also in 

the case of an over designed and not optimized envelope amplifier.  

If in the final stage of integration the RFPA does not comply with the 

communications standard due to the envelope amplifier design it would be 

necessary to go back to the second or third design stage again (Figure 108), making 

the complete process longer and more expensive than scheduled.  

Different digital modulations have been characterized and generated in order to test 

the performance and robustness of the solution. The design tool provides the main 

figures of merit of the complete amplifier as well as the comparison with the 

simulated ideal envelope amplifier. Both open and closed loop designs can be 

evaluated having as the input data the transfer function or the envelope in the time 

domain. The analysis has been focused on an EER application. In Figure 109 is 

shown the general block diagram showing the main stages of the proposed design 

tool. 

The developed tool will also be useful to evaluate the effect of the non-linearities in 

the converter and to test the performance of the different alternative designs. 
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Figure 109. Block diagram showing the main stages of the design tool implemented 

4.1.1 State of the art of the analysis of the envelope amplifier non 

idealities effect on the EER amplifier 

Analyzing the state of the art, in [Marco06A] is presented the analysis of the 

switched-mode envelope amplifier stage for an EER application, where the effect of 

the non-idealities of the envelope amplifier in terms of bandwidth and output 

voltage ripple are analyzed for a two-tone test reference. The quality of the 

transmitted signal is evaluated both in the frequency spectrum and in the time 

domain. Additionally, it is analyzed the compliance with the spectral mask for an 

envelope that corresponds to a CDMA standard. Different switching frequency to 

signal bandwidth ratios are evaluated as well as different quality factors and cut-off 

frequencies of the output filter. The conclusion is that a constant group delay Bessel 

filter with pure delay compensation provides an improved performance in terms of 

distortion. The best solutions are obtained for a ratio between the filter cut-off 

frequency and the baseband frequency of 10.2 and for a high ratio of the switching 

frequency to filter cut-off frequency ratio (from 3.33 up to 10.2) where a rejection of 

the third order intermodulation products (IMD3) higher than 50dB is obtained by 

simulation. 

In [Marchán10] the work presented in [Marco06A] is extended to characterize a 

transmitter for the 802.11a WLAN standard. The model of the EER RF transmitter 

provides the estimation of the EVM, the bit error rate (BER) and the frequency 

spectrum. The input variables are the switching frequency and the cut-off frequency 

of the low pass filter of a buck-derived switching power converter.  

The compliance of the spectrum with a WLAN mask is analyzed for a 4x4 sweep of 

the filter cut-off frequency and the envelope amplifier switching frequency. For the 
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subset of solutions that comply with the spectral mask requirements, simulated 

results show the design subspaces that comply with the EVM requirements both for 

a 4th order Bessel filter and for a 6th order Butterworth filter.  It is shown by 

simulation that the design space for the 4th order filter is very small while it 

improves for a 6th order Butterworth filter. 

In [Marco12] the work of [Marchán10] is applied to a buck converter with a sliding 

control mode for an EDGE standard. In this case, the width of the hysteresis band is 

added to the design space considerations to optimize the RF power amplifier. The 

optimization done ensures the system level performance metrics compliance as well 

as a 5% improvement in the efficiency of the ET for a 2nd order Butterworth filter 

with sliding mode control compared to a 2nd order Butterworth filter with open loop 

PWM. 

The work presented in this thesis is based on a more general approach as any type 

of filter can be analyzed using the transfer function expression or the time domain 

envelope as the input data. The input data can be either an analytical expression or a 

simulation/measured data array and the number of modulations analyzed is 

extended (QAM based, QPSK, ̟/4-QPSK, OFDM and also a two-tone test signal). 

Finally, the proposed design tool has been validated experimentally in the 

laboratory of the GIRA-CEI group of the UPM. 

4.1.2 Design and optimization tool for an envelope amplifier for an 

EER application 

In the proposed design tool, the following data are used to define the modulation 

and the envelope: 

• Digital modulation type: QAM, QPSK, ̟/4-QPSK, OFDM or the two-tone 

test. 

• Signal bandwidth, determined by the symbol rate and the roll-off factor for a 

QAM based modulation. 

• Delay between the envelope and the phase paths. 

Additionally, one of the following input data of the envelope amplifier, illustrated 

in Figure 110, can be chosen: 

• A: Analytical transfer function, either in open loop (d to Vo) or in closed loop 

(Vref to Vo). 

• B: Time domain envelope. 
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• C: Measured or simulated magnitude and phase Bode plots. 

 

Figure 110. Different possibilities for the input data of envelope amplifier; A: Analytical transfer 

function; B: Time domain envelope; C: Simulated/Measured Bode plot (Magnitude and phase)  

Option A will allow the use of the transfer function, either in open or closed loop, to 

characterize the envelope amplifier. 

For option B, the switching frequency information can be included or not depending 

on the desired degree of detail of the simulation. If included, there will be the 

possibility of analyzing the intermodulation products between the switching 

frequency and the envelope spectral components. 

Option C will allow the use of a data array of the magnitude and phase Bode plots 

of the transfer function. As the signal is generated in the tool in the Cartesian 

domain (I, Q), the transformation between the Polar to Cartesian coordinates has to 

be done in this case. 

To test the performance of the design tool, several digital modulations have been 

implemented. The modulation types are QAM-based, QPSK, ̟/4-QPSK with a 

bandwidth defined by the roll-off factor and the symbol rate. The bandwidth of the 

OFDM modulation is defined by the symbol rate. Additionally a two tone test signal 

has been implemented to evaluate the linearity of the envelope amplifier. 

The output data of the proposed tool are the following both for the ideal signal and 

for the simulated non-ideal output of the RFPA: 

• The baseband frequency spectrum of the RF signal. 

• ACPR, measured between the transmission band and the adjacent lateral 

bands (both ACPR_L and ACPR_R are obtained). 

Envelope 

Amplifier model

10000 100000 1000000 10000000

           Frequency

10KHz 30KHz 100KHz 300KHz 1.0MHz 3.0MHz 10MHz 30MHz 100MHz

DB(V(OUT1)) DB(V(OUT))

-100

-80

-60

-40

-20

-0

1MHz10kHz 100kHz 10MHz

M
a

g
n

it
u

d
e

 (
d

B
)

100MHz

4MHz

12MHz

0

-20

-40

-60

-80

-100

Frequency (Hz)

Measured

Simulated

Conv Buck Sim.

A B C

           Frequency

10KHz 30KHz 100KHz 300KHz 1.0MHz 3.0MHz 10MHz 30MHz 100MHz

P(V(OUT2))

-300d

-200d

-100d

-0d

SEL>>

DB(V(OUT2))

-80

-40

0

40

Frequency (Hz)

10k 100k 1M 10M 100M

40

0

-40

-80
0

-100

-200

-300

M
a

gn
it

u
d

e
 (d

B
)

P
h

a
se

 (d
e

g
)

8.1683510770906852038e12 s
2

⋅ 4.8428773880004882812e-8 s⋅+ 5.6724660257574202804e27+

s 2.0879103794573280471e7+( ) s 7.0935724626210509076e6+( )⋅ s
2

7.7416094570913829075e6 s⋅+ 3.82996707635126835+(⋅

→

A s( )

L1 s⋅ A s( )+

R

R L2 s⋅+ R Co⋅ L2⋅ s
2

⋅+









⋅ s



High Efficiency EA based on a Ripple Cancellation Buck Converter. Design, Optimization and Integration in an EER RFPA 

142 

• The EVMRMS and peak-EVM.  

• The constellation plot.  

• The trajectories plot. 

• The time domain envelope. 

The RF switched power amplifier, in the phase path of the EER architecture, is 

modeled as ideal. However, the delay between the envelope and phase paths, 

produced by the envelope amplifier, can be compensated or set to a specific value. 

This effect has a high interest as a delay in the range of tens of nanoseconds will 

imply a high increase of the intermodulation products in the RFPA.  

For the generation of the transmitted signal, a random sequence is considered so no 

real information is being processed. However, the generation is done so the 

characteristics of the signal are consistent with the modulation standard. 

The transfer function of the envelope amplifier is normalized in amplitude. Both the 

ideal reference and the simulated signal based on the envelope amplifier design are 

obtained and compared in the time domain.  

In the next step, after a conversion from the time domain to the frequency domain 

and taking into account the phase of the signal, the baseband spectrum of the signal 

is obtained again and compared with the ideal reference. Additional comparison 

between the ideal vs estimated EVM, ACPR and the constellation diagram are 

provided.  

As it has been shown, the applicability of the proposed design tool is very wide. 

Due to the different digital modulations that can be generated, the input data types 

and the output data generated, this tool provides useful information in the 

evaluation and design process of an envelope amplifier for an EER application. 

4.1.3 Implementation of the envelope amplifier design tool 

In the implementation of the proposed tool are defined in the first place the input 

parameters depending on the type of modulation: 

• QAM based (N-QAM, QPSK and ̟/4-QPSK). 

• OFDM. 

• Two-tone test (DSB-SC signal). 

The QAM-based modulations are generated in the time domain. Therefore, if not 

filtered properly, the bandwidth requirements due to the sharp transitions between 
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the amplitudes of the different symbols could be very high. A raised cosine filter is 

used to decrease the bandwidth of the modulated signal. For these modulations the 

input data are: 

• Symbol rate: Is the number of symbol changes per second, independently of 

the number of bits per symbol. 

• Number of samples per second. 

• Modulation order: In a digital communication it is defined by the number of 

symbols (2, 4, 8, 16…). 

• Raised cosine filter: Is an implementation of a low-pass Nyquist filter which 

is used to limit the spectrum of the transmitted signal. The roll-off factor is 

defined by the communication standard and it is related to the symbol rate 

and to the bandwidth as shown in (36). 

 wxyz{Ez|ℎ = e~rwut	vx|� ∙  1 + �" (36) 

With these data, the sampling frequency is obtained by multiplying the symbol rate 

by the number of samples per symbol (always in a 2N format). The modulator is 

defined as well as a set of random data symbols to generate the signal. With these 

parameters, the random data symbols are modulated and filtered with a raised 

cosine filter. 

In case of an OFDM modulation, which is generated in the frequency domain, the 

input data are: 

• Signal bandwidth. 

• Number of samples. 

• Number of symbols = Number of sub-carriers. 

• Type of modulation of the subcarriers. 

In Figure 111 the illustration of the OFDM modulation generated from multiple 

subcarriers is shown. The orthogonal sub-carriers can be seen in solid lines and the 

OFDM bandwidth is defined by the dashed line and will be the addition of the 

bandwidths of all the subcarriers. 

As this modulation is generated in the frequency domain, no filter is needed as in 

the QAM-based modulation. 
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Figure 111. Illustration of the generation of the OFDM modulation 

A third type of signal that has been implemented is the two tone test, where a 

double-sideband suppressed-carrier (DSB-SC) signal is used. In this case the 

envelope is a rectified sinusoidal being the phase modulation of 180º located at the 

zero voltage point of the reference. An example of a DSB-SC modulated waveform, 

normalized in amplitude, is shown in Figure 112. 

 

Figure 112. Time domain simulated waveform of the two-tone test signal 

Figure 113 shows an illustration of the generation of the trajectories plot for a 16-

QAM modulation. The transition from the symbol S1 to S2 is detailed. S1 has an 

amplitude M1 and a phase θ1 while S2 has amplitude M2 and a phase (2̟-θ2). The 

ideal trajectory is shown in the dashed blue line Tr1. However, the real trajectory 

will be similar to Tr2 as a result of the filter applied to the signal to reduce the 

bandwidth requirement. 

The trade-off between the bandwidth and the maximum amplitude is determined 

by the raised cosine filter. As the modulation is generated in the time domain with 

discrete amplitude levels, there will be abrupt transitions between the different 

amplitudes of the symbols. 

Additional information about the RF power amplifier design can be obtained with 

the proposed tool. The trajectories plot show, in the IQ constellation diagram, all the 

fk fk+1 fk+2fk-1fk-2

time

a
m

p
li

tu
d

e

DSB-SC Modulated Waveform



 

145 

envelope amplitude and phase values, not only at the sampling rate, but also the 

transition between the different constellation points.  

 

Figure 113. Illustration of the generation of the trajectories plot using for a 16-QAM modulation 

In Figure 114 left the trajectories plot for a roll-off factor of 1 are shown and in the 

right figure are shown for a roll-off factor of 0.5. The roll-off factor will be defined 

by the telecommunication standard and in this work is it assumed a value of 0.5. 

The maximum amplitude of the transition is higher when the non-ideal envelope 

amplifier is considered. Additionally, comparing the origin in both graphs, it can be 

seen that the lower voltages are not reached in the right figure due to the filtering 

effect of the raised cosine filter. 

  

Figure 114. Trajectories plots of the 500kHz 16-QAM signal for a non-filtered signal (left) and for a 

filtered signal (right) 

To calculate the EVM, the error vector has to be obtained: 

 � �" =  h�xt �?" − h�xt �1""1 +  �rx� �?" − �rx� �1""1  (37) 

In (37), e(k) is the error vector and S1 and S2 respectively are the array of symbols of 

the reference and of the non ideal signal obtained.  

Then the EVM in RMS and peak, both in %, can be obtained using (38) and (39). 
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 EVM��� = 100 ∙ � ∑� �"∑ ���� �1"J�mp�� �1""J  (38) 

 EVM=�<� = max  100 ∙ � � �"∑ ��� �1"J����� �1""J�����  �¡" 		"  (39) 

The ACPR values, ACPR_L and ACPR_R are calculated as shown in (40) and (41). 

 ACPR£ = Pch;¥ − Pch_L;¥  (40) 

 ACPR� = Pch;¥ − Pch_R;¥  (41) 

PchdB is obtained integrating the power spectrum on the transmission band and 

Pch_LdB is obtained in the same way but integrating the left adjacent out of band 

spectrum of the same bandwidth than the pass band. The Pch_RdB is equivalent but 

integrating the right sideband of the spectrum. The power in dB is obtained from 

PchW using the expression (42). 

 Pch;¥ = 10 ∙ log10 Pch©" (42) 

The function “modem.qammod” of MATLAB has been used to create the QAM-

based modulator. For a QAM-based modulation, the vector with the symbols is 

generated from the modulator and the random data using the function “modulate”. 

For a ̟/4-QPSK the vector with the symbols is generated using the “dpskmod” 

function. 

To generate the OFDM modulation, all the subcarriers are defined with the 

functions detailed above and then the signal generated in the frequency domain. 

The implementation of the envelope amplifier design tool has been done using 

MATLAB as the software platform. In addition, the Simulink toolbox of MATLAB 

has been used for the time domain simulation validation. In this case, once the 

information has been obtained in Simulink, the simulated data array is imported in 

the design tool to analyze and compare it with the original envelope. 

To illustrate the design process, three design examples are going to be analyzed for 

a 16-QAM modulation with signal bandwidths of 500kHz, 1.5MHz and 4MHz. 

In the first example, a 16-QAM modulation with a bandwidth of 500kHz 

corresponding to a symbol rate of 333.3 symbols/s and a roll-off factor of 0.5 as 

shown in (36). In this case the large signal bandwidth of the envelope is of 250kHz. 

However, the spread spectrum will have influence at higher frequencies. 

The frequency spectrum of the reference and the simulated non-ideal envelope are 

compared in Figure 115 left. The envelope amplifier transfer function has a large 
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signal bandwidth of 750kHz and it corresponds to a ripple cancellation synchronous 

buck converter. However, for this test the switching frequency ripple effect is not 

considered. The same envelope amplifier design will be used for the three design 

examples. 

It can be seen in Figure 115 right that the constellation plot shows almost an ideal 

EVM as the estimated output constellation points are very close to the ideal ones. 

However it can be seen that the non-ideal simulated envelope amplifier introduces 

additional noise in the out of band frequency spectrum compared to the reference. 

 

Figure 115. Simulation results obtained with the proposed design tool for the reference and non-ideal 

designs for the 16-QAM of 500kHz of bandwidth; Left figure: Baseband frequency spectrum; Right 

figure: Constellation plot 

The simulated ACPR_L is 48.6dB and the ACPR_R is 49.7dB, which is an acceptable 

rejection of the out of band harmonics. The WCDMA standard, as an example, 

specifies that the ACPR values must be below -45 dB at ±5 MHz offsets but the level 

of rejection varies depending on the standard. However, the spectral mask 

compliance will define the maximum level of the out of band emissions at each 

frequency. 

The EVM of the design example, as it can be deducted from Figure 115 right and 

Figure 116 left will be very small. The EVMRMS is 0.28% and the peak EVM is 1.3%.  

500kHz
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Figure 116. Simulation results obtained with the proposed design tool for the reference and non-ideal 

designs for the 16-QAM  of 500kHz of bandwidth; Left figure: Trajectories plot; Right figure: Time 

domain envelope (comparison between reference and non-ideal waveform) 

Despite the envelope amplifier performance is almost ideal it can be seen in Figure 

115 left that the maximum attenuation in the frequency interval is 50dB (from -10dB 

to -60dB) approximately compared to the 120dB of the theoretical ideal signal. 

However, if we compare the rejection values it will be seen that while 125dB 

correspond to 1/106 attenuation, 50dB corresponds to 1/316. Despite there is a 

significant difference, both of them offer a very high attenuation of the out of band 

noise and will comply with several telecommunication standards. 

In the next design example, the signal bandwidth has been increased to 1.5MHz. In 

this case, as expected, the performance of the RFPA is highly degraded, as the 

bandwidth of the signal (1.5MHz) is two times higher than the large signal 

bandwidth of the envelope amplifier, far from the ratios that are defined in the state 

of the art between the envelope amplifier bandwidth and the signal bandwidth. The 

envelope of the signal has a large signal bandwidth of 750kHz, which is equal to the 

large signal bandwidth of the envelope amplifier but the extended spectrum of the 

envelope reference will decrease the performance of this envelope amplifier. In 

Figure 117 are shown the main results provided by the design tool for this design 

example. 

For this design example it has been obtained an ACPR_L of 28.1dB, an ACPR_R of 

28.3dB, a EVMRMS of 7% and a peak EVM of 19.5%, considerably higher compared to 

the previous case, as expected. These figures of merit will not comply with any 

communication standard and will require a redesign of the envelope amplifier or a 

decrease in the RF signal bandwidth. 
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Figure 117. Comparison of the ideal vs simulated baseband spectrum and constellation plot for a 

baseband 16-QAM modulation with a bandwidth of 1.5MHz; Left figure: Baseband frequency 

spectrum; Right figure: Constellation plot (red waveforms: ideal signal; blue waveforms: simulated 

non-ideal signal)  

The ACPR in this case is lower than 30dB and in the constellation plot the errors can 

be seen very clearly. Due to the ideal modeling of the PA of the phase path of the 

EER RFPA, the errors are only produced in amplitude, as it can be appreciated. 

However, in this case even with a design that has such as low ACPR, the bit error 

rate (BER) parameter is not considered, as the magnitude of the errors is small 

compared with the magnitude between adjacent symbols. Analyzing the 

constellation diagrams shown in Figure 117 right, it can be seen that the points from 

one constellation point can be easily identified from the adjacent points of the 

constellation, even if a phase error of the same magnitude is considered.  

The time delay effect is not considered in this case, as it is compensated, but will be 

analyzed later in this section. 

In Figure 118 are shown the spectrum and constellation plots for the third design 

example where the bandwidth of the signal is highly increased up to 4MHz. It is 

clear that this design is not feasible due to the higher signal bandwidth compared to 

the envelope amplifier bandwidth. However, it has been used as an illustration of 

the capabilities of the proposed design tool. 

Analyzing the constellation plot, the main conclusion that can be obtained is that the 

transmission will contain a high number or errors due to the overlap of the different 

envelope values for the adjacent constellation symbols.  
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Figure 118. Comparison of the ideal vs simulated non-ideal baseband spectrum and constellation plots 

for a baseband 16-QAM modulation of 4MHz; Left figure: Baseband frequency spectrum; Right 

figure: Constellation plot (red waveforms: ideal signal; blue waveforms: non-ideal simulation) 

Figure 119 shows the comparison of the time domain simulated envelope 

waveforms for the first two design examples, where the 16-QAM modulation has 

bandwidths of 500kHz (left figure) and 1.5MHz (right figure). It can be seen that in 

left figure, the tracking of the envelope is very precise and only in the abrupt slope 

transitions the envelope amplifier is not able to reproduce properly the reference. 

On the contrary, in the right figure it can be seen that for a signal bandwidth higher 

than the envelope amplifier bandwidth the error is not negligible and the reference 

is partially filtered so there will be considerable amount of noise in the transmission. 

Due to the filtering effect, especially visible on Figure 119 right, the lower amplitude 

values will not be reached. 

 

Figure 119. Comparison between the simulated waveforms of the reference signal vs non-ideal 

envelope (red and blue waveforms respectively) for a 16-QAM signal bandwidth of 500kHz (left) and 

1.5MHz (right) 

In terms of the slew rate requirements, it can be seen that it is complied in the 

example of Figure 119 left and not complied in the example of Figure 119 right. 
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Several design examples based on a QAM based modulation have been analyzed in 

this section as an example of the capabilities of the implemented design tool. The 

equivalent analysis has been done for an OFDM modulation. In this case the same 

signal bandwidth than in the QAM-based modulations design (500kHz) has been 

used. The envelope amplifier design is the same than in the previous analysis. The 

OFDM is designed with 256 16-QAM sub-carriers.  

The simulated ACPR is of 35.3dB and the EVM of 1.95%/6% in RMS/peak value. In 

Figure 120 are shown the most significant results obtained for the OFDM 

modulation (baseband frequency spectrum and constellation plot) and in Figure 121 

are shown the time domain waveforms of the envelope reference and the estimated 

output of the envelope amplifier. In this design it has also been included the 

algorithm to compensate the delay in the envelope path. 

 

Figure 120. Left figure: Comparison of the baseband frequency spectrum for the reference vs non-ideal 

envelope for an OFDM modulation with a bandwidth of 500kHz; Right figure: Constellation plot for a 

OFDM signal (red plot: reference signal; blue plot: signal with a non-ideal envelope amplifier) 

 

Figure 121. Comparison between the reference and non-ideal envelope (red and blue waveforms 

respectively) for an OFDM modulation with a bandwidth of 500kHz 

The ACPR of the RFPA for an OFDM will be lower compared to the equivalent 

design (same bandwidth) of the 16-QAM modulation. The reason is that an OFDM 
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modulation requires higher bandwidth and slew rates, as it will be demonstrated in 

this chapter. 

The EVM in this case, as it can be seen in the constellation plot of Figure 120 right, 

has both phase and amplitude error while in the constellation plot obtained for a 16-

QAM the error is only in amplitude. This is explained due to the properties of the 

modulated signal in both cases. The QAM-based modulation is generated in the 

time domain while the OFDM signal is generated in the frequency domain. When 

the envelope is processed and a non-ideal envelope is obtained, in the time to 

frequency domain transformation, the errors in the envelope (time domain) will be 

translated to envelope and phase errors, as it can be seen in Figure 120.  

Comparing the 16-QAM and OFDM modulations figures of merit for the same 

bandwidth and envelope amplifier design, it can be seen that the OFDM has a lower 

performance, due to the higher bandwidth and slew rate requirements. To validate 

this assumption, the envelope spectrum has been obtained for both modulations. 

The results are shown in Figure 122 and Figure 123.  

 

Figure 122. Simulated envelope spectrum for a 16-QAM modulation of 500kHz of bandwidth 

 

Figure 123. Simulated envelope spectrum for a OFDM modulation of 500kHz of bandwidth 

It can be appreciated that the OFDM is more demanding than the QAM based 

modulation in the transmission band. Additionally, at higher frequencies the 

spectrum of the envelope has also a higher magnitude for the OFDM modulation. 
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In Figure 124 are shown the comparison of the baseband frequency spectrum and 

the time domain envelope between the reference and the non-ideal signal for a 

QPSK modulation of 800kHz and an envelope amplifier large signal bandwidth of 

750kHz. Note that in this case the bandwidth of the envelope where the maximum 

amplitude will be demanded is of 400kHz. 

 

Figure 124. Left figure: Comparison of the baseband frequency spectrum of the reference vs simulated 

envelope for a QPSK modulation with a bandwidth of 800kHz; Right figure: Time domain envelope 

for a 16-QAM signal (red plot: reference; blue plot: simulated envelope) 

 

Figure 125. Left figure: Comparison of the baseband frequency spectrum of the reference vs simulated 

envelope for a ̟/4-QPSK modulation with a bandwidth of 1.5MHz; Right figure: Constellation plot 

for a 16-QAM signal (red plot: reference; blue plot: non-ideal signal) 

Figure 125 shows the comparison in the time domain for a 1.5MHz envelope for a 

̟/4-QPSK and additionally the trajectories diagram. This modulation can be seen as 

the superposition of two QPSK constellations where one is rotated 45 degrees over 

the other.  

The main figures of merit for this test are an ACPR of 28.2dB, an EVMRMS of 6.8% and 

an EVMpeak of 15%. Analyzing the Figure 125 right it can be seen that the amplitude 

range in this modulation is limited and lower than in the case of an OFDM or a 

QAM both at lower amplitude levels. 
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Figure 126 shows the frequency spectrum and the time domain comparisons 

between the reference and the envelope for a two-tone test where the two tones are 

separated 200kHz. It can be seen that the third order intermodulation products 

(IMD3) are attenuated 43dB in comparison with the two main tones of the signal. 

Comparing the envelope signals, it can be seen that the EA tracks accurately the 

reference for amplitudes higher than 10% of the maximum output voltage. 

  

Figure 126. Comparison of the reference vs simulated 200kHz two-tone test; Left figure: frequency 

spectrum and IMD3; Right figure: time waveforms; (red plots: reference; blue plots: non-ideal 

simulated design)  

4.1.4 Control mode analysis and design optimization 

In Chapter 3, both the open loop and closed loop designs for the synchronous buck 

converter with ripple cancellation network were presented and analyzed. A closed 

loop design optimization, to reduce the ratio between the EA switching frequency 

and the signal bandwidth, was presented both for the conventional buck converter 

and for the RCN buck converter. In this section, using the envelope amplifier design 

tool, it is presented an additional validation by simulation. The validation will be 

done for the conventional buck converter but it is also applicable to the RCN buck 

converter. 

For an open loop control, it is assumed that the converter is able to operate within 

the large signal bandwidth almost ideally, assuming a constant resistive load, a 

proper design of the EA with adequate damping of the output filter and considering 

an ideal phase delay.  

When a closed loop design is considered, if the small signal bandwidth is extended 

to a higher frequency, the performance of the envelope amplifier can be improved if 

the Vref to Vo transfer function is designed properly. In this region, despite the filter 

limits the maximum amplitude, the envelope amplifier will still be able to transmit 

lower amplitude harmonics.  In Figure 127 is shown an illustration of the envelope 
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amplifier transfer function and compared to the open and closed loop magnitude 

transfer functions. 

Additionally, if the large signal bandwidth is reduced, the switching frequency 

could also be reduced, with the limitation in the reduction of the large signal 

bandwidth of the envelope to be transmitted. 

 

Figure 127. Illustration of the envelope spectrum (magnitude) and of the open loop (duty cycle to 

output voltage) and closed loop (reference to output voltage) transfer function 

The proposed tool will be used to compare the performance of an open loop and a 

closed loop design, and to evaluate the potential improvements of the closed loop 

design. 

Firstly, the slew rate requirement of the envelope has been analyzed, as it could be a 

more restrictive limitation in the optimization of the design in case the maximum 

slew rate was demanded at higher frequencies than the large signal bandwidth of 

the envelope (it has been assumed a large signal bandwidth of BW/2 being BW the 

bandwidth of the RF signal). 

The slew rate spectrum of the envelope can be seen in Figure 128, for a 64-QAM 

modulation with a bandwidth of 500kHz. Additionally, the spectrum of the 

envelope is shown in Figure 129. 

Analyzing the slew rate distribution, it can be seen that the peak value is at the 

symbol rate (333kHz in this design) that it is also seen in Figure 129 where a peak in 

the amplitude of the envelope spectrum can be appreciated at 333kHz. With the 

symbol rate value and a roll-off factor of 0.5, then a signal bandwidth of 500kHz is 

obtained. 

Therefore, to optimize the envelope amplifier design for this signal, the maximum 

reduction of the large signal bandwidth will be limited to 333kHz and not to the 

(½)SignalBW

Frequency

Open loop TF
Large Signal BW

Closed loop TF

Small Signal BW

Envelope spectrum
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250kHz for this type of signal and design example. This is an important design 

factor as this effect will be present in the envelope of any QAM-based signal. 

Analyzing the design optimization done in section 3, this result will have influence 

only in the closed loop control design of the conventional buck converter. For the 

closed loop design of the buck with RCN the complexity of the design does not 

allow such a high reduction of the large signal bandwidth and therefore the design 

optimization shown in chapter 3 is valid. 

                           

Figure 128. Normalized slew rate spectrum (V/µs) for a 64-QAM modulation with a bandwidth of 

500kHz 

 

Figure 129. Normalized envelope spectrum (dB) for a 64-QAM modulation with a bandwidth of 

500kHz 

In the design case shown in section 3 for the conventional buck converter in closed 

loop, the large signal bandwidth was reduced to 520kHz and the switching 

frequency to 8MHz. Applying the analysis done in this section for the design done 

in chapter 3, for a 1MHz signal with a symbol rate of 666 symbols/sec (assuming a 

roll-off factor of 0.5), it can be obtained the requirement for the minimum large 
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signal bandwidth, that will be 666kHz. Therefore, the minimum switching 

frequency will be 10MHz instead of 8MHz to obtain the required value of the 

attenuation of the output voltage ripple. 

Finally, applying this design limitation based on the analysis of the envelope signal, 

the ratio between the switching frequency and the signal bandwidth will have to be 

increased from 8 to 10. However, this ratio will be lower compared to the open loop 

design of the conventional buck, with a value of 20 as shown in chapter 3. 

The same analysis to obtain the slew rate and envelope spectrum has been done for 

an OFDM modulation with a bandwidth of 500kHz (Figure 130 and Figure 131). 

 

Figure 130. Normalized slew rate spectrum (V/µs) for a OFDM modulation with a bandwidth of 

500kHz 

 

Figure 131. Normalized envelope spectrum (dB) for a OFDM modulation with a bandwidth of 

500kHz 

It can be appreciated that despite both RF signals have the same bandwidth, the 

requirements are higher for the envelope signal that corresponds to the OFDM 
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modulation. However, in both modulations the maximum slew rate and large signal 

bandwidth is required at the same frequency, 333kHz for this design example. 

The attenuation of the out of band noise, of the switching harmonics and 

intermodulation products of the switching frequency with the envelope spectral 

components will also have to be analyzed. The analysis of the most limiting factor is 

very important because there will be two criteria to validate the switching frequency 

reduction:  

• The stability criteria of the control loop. 

• The switching frequency harmonics attenuation by the envelope amplifier 

output filter. 

Taking into account the stability criteria and the slew rate requirements (no 

switching frequency effect is considered in this analysis), it has been compared the 

performance of an open loop design to an equivalent closed loop design. 

The topology chosen for this analysis is the conventional buck converter. The 

simulation has been implemented MATLAB and for the closed loop Simulink has 

additionally been used. The time domain simulation data have been imported in 

MATLAB and analyzed in the proposed design tool.  

In Figure 132 is shown the comparison of the baseband signal spectrum for two 

different designs, one in open loop and the other using an output voltage loop 

control, to obtain the same ACPR for a 600kHz 16-QAM modulation. For this 

analysis, the same reference signal has been used for both design alternatives. 

In Figure 132a it is shown the signal spectrum for a closed loop design with a large 

signal bandwidth of 550kHz and a small signal bandwidth of 2MHz, designed with 

an output voltage control loop. In Figure 132b, the simulation results for an open 

loop buck converter with a large signal bandwidth of 750kHz is shown. 

Comparing both results, it can be seen that despite the attenuation of the out of 

band harmonics is very similar in the frequency range adjacent to the pass band. At 

higher frequencies, due to the extended small signal bandwidth of the control loop, 

the attenuation of the out of band noise is higher (10dB of additional attenuation at 

±1.5MHz). Therefore, a closed loop design allows a reduction in the cut-off 

frequency of the filter, and therefore of the switching frequency. Additionally, it 

shows an improved design at higher frequencies due to the extended small signal 

bandwidth.  
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These results demonstrate that a reduction in the cut-off frequency of the filter from 

750kHz to 550kHz (31%) can be done for this design case if the proposed closed loop 

design is implemented. 

 

Figure 132. Baseband spectrum of a 16-QAM modulation of 600kHz of bandwidth (blue waveforms) 

compared to (red waveforms): (a) closed loop design (b) open loop design 

 

Figure 133. Comparison of the baseband frequency spectrum of a 16-QAM modulation of 600kHz of 

bandwidth: (a) closed loop design (b) open loop design 

In Figure 133 are compared the designs for closed (a) and open (b) loop control 

using the same filter, of 550kHz of bandwidth. As it can be seen the attenuation of 

the intermodulation products is 6-7 dBs higher for the closed loop design at 

fc±300kHz up to approximately 10dBs at fc±1.5MHz. These results provide an 

additional validation of the design optimization of the envelope amplifier proposed 

in chapter 3. 

An additional analysis has been done to measure the effect of the delay produced by 

the envelope amplifier. In Figure 134 are shown the baseband frequency spectrum, 

600kHz 600kHz

(a) (b)

(a) (b)
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both for the closed loop design. In Figure 134 (a) the time delay is not compensated 

and it can be seen that the attenuation of the out of band noise is lower (between 9-

10dB depending on the frequency) compared to Figure 134 (b), where is has been 

compensated. 

 

Figure 134. Baseband frequency spectrum of a 16-QAM modulation of 600kHz bandwidth (red 

waveforms) compared to a closed loop design with non-compensated (a) and compensated (b) delay of 

the envelope amplifier delay (blue waveforms). 

In this section it has been analyzed the performance of the envelope amplifier for an 

open and closed loop design neglecting the switching ripple effect. Despite this 

effect has not been included in the previous analysis, it can be of high importance, 

as it could limit the design improvement as a design may not comply with the 

figures of merit of the communication standard due to the additional out of band 

noise produced by the envelope amplifier due to the switching frequency distortion. 

This effect is especially important in the proposed envelope amplifier solution, the 

synchronous RCN buck converter, as effects as the intermodulation products 

between the switching frequency and the envelope spectrum and the higher order 

switching frequency harmonics could limit the performance of the solution. 

In order to analyze this effect, the switching ripple effect has been included in the 

Simulink model in open loop. It has been used the RCN synchronous buck 

converter with a bandwidth of 750kHz, a switching frequency of 4MHz and a signal 

bandwidth of 600kHz. The output spectrum of the envelope can be seen in Figure 

135. 

It can be seen the effect of the ripple cancelation network at 4MHz and in the 

adjacent frequencies. A slight increase of the out of band noise is also produced but 

with an attenuation level of -70dBc. However, the 8MHz harmonic is not cancelled, 

as shown in this validation test and a lower attenuation of -60dBc approximately is 

(a) (b)
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obtained, which has to be considered to ensure the compliance with the spectral 

mask of the application standard. In the next section this effect will be measured 

and analyzed in the integrated system. 

 

Figure 135. Spectrum of the envelope of a 16-QAM modulation of 600kHz of bandwidth with a RCN 

buck converter of 750kHz of BW considering the switching ripple effect (fsw=4MHz). 

4.1.5 Experimental validation 

The proposed design tool can provide the main figures of merit of a RF power 

amplifier: ACPR, EVM, trajectories plot, constellation plot, envelope time domain 

waveform, signal baseband and envelope spectrums and the slew rate spectrum. 

However, there are several simplifications in the RFPA model that will decrease the 

accuracy of the simulation results. Therefore, the model will provide necessary but 

not sufficient conditions to comply with the RF power amplifier requirements. 

In order to quantify the accuracy of the simulation results and to set the range of 

validity of the model (and of the experimental set-up) an experimental validation of 

the proposed design tool has been done. 

The experimental tests have been done in the laboratory of the GIRA-CEI group of 

the UPM. The figures of merit of the RF power amplifier have been obtained with 

the design tool and also have been generated experimentally and acquired with the 

RF measurement equipment shown in Figure 136. 

The RF signal is first generated in MATLAB and the main figures of merit are 

obtained. Additionally, the Cartesian domain I-Q signals are generated and sent to 

the 81150A signal generator. This generator acts as a DAC converter and provides 

the analog references of both. The analog I-Q signals are then connected to the RF 

vector signal generator. The RF output signal is directly connected to a signal 

spectrum analyzer or to a signal demodulator to obtain the main figures of merit of 
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the output signal. The block diagram of the experimental set-up is shown in Figure 

136. 

With this set-up it is possible to analyze and compare the different types of 

modulations and non-linearities between the proposed design tool and the 

experimental test bench. However, the maximum accuracy will be limited by the 

experimental set-up, in particular by the precision of the generators and the 

measurement equipment as it will be shown. 

 

Figure 136. Experimental set-up for the validation of the proposed design tool 

First of all, it has to be taken into account (as will be shown experimentally) that 

with the defined test bench the maximum ACPR that can be measured is 50dB 

approximately, even measuring an ideal reference. A similar limitation can be seen 

for the EVM, where lower values than 0.9% and 2% for the RMS and peak values 

cannot be obtained experimentally. Therefore, the communication standard that can 

be validated in this test bench should have values of ACPR and EVM within these 

limits. However, for the developed RF power amplifier, the range of the figures of 

merit is within the test bench measurement range and will be valid for the 

experimental validation of the proposed envelope amplifier for several 

communication standards.  

In the experimental tests, the envelope amplifier has been modeled as a 

conventional buck converter with a second order filter with a cut-off frequency of 

500kHz. The analytical transfer function has been applied in the design tool to the 

original reference. The bandwidth of the signals tested varies from 10kHz up to 

750kHz and the ACPR and EVM have been obtained and compared for different 

modulations. 

To evaluate the effect of the delay between the reference and the envelope, a control 

algorithm has been used to compensate it or to set to a desired value. Additionally, 

in the experimental validation it has also been controlled or eliminated, always 

considering that there will be a minimum time step in the signal generator of 1ns. 

The experimental validation has been done for a 16-QAM and an OFDM 

modulation and for a two tone test signal. In Table XVI are shown the validation 

results for a 16-QAM modulation with a bandwidth from 10kHz up to 750kHz. For 

modulation bandwidths from 10kHz up to 300kHz, the ACPR is higher than 50dB 
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and the limitation of the test bench does not allow to validate experimentally those 

design cases. 

Table XVI. Experimental validation for a 16-QAM modulation considering as the envelope amplifier 

a buck converter with a LC filter with a cut-off frequency of 500kHz  

 

However, at 300kHz the ACPR estimation error is reduced to 6.7%. For bandwidths 

higher than 300kHz it can be seen that the ACPR error is below 3%. For 750kHz, 

both the ACPR_L and ACPR_R are detailed, showing a very accurate prediction. 

The conclusion of this validation test is that the simulated behavior of the signal in 

terms of EVM and ACPR for signals with ACPR lower than 51dB can be accurately 

estimated. Therefore the precision of the design tool within that range will only be 

limited by the degree of detail in the modeling of the envelope amplifier. 

The EVM error is very low in all the design range. However, in a similar way as 

with the ACPR, the predictions at higher bandwidths are more accurate.  

In Figure 137 it is shown the comparison between the experimental and the 

simulated ACPR_L for a 16-QAM modulation to illustrate the limitation of the 

experimental measurements. 

 

Figure 137. Comparison between the experimental and simulated ACPR_L for a 16QAM modulation 

The same validation has been done for an OFDM modulation. In this case, the EVM 

could not be obtained experimentally so only the ACPR has been compared. The 

experimental results are shown in Table XVII. In this test, as the OFDM is a more 

16-QAM

BW Simulation (dB) Experimental (dB) Difference (%) Simulation (%) Experimental (%) Difference (S-E)(%)

10kHz 63 51,28 22,9 0,25/0,5 0,9/2 0,65/1,5

100kHz 63 50,91 23,7 0,13/0,3 0,7/2 0,57/1,7

192kHz 60,5 50,08 20,8 0,17/0,5 0,9/1,8 0,73/1,3

300kHz 54,6 51,15 6,7 0,3/0,7 0,9/2 0,6/1,3

400kHz 48,8 47,43 2,9 0,48/1,32 1/2,0 0,52/0,68

600kHz 38,41 38,45 0,1 1,7/4,5 1,2/2,8 0,5/1,7

750kHz 34,7/34,5 (L/R) 35,3/34,4 (L/R) 1,7/0,3 (L/R) 2,4/5,7 3/6,4 0,6/0,7
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demanding signal in terms of ACPR, the experimental validation is limited only up 

to a bandwidth of 100kHz. From 300kHz to 700kHz, both the ACPR_L and ACPR_R 

have been estimated with the proposed tool with a high accuracy, with an error 

lower than 3.7% for all the cases and lower than 1% for most of the simulation 

results. The EVM estimation value is below 1%/2% for the RMS and peak values for 

all the tests shown in Table XVII. 

Table XVII. Experimental validation for an OFDM modulation and a buck converter envelope 

amplifier with a LC filter of 500kHz cut-off frequency 

 

In Figure 138 it is shown the comparison between the experimental and the 

simulated ACPR_L for an OFDM modulation to illustrate the limitation of the 

experimental measurements. 

 

Figure 138. Comparison between the experimental and simulated ACPR_L for an OFDM modulation 

In the proposed tool, as explained previously, an algorithm to compensate the delay 

introduced by the filter of the envelope amplifier has been included. However, it is 

also interesting to evaluate the impact of the linearity decrease in the figures of 

merit of the RFPA for a non-compensated delay. Additionally, it is a good test to 

evaluate the accuracy of the tool.  

In the experimental test, a delay of 440ns has been produced by the effect. The 

results are shown in Table XVIII. Comparing these results with the ones shown in 

the previous table, it can be appreciated the high effect of the delay in the ACPR and 

EVM of the RF power amplifier. Additionally, it can be appreciated the good 

OFDM
BW Simulation (dB) Experimental (dB) Difference (%)

100kHz 61,8/62,8 49,83/50,16 24/25,2

300kHz 45,5/46,9 44,52/45,24 2,2/3,7

500kHz 34,73/35 34,19/34,71 1,6/0,8

600kHz 31,6/31,1 31,79/31,09 0,6/0,03

700kHz 29,3/28,9 29,48/29,03 0,6/0,45
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accuracy in the estimation of the figure of merit for 100kHz and 200kHz 

bandwidths. 

Table XVIII. Experimental validation for a 16-QAM modulation with a non-compensated delay in the 

envelope amplifier stage 

 

The two-tone test is used as an indicator of the linearity of a RF power amplifier. 

The envelope in this signal is a rectified sinusoidal and the phase modulation is of 

180º at the zero voltage points of the envelope. 

The simulated envelope, with a period of 5µs, can be seen in Figure 139 left where it 

is also shown the envelope amplifier output. The effect of the second order filter 

with a cut-off frequency of 500kHz can be clearly seen. Despite the slew rates of the 

envelope are correctly reproduced in most of the design range, at lower voltage 

levels the signal has an abrupt change of slope. In these operation points is where 

the envelope amplifier is not able to follow the reference and therefore is the cause 

of the decrease in the linearity. In that region also applies the limitation of a buck 

converter to reach low output voltage. This effect will be analyzed with the 

proposed design tool to quantify the linearity decrease produced and to evaluate 

different control alternatives. 

 

Figure 139. Comparison between the two-tone test reference and the simulated envelope; Left figure: 

Time domain simulation; Right figure: Frequency spectrum (IMD3 highlighted) 

The spectrum of the two tone test obtained with the simulation tool is shown in 

Figure 139 right, where the attenuation of the intermodulation products can also be 

quantified. The most important ones are the third order intermodulation products 

16-QAM
BW Simulation Experimental Difference (%) Simulation Experimental Difference

10kHz 58 45,54 27,4 - - -

100kHz 39 40,75 4,3 2,43 / 6 3,4 / 7,8 0,97 / 1,8

200kHz 32,4 34,47 6,0 4,93 / 12,1 4,8 / 11,5 0,13 / 0,6
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(IMD3) as the attenuation between the amplitude of the two transmitted tones and 

the amplitude of the IMD3 is used as an estimation of the linearity of the RF 

transmitter. 

In Table XIX the comparison between the IMD3 attenuation obtained 

experimentally and with the design tool is shown. It can be seen that for a two-tone 

test frequency of 10kHz, applying a second order filter with a cut-off frequency of 

500kHz, the experimental test bench is not able to measure the high attenuation of 

the IMD3 products, over 100dB. For higher frequencies, the simulation results are 

close to the experimental measurements but with errors from 4% to 10%. 

Table XIX. Experimental validation of the design tool for a two-tone test signal 

 

In this case, the experimental results are not as accurate as in the case of the digital 

modulations. As the IMD3 attenuation is highly sensitive to parameters as the delay 

between envelope and phase, it is more complex to reproduce the same test 

conditions in the design tool than in the experimental measurements and therefore a 

higher error that can be observed. The results of the two-tone test are used to 

provide an estimated measurement of the linearity of the RFPA, as there is not a 

specified value in the standards. 

In Table XX and Table XXI are shown the results of the analysis of the non-

linearities of the envelope due to the low output voltage limitations. As explained in 

the previous chapter in the characterization of the proposed buck-derived envelope 

amplifier, a voltage below a certain threshold will not be obtained in certain 

operating conditions as a high switching frequency, low duty cycle and a low 

output load. 

Table XX.  Experimental validation for a two-tone test; Comparison between different control 

strategies to decrease the non-linearities effect produced at lower output voltage levels 

 

The purpose of this analysis is to evaluate the influence of this effect and to evaluate 

which of the possible control alternatives is the best in terms of ACPR. For this test, 

DSB-SC
BW Simulation Experimental Difference (%)

10kHz 103,4 58,21 43,7

100kHz 51,3 45,9 10,5

200kHz 41,6 43,3 4,1

IMD3 attenuation (dB)

Simulation(dB) Experimental(dB) Simulation(dB) Experimental(dB)

ACPR L/R 33,2/31 33,76/31,87 35,66/34,6 35,48/34,88

A: Set to 0V B: Set to 10%Vmax

OFDM

Control strategy to decrease the distortion due to the envelope limitation at low 

voltages (for V<10%Vmax)
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it has been set the minimum voltage to the 10% of Vmax, taken from the experimental 

results obtained and shown in the previous chapter.  

As shown in Table XX, it can be seen that the simulated and the experimental results 

are in good agreement, and a very small difference can be seen. 

Two possibilities have been compared. The first one is to set the output voltage to 

zero when the reference is below the 10% of Vmax and the second strategy is to keep 

the output voltage at 10% of Vmax. The obtained results show that for the 

specifications of the experiment there is around 3dB of improvement in the second 

case compared to the first one. 

In Table XXI the ACPR of both design strategies is compared to the ideal envelope. 

The first conclusion is that the difference in ACPR is small, between 1dB and 5.5dB 

and especially for the strategy designed as B in Table XX, it is below 2dB. The first 

conclusion that can be obtained is that an action to improve the non linearity at 

lower voltage levels will only produce a minor improvement in the ACPR. Despite 

the option B is better in terms of linearity, could also produce a lower efficiency, so 

the final decision will be taken depending on the compliance with the specific 

communication standard. 

Table XXI. Experimental validation for a two tone test; Comparison between the original and the 

envelope with different strategies to deal with the non-linearities at low voltage levels 

 

As a conclusion, the simulation results obtained with the proposed tool have been 

validated experimentally. It can be seen that for non-ideal signals, the proposed tool 

estimates very accurately the ACPR of the transmitter. It also provides a good 

estimation of the RMS and peak value of the EVM. However, due to the limitations 

of the test bench, an ACPR lower than 51dB and lower than 0.9%/2% for RMS/peak 

EVM cannot be measured experimentally.  

The two tone test has also been experimentally validated and finally the analysis 

and validation of the non-linearities of the envelope amplifier has been done. 

The proposed design and optimization tool opens the design space to closed loop 

solutions and to the evaluation of the impact of non-idealities designed in the time 

and or frequency domain in the final RF transmitter. This type of analysis makes 

Simulation(dB) Experimental(dB) Env. to 0V (dB) Env. to 10% of Vmax (dB)

ACPR L/R 36,68/36,54 36,7/36,45 3,48/5,54 1,02/1,94

OFDM
Ideal envelope Distortion increase comparison (simulation)

Control strategy to decrease the distortion due to the envelope limitation at low 

voltages (for V<10%Vmax)
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this tool useful to improve and reduce the design of an envelope amplifier for an 

EER technique transmitter, inherently complex due to the demanding specifications 

and to the different figures of merit of the envelope amplifier and the complete RF 

amplifier. 

4.2. Conclusions 

In this section a design and optimization tool is proposed for the envelope amplifier 

of an EER RFPA. Based on the envelope amplifier design, the tool provides the main 

figures of merit of the complete EER RFPA. Therefore, it allows the evaluation of 

envelope amplifier design in the integrated amplifier in the early stages of the 

design saving time and resources and avoiding a under and over designed envelope 

amplifier. 

The proposed design tool has a very wide design and analysis space due to the 

multiple possibilities for the input data, the different modulations and signals that 

can be implemented and due to the complete characterization of the figures of merit 

of the EER RFPA. 

Additionally, it is possible to evaluate a closed loop control strategy and to compare 

it to an open loop control. Using this analysis, the optimized design of the 

envelope amplifier for a closed loop control has been validated. 

Analyzing the slew rate and the envelope bandwidth requirements, the limitation of 

the optimized design for the envelope amplifier in terms of large signal bandwidth 

has been defined. 

The modelling of the effect of the non-linearities of the envelope amplifier in the 

complete amplifier has also been implemented. Of special interest are the effect of 

the switching ripple in the RCN buck converter and the limitation for the lower 

voltage levels of the envelope amplifier. These analyses and the conclusions 

obtained improve the design and optimization process of the envelope amplifier, 

reducing the potential redesign stage.  

The experimental validation of the proposed tool has been done and a very good 

agreement has been obtained between the measured and estimated figures of 

merit. 
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Chapter 5 
Integration of the High Efficiency EER RF 

Power Amplifier  
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5. Integration of the High Efficiency EER RF Power 

Amplifier 

5.1. Introduction 

In this section it is presented the integration of the proposed solution for the 

envelope amplifier with a class E amplifier to obtain a high efficiency 

radiofrequency power amplifier implemented with the EER technique.  

There are several ways to implement the linearization of a PA, but this work is 

focused on the Kahn’s Technique or Envelope Elimination and Restoration 

Technique (EER) [Kahn52]. The EER technique is used to enhance the efficiency and 

the linearity of the RFPA and in Figure 140 it can be seen a block diagram of the 

transmitter. The idea of this technique is based on the principle that any narrow-

band signal can be represented as a simultaneous envelope and phase modulation.  

 

Figure 140. Block diagram of the polar transmitter  

The efficiency of EER technique lies in the switch-mode and high efficiency PAs 

(theoretically 100% for classes D, E, F) and of their power supply (envelope 

amplifier) [Raab02]. These PAs are based on a transistor as a switching device, so 

the power losses in it are very low, compared with the case when it works as a 

current source in linear classes.  

The envelope amplifier stage needs to comply with very demanding specifications 

as a high linearity, efficiency and bandwidth and to provide a very high quality of 

the transmitted envelope. The efficiency has also very low values compared to other 

applications due to the highly demanding specifications, as the high PAPR, which 

makes the converter operation point far from the high efficiency region. 
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For the practical implementation of the integrated power amplifier, it has been 

chosen the polar implementation instead a pure EER, as the envelope and phase 

signals are generated by software and applied independently to each of the stages of 

the RF transmitter using high frequency signal generators. 

The main publications of RF transmitters of the last years are included in this 

section to quantify the main figures of merit of each type of solution. 

The necessary linearity of the power amplifier can be achieved with a linear PA, but 

with a low efficiency, lower than 25% for signals with fixed supply voltage and high 

envelope variations [Lopez08]. Several architectures have been proposed to improve 

the efficiency of the radiofrequency transmitter without decreasing the performance 

compared to a linear power amplifier supplied by a linear regulator. 

An alternative solution for a higher efficiency is the Doherty amplifier, a topological 

modification of a class B amplifier, which can reach an efficiency value close to 50% 

for an output power of 50W and a PAPR of 3.28dB as in [KimJ11]. In [Lee11] and 

[Moon11], efficiencies of 40.3% and 49.3% respectively are obtained for a mean 

output power of 15.8W for PAPR of the transmitted signal of 10.5dB and 7.8dB 

respectively. The Doherty amplifier does not imply a significant increase in the 

complexity of the solution and offers a considerable efficiency improvement. 

There are other solutions that provide theoretically higher efficiency as EER or the 

ET technique, based on a modulated supply voltage. Efficiencies from 42% to 48% 

are obtained applying ET in [KimD11] and a 44% is obtained for an output power of 

25W with a lower bandwidth envelope [Hoyerby09]. In [Chen12] it is presented a 

comparison of recent publications on EER/polar/ET transmitters, that includes 

solutions with a PAE of 22% and an EVM of 1.69% for a bandwidth of 384kHz and a 

PAPR of 3.4dB and also a solution with a PAE of 48.1% for a 384kHz signal 

bandwidth and an EVM of 1.6%. Finally, for a high bandwidth of 3.854MHz, a PAE 

of 44% and a higher EVM of 4.02% is referenced. In Table XXII are shown several 

solutions of the state of the art for the RFPA with bandwidths between 50kHz and 

20MHz and power levels from below 1W up to 50W. It can be appreciated that very 

few solutions obtain an efficiency value over 50%. 

The figures of merit (FOM) are the ACLR, ACPR, EVM and also the relative 

constellation error (RCE).  The RCE is the EVM value given in units of dB as some 

wireless networking standards use this term instead of EVM. In terms of efficiency, 

the global efficiency, PAE or the DC to RF values are the ones that are reference in 

the state of the art. 
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Table XXII. State of the art comparison of RFPA for Doherty, ET and EER techniques 

 

To overcome the limitation of the low efficiency, single stage solutions for the 

envelope amplifier can provide a high linearity and a high bandwidth but have the 

limitation of the high switching frequency necessary to obtain the necessary 

bandwidth and a low distortion in the transmitted signal. Therefore, many of the 

single stage solutions correspond to integrated solutions, where it is possible to 

switch at very high frequencies up to hundreds of MHz. The limitation of these 

solutions is in the low voltage levels and in the output power that will be low. In 

[Shinjo13], a 200MHz switching envelope amplifier is shown for a 20MHz 

bandwidth and an output power below 4W. In [Bathily12], envelope amplifier with 

switching frequencies up to 200MHz with integrated technology is presented. The 

output power is below 1W and the output voltage is below 3.6V but no results of the 

integrated RF power amplifier are shown. 

To improve the envelope amplifier performance for higher voltages and output 

power, a hybrid solution can be used. Either a series [Vasic12B] or parallel [Vasic12A] 

combination of a linear assisted converter and a switched converter provides a 

trade-off between efficiency and bandwidth, achieving a high linearity for the 

RFPA, but the additional stages increase the complexity and limit the efficiency 

improvement of the power amplifier, as it can be seen in [Vasic12B], where the 

envelope has a bandwidth of 2MHz for a mean output power in the range of tenths 

of watts, similar to the output power of this work, and an PAE of 44%.  

In [KimJ13], several RF power amplifiers are compared. These solutions are based 

on a dual envelope amplifier combining a linear and switched envelope amplifier. 

The transmitted signals are LTE with bandwidths between 5MHz and 20MHz. The 

Technique Signal Bandwidth Pout (W) ƞ/PAE Signal PAPR FOM Reference

Polar 384kHz 0,24W 22%(PAE) EVM=1,69% [Reynaert05]

Hybrid EER 20MHz 0,08W 28%(PAE) EVM=2,8% [Wang06]

Doherty 10MHz 50W 57% (DC to RF ƞ) 6.5dB ACLR=-55dBc [Steinbeiser08]

ET 50kHz 25W 44% (DC to RF ƞ) 9,6dB ACPR=-67dBc [Hoyerby09]

ET 5MHz 42W 58% (PAE) 6,6dB ACLR=-49dBc [Jeong09]

Hybrid EER 5MHz 16W 40% (PAE) 8,2dB RCE= -21,2dB

ET 5MHz 16W 40,9% (PAE) 8,2dB RCE=-33,6dB

3,854MHz 1,4W 48,8% (ƞ) 3,28dB ACLR=-51,2dBc

10MHz 0,8W 42,2% (ƞ) 7,44dB EVM=2,69%

Doherty 20MHz 50W 50% (DE) ACLR=-50dBc [KimJ11]

Doherty 5MHz 15,8W 40,3% (DE) 9dB ACLR=-50dBc [Lee11]

Doherty 10MHz 15,8W 49,3% (ƞ) 7,8dB ACLR=-43dBc [Moon11]

ET derived 384kHz 0,4W 45,5% (PAE) EVM=1,9% [Yang11]

ET 10MHz 20W 50%-60% (PAE) 9.6dB ACPR=-55dBc [Hsia11]

EER 384kHz 0,5W 48,1% (PAE) 3,4dB ACPR=-68dBc EVM=1,6%

Polar 5MHz 0,5W 48% (PAE) 3,4dB ACPR=-51dBc EVM=2
[Chen12]

[Kim09]

ET [KimD11]
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output power is between 16dBm (39.8mW) to 29dBm (794.3mW) and the PAE is 

between 14% and 43%. For these solutions, the PAE is very limited, especially for 

low power range but high bandwidths can be obtained. 

The implemented integrated EER transmitter has a mean output power in the range 

of decades of watts with a peak output power of 90W for a supply voltage of 24V. 

The main advantage of the proposed solution, as will be shown, is the high 

efficiency obtained compared to the state of the art. 

5.1.1 Characteristics of the digital modulations  

In the design of each of the stages of the RF transmitter, the envelope amplifier and 

the power amplifier, there are specific requirements for each of them. However, the 

final system will be characterized using a set of parameters that will take into 

consideration the whole system. In this section these specifications are detailed and 

analyzed, so the experimental results and tests can be better understood and 

justified. 

In the signal transmission, a carrier signal can be modulated in amplitude, phase or 

frequency or by a combination of them to transmit the information.  

We can identify analog and digital modulations. The advantages of the analog 

implementation are the very simple demodulation for AM and FM and that no 

digital circuits are needed. Main disadvantages are that these modulation methods 

require a high power, the lower density of the information transmission compared 

to digital modulation and the higher sensitivity to noise. 

Digital modulation offers a higher simplicity in terms of the modulation methods 

and can approach to the theoretical limit of transmitted information into a given 

band. Additionally it offers higher data security, compatibility with digital data 

services and a better communications quality. The disadvantages are the necessity 

of synchronization with the receiver, that will consume bandwidth, and that the 

sharp waveforms obtained in the modulation have to be filtered to limit the 

bandwidth requirements.  

In a digital modulation, the transitions between symbols are synchronized with the 

symbol clock period which is also the reception rate of the symbols as in those 

instants the transmitted carrier should be at the desired I/Q point. 

In this work, QPSK, ̟/4-QPSK, 16-QAM and OFDM digital modulations have been 

used for the experimental validation. Additionally it has been used a two-tone 

signal, also called double-sideband suppressed carrier (DSB-SC). 
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 For the digital modulations, the signal bandwidth depends on the symbol rate, 

which is defined as the bit rate divided by the number of bits transmitted with each 

symbol. Theoretically, the maximum bandwidth will equal the symbol rate, but in 

practice it will be always lower than this value. If more bits are sent with the same 

number of symbols, more data can be sent with the same spectrum, but the 

requirements of the transmitter will be more demanding. In Figure 141 the BPSK 

and the QPSK constellations are shown. For the first one, the bit rate is equal to the 

symbol rate and for the QPSK the bit rate is two times the symbol rate. 

The OFDM is generated in the frequency domain and does not need of a raised 

cosine filter as in a QAM based modulation, generated in the time domain. The 

OFDM modulation is a multi-carrier modulation where the sub-carriers that 

transmit the information are orthogonal to each other. With the OFDM modulation, 

the symbol becomes N times longer, being N the number of subcarriers. This 

characteristic makes it more robust to propagation noise and delays. The main 

disadvantage is that the high PAPR reduces the system efficiency and is very 

demanding in terms of the specifications of the envelope amplifier, as it was shown 

in chapter 4. 

 

Figure 141. Constellation diagram of a BPSK (left) and a QPSK modulation (right)  

Once the constellation is defined as well as the possible transitions, for a modulation 

generated in the time domain, the application of a filter allows a bandwidth 

reduction without degrading the transmission of the data, and therefore allows a 

high spectral efficiency of the transmitted signal. 

The Nyquist or raised cosine filter is used to filter these transitions. This type of 

filter is designed to ring at the symbol clock frequency and therefore the time 

response goes through zero at the same period of the sampling frequency so it is a 

good candidate to filter the transitions between symbols as the adjacent symbols do 

not interfere with each other. 
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Figure 142. Constellation diagram of a QPSK modulation illustrating the different trajectories 

without (left) and with (right) a raised cosine filter  

The parameter β is the roll-off factor and can be understood as the "excess 

bandwidth factor" of a filter. This parameter determines the sharpness of the filter 

and therefore the RF signal bandwidth is defined as in (36), where the bandwidth is 

equal to the symbol rate multiplied by (1+ β).  

A value of β=0 means that the filter has no effect and therefore the transition will be 

impossible to implement due to the sharpness of the transitions. A value of β=1 will 

mean the opposite, the use of a RF signal bandwidth of two times the symbol rate. 

Typical values of β are 0.3 to 0.5. The effect of this type of raised cosine filter is 

shown in Figure 142 compared to a QPSK constellation with no filter. The value of 

the roll-off factor is defined by the modulation standard. In this work a value of 0.5 

has been used. 

In Figure 143 is illustrated the raised cosine filter frequency response for different 

roll-off factors. 

 

Figure 143. Frequency response of a filter for different roll-off factors (β) 

β = 1

β = 0.5

β = 0

β = 0.3
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5.1.2 Figures of merit of a RF power amplifier  

As presented in chapter 2, the main figures of merit of a RF power amplifier are the 

ACPR, the EVM and the spectral mask compliance. Additional parameters of a 

RFPA are the PAPR of the signal, the operating frequency, the type of modulation 

and the gain of the power amplifier.  

The main specifications are the output power level and the maximum output 

voltage. The efficiency measurement can be found in the state of the art as drain 

efficiency, power added efficiency or as total efficiency, which is the efficiency 

measurement that is preferred for this thesis as it takes into account all the power 

losses to generate a certain level of output power. 

In (2), (3), (4) are shown the main efficiency measurements of a RF power amplifier. 

The DE does not take into account the RF path and the power that goes through it. 

PAE is similar to DE but the RF power input is taken into account in the numerator. 

This measurement of the efficiency can be very frequently found in the state of the 

art. For an amplifier with a high gain, the DE will be very similar to the PAE, and 

for a certain gain G the PAE is defined as in (43). 

 ª«� = �� ∙ ¬_?¬ 	 (43) 

Other important figure of merit is the ACPR, also given as the ACLR, which is a 

measure of the out of band noise to signal ratio. It is measured as the ratio between 

the power transmitted out of band to the power transmitted in band. The out of 

band region that is considered for the power integration has the same bandwidth 

than the signal and are located at each side in the frequency spectrum 

(fc±0.5BW,fc±1.5BW) where fc is the carrier frequency. What is measured really is the 

lateral ACPR, considering only one side band, either IMDL or IMDR (Figure 144). In 

some cases, in the edges of the transmission band, a small region between the 

transmission band and the lateral bands is left in the calculation of the ACPR to 

avoid errors in the power integration. Figure 144 shows a representation of the IMD 

products at the sides of the transmission band. 
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Figure 144. Frequency bands used in the calculation of the ACPR  

The EVM measures the signal to noise in band and is represented by the 

constellation plot. An error vector measures the difference between the transmitted 

and the ideal symbol, as shown in Figure 145. The error vector is a complex quantity 

and the EVM is defined by a root mean square of the error vectors (EVMRMS) and is 

given as a percentage. However, it can be given or demanded as the 95th percentile 

of EVM or the peak EVM value depending on the application. 

 

Figure 145. Illustration of the error vector  

When a signal is demodulated, one of the more useful graphs is the constellation 

plot, which shows all the theoretical operation points, each one different in phase 

and/or amplitude, and the real operation points (signal value obtained at the 

sampling rate). If the trajectories are also plotted in the constellation diagram, the 

transitions between the symbols can be analyzed.  

In Figure 146 it is shown, in the IQ plane, the constellation for a 16-QAM 

modulation. Varying the amplitude and phase the transitions between all the points 

can theoretically be reached. The most demanding transitions are the ones that cross 

the origin of the IQ plane. For these transitions, the voltage will decrease with a high 

slope so a high bandwidth will be necessary. 
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Figure 146. Constellation diagram of a 16-QAM modulation  

An additional measurement of the RF signal obtained when the output signal is 

demodulated is the eye diagram, which offers a qualitative analysis of the system 

performance [Breed05]. The eye diagram is an oscilloscope display of a digital signal 

which is sampled repetitively. It is useful to appreciate the amount of distortion 

seen as the signal to noise ratio and the time variations at zero crossing.  

Additionally to the ACPR and the EVM, the spectral mask gives the compliance of 

the signal in all the frequency range, in band and out of band. 

In Figure 147, the different regions of the frequency spectrum standard are shown 

for a digital radio mondiale (DRM) service. For this application there are three 

different regions.  

 

Figure 147. Out of band emission limits for DRM broadcasting service  
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The transmission band, which has a low bandwidth for this application, of 20kHz. 

This second region starts at f0±0.53·BW and ends at f0±2.98·BW. The maximum 

allowed distortion varies from -30dB to -60dB and from that point starts the third 

region. This region sets the maximum attenuation of the mask at 60dB from the 

emission level. The spectral mask shown in Figure 147 has been obtained from the 

European standard for transmitting equipment for the digital radio mondiale 

broadcasting service part 1, which specifies technical characteristics and test 

methods. The standards for the different services can be found on the European 

Telecommunications Standards Institute (ETSI) website [ETSI]. 

5.2. High efficiency power amplifier 

In order to obtain an EER transmitter with a high linearity, it is necessary that the 

envelope injection produced by the envelope amplifier is synchronized with a phase 

modulated signal component amplified by the power amplifier.  

To amplify and modulate the phase information, it has been chosen a class E 

amplifier due to the good performance and high efficiency. The class E amplifier is 

highly non-linear but in EER is used to amplify a phase modulated signal of 

constant amplitude, so there will not be a limitation.  

Figure 148 shows the simplified schematic of the class E amplifier that has been 

implemented. The class E amplifier that is used to amplify the constant envelope 

modulated phase operates at the VHF band and exhibits a wide fractional 

bandwidth of 26% at 100MHz.  

 

Figure 148. Schematic of the class E amplifier  

In the integration of the RCN buck converter with the class E amplifier stage (Figure 

148), the filter of the proposed synchronous buck converter with RCN will be 

sufficient to avoid any interaction between both stages of the RF power amplifier. If 

the envelope amplifier is a linear assisted converter, an additional filter will be 
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necessary to decouple the operation of both stages and ensure the correct operation 

of both of them. In this case, the cut-off frequency has to be designed very 

accurately to avoid a bandwidth limitation of the linear assisted converter. 

The results of the efficiency measurements of the implemented class E amplifier 

when it is supplied with 28V are shown in Figure 149. Its output power exhibits a 

peak value over 140W at that supply voltage, operating between 100MHz-120MHz 

and the drain efficiency of the amplifier in that frequency range supplied with 24V 

is around 85%, so any operating frequency in that range can be used to supply the 

maximum output power with an efficiency of 85%. For the integration tasks 

presented in this chapter, a carrier frequency of 100MHz has been chosen. The 

design of the class E amplifier has been done by the GIRA-CEI group of the UPM. 

Additional details of the design of the class E amplifier can be found in [Ortega10]. 

 

Figure 149. Measured output power and the efficiency of the implemented class E for different 

switching frequencies 

The drain voltage of the implemented class E amplifier operating at 100MHz can be 

seen in Figure 150. 

 

Figure 150. Drain voltage of the implemented class E amplifier when it operates at 100MHz (5V/div; 

2ns/div) 
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5.3. Integrated Radiofrequency Power Amplifier 

In this section it is shown the integration of the switched and high efficiency class E 

amplifier with the proposed envelope amplifier. The operating conditions are the 

following: 

• Vin=24V. 

• Vout_max=22V. 

• Switching frequency of the envelope amplifier of 4.4MHz. 

• Pout_max=97W. 

Additional specifications will be given by the application and the standard, as the 

bandwidth, the EVM and the ACPR. These specifications will be commented at the 

end of the chapter in the analysis of the experimental results obtained with the 

integrated RFPA. 

The photography of the implemented transmitter is shown in Figure 151. On the left 

side of the figure it can be seen the envelope amplifier and on the right side the class 

E amplifier. 

 

Figure 151. Photograph of the implemented RF transmitter (left PCB: envelope amplifier; right PCB: 

class E amplifier) 

The efficiency is one of the main advantages of this design, as both stages, the 

synchronous buck converter and the class E amplifier will have a high efficiency. 

The proposed design achieves a switching frequency reduction for a given 

bandwidth compared to other solutions. However, the switching frequency still 

limits the performance of the RF power amplifier in terms of the maximum 

bandwidth of the signal that can be transmitted with a high performance. This will 

be the main limitation of the integrated RFPA proposed in this thesis. 
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5.3.1 Characterization and linearity improvement of the integrated 

power amplifier 

First of all, and before testing any of the digital modulations, it is necessary to 

characterize the amplifier linearity and the sources of distortion, as well as to 

compensate them to obtain a linearity value as high as possible. Only AM-AM and 

AM-PM distortion are relevant for the EER power amplifier implemented in this 

thesis. However, if not compensated, these sources of distortion will decrease highly 

the linearity of the RF power amplifier. 

In Figure 152 it can be seen the block diagram that shows the concept of the 

predistortion that has been applied both for AM-AM and AM-PM. 

 

Figure 152. Block diagram of the predistortion concept  

To evaluate the necessity of the AM-AM, it has been measured the output voltage 

range in the whole range of operation (as in the phase path the amplitude is 

constant, there will not be AM-AM distortion).  

The first conclusion obtained from this test is that a buck converter (this limitation is 

not specific of the proposed solution) cannot provide the lower voltage values so it 

will be a source of nonlinearity. This effect can be higher or lower depending on the 

type of the envelope amplifier, the modulation, the accuracy of the control signals 

generation and on the load. For a 16-QAM or 64-QAM, of high PAPR there will be 

influence, but not as high as with an OFDM, which is on one side more demanding 

in terms of bandwidth and also has a lower density probability of the output 

voltage. Signals as QPSK, with lower PAPR, will have in principle better 

performance, and specially ̟/4-QPSK. In this modulation, the transitions are 

generated from one point in the original QPSK constellation to a point in the QPSK 

constellation rotated ̟/4 radians from the original. For this type of modulation, the 

envelope will not reach the lower voltage values. Experimental test for all the above 

referred modulations have been done and will be shown in this section.  
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The second conclusion is that, despite the curve shown is linear it has a small 

threshold due to the contribution of the discharging slope to the output voltage for 

low duty cycles, as detailed in chapter 3. This effect has been characterized and 

compensated to improve the linearity, but the improvement will be lower compared 

to the one obtained with the AM-PM predistortion. 

In chapter 3 it was shown a transfer function (Vout/d) not as linear as the Vout 

measured and shown in Figure 153. This difference is due to the conditions of the 

test, which were not the same on both cases, especially because of the accuracy of 

the equipment used. In the integration tests the accuracy in the generation of the 

control signals has been much higher than in the characterization tests of the 

envelope amplifier stage. However, these effects will still be present and will have 

influence on the performance of the amplifier. 

 

Figure 153. AM-AM predistortion of the integrated amplifier 

In Figure 153 it is shown the characterization test of the AM-AM distortion. The 

measured Vout is almost linear as it can be seen compared to the ideal duty cycle 

(green waveform), also obtained with a high resolution signal generator. However, 

it can be seen the limitation at the lower voltages where the transfer function goes 

from 2V to 0V. 

The correction needed is the difference between the compensated and the measured 

Vout, almost a constant threshold as it can be seen in the figure. The lower voltages 

still cannot be reached but the power transmitted at those levels is small, and is a 

source of distortion that will have a limited influence. However, if an improvement 

in the linearity is necessary, it can be implemented with a gate modulation of in the 

phase path [Raab99], increasing the complexity of the RFPA control. 

Measured Vout

Compensated Vout

Duty cycle
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Once the transfer function of the AM-AM is characterized, the complementary 

curve is obtained taking as the reference the ideal linear response. The increase in 

the linearity obtained experimentally with the AM-AM predistortion for this RF 

amplifier is between 3dB and 4dB.  

The AM-PM distortion is the distortion in the phase introduced by the class E 

amplifier due to the phase variation produced by the amplitude modulation of the 

power supply of the PA. This distortion has a high influence in the linearity and has 

to be compensated. The digital predistortion has been chosen for the 

implementation for the good trade-off between linearity improvement and 

implementation complexity. 

To implement the AM-PM predistortion the phase deviation for each supply voltage 

has been obtained experimentally applying all the voltages with a ramp from 0V to 

Vmax and obtaining the phase of the obtained waveform. Once the curve has been 

characterized, an expression to compensate has been obtained. The graphical plot of 

the AM-PM predistortion curve can be seen in Figure 154.  

 

Figure 154. Predistorted phase for the DSB-SC signal 

Due to the complexity of the curve, a 20th order polynomial has been chosen to 

track accurately the predistortion curve. 

The predistortion signal applied to the phase modulation of the DSB-SC signal to 

compensate the phase distortion of the class E amplifier can be seen in Figure 155. 

Additionally, in a dashed line it is shown the reference of the phase modulation of 

the two-tone test. The phase with predistortion is finally obtained by the 

combination of the phase reference and the predistorted phase.   
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Figure 155. Measured waveform of the applied predistorted phase corresponding to the DSB-SC 

signal 

The linearity characterization of the envelope amplifier has been done firstly with a 

two-tone test, using a DSB-SC signal. This signal consists in the transmission of two 

tones, at fc ± fm/2 where fc is the carrier frequency and 1/fm is the period of the 

envelope of the DSB-SC, which is a rectified sinusoidal signal. A phase modulation 

of 180° is applied when the envelope reference reaches 0V. This type of signal 

produces intermodulation products spaced fm from the two transmitted tones. 

Therefore it is very easy to test and measure the third order intermodulation 

product (IMD3) for different fm frequencies and obtain the linearity curve. 

The DSB-SC has the following expression: 

p ∙ cos {p ∙ |" ∙ g ∙ cos {g ∙ |" = ®�∙®̄1 ∙  cos {g + {p" ∙ |" + g ∙ 	  cos {g −{r"∙|			   (44) 

This signal, due to the high level of harmonic content, is highly demanding for the 

envelope amplifier and therefore. However it is a test that is easy to implement and 

measure and is useful to characterize the RF power amplifier linearity and to 

evaluate the improvement of the predistortion algorithms. 

In Figure 156 is shown the attenuation of the intermodulation products for a DSB-

SC waveform with a period of 106kHz. In this figure, it can be seen also the feed-

through effect (bottom waveform in blue) which is the distortion introduced by the 

phase path. Even a perfectly linear envelope amplifier will have the limitation of 

maximum IMD3 distortion attenuation in that level. The feed-through distortion is 

caused by the phase modulation. As the amplitude is constant in the phase 

modulation path, the spectrum transmitted is different to the spectrum that is 

required at the output and therefore appears the distortion. A way of decreasing 

Phase modulation

reference

Phase with 

predistortion
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this distortion is the modulation of the amplitude also in the phase path, known as 

the gate modulation, but it will introduce additional AM-AM distortion that will 

have to be characterized. Due to the complexity of this technique it has not been 

implemented in the integrated transmitter. 

 

Figure 156. Spectrum of the power amplifier output signal when the reference is a DSB-SC (top trace) 

and the feed-through of class E amplifier when the power supply is disconnected (bottom trace) 

In Figure 157 it is shown the linearity of the solution obtained with the two-tone 

test. It can be seen that the linearity is constant up to a certain frequency where it 

starts to decrease. The rejection of the IMD3 is around 40dB until is decreases but a 

slight decrease of 3dB can be seen in a small frequency range. This effect is due to 

the limitation to produce the lower voltages and this effect will have a different 

influence for different frequencies of the two-tone test.  

 

Figure 157. Characterization of the linearity of the implemented transmitter obtained with a DSB-SC; 

IMD3 attenuation (dB) 

When the envelope slope at lower voltages is similar to the decreasing slope of the 

output of the envelope amplifier (and the same effect happens with the increasing 
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slope), the linearity will be higher compared to other periods. In these cases there is 

a sharp decrease in the envelope (lower DSB-SC frequencies) or the envelope does 

not reach the lower voltages (higher DSB-SC frequencies). 

The linearity increase has been measured for a 16-QAM signal with a bandwidth of 

100kHz and it is shown in Figure 158 where the attenuation of the out of band noise 

can be measured. The conclusion analyzing the effect of both predistortions (AM-

AM and AM-PM) is that the effect of the AM-PM predistortion technique will be 

higher compared to the AM-AM for this RF power amplifier. It can be seen the 12dB 

attenuation improvement due to the applied predistortion techniques. The AM-AM 

is around 3dB-4dB maximum, so the AM-PM will be 9dB-8dB respectively for this 

test. 

 

Figure 158. Frequency spectrum of the implemented power amplifier for a 16-QAM signal with 

(bottom trace) and without (top trace) the predistortion technique 

5.3.2 Experimental results 

In this section are shown the experimental results of the integrated RF power 

amplifier with the AM-AM and AM-PM digital predistortion techniques applied to 

improve the linearity of the RFPA. 

The RF test signals have been created using MATLAB employing a pseudorandom 

bit sequence to obtain the digital modulations. The phase information of the signals 

is stored in a function generator (Agilent 81150A) and used to modulate a constant 

envelope carrier at 100MHz which serves as the phase reference for the class-E 

power amplifier. The RF signal envelope is used to generate the PWM signals 

modulated with a triangular carrier and stored also in a function generator to 

provide the control signals for the envelope amplifier. 

Different types of digital modulations have been tested as QPSK, ̟/4-DPSK, 16-

QAM and OFDM with QPSK and ̟/4-DPSK subcarriers. The implemented 

12dB
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envelope amplifier, as seen in the transfer function shown in chapter 3, has a 

bandwidth of 800kHz and will be able to reproduce signals from 500kHz to 770kHz, 

despite for the higher signal bandwidths the figures of merit will decrease slightly 

as will be shown in this chapter. The OFDM modulation, due to the higher PAPR 

and lower output mean power compared to the other modulations, will be the one 

with lower efficiency. On the contrary, the ̟/4-DPSK modulation will have the 

highest efficiency due to the higher voltage levels and therefore to the high mean 

output power.  

5.3.3 Experimental results: 16-QAM modulation 

The integrated transmitter has been tested with a 16-QAM modulation with a 

bandwidth up to 768kHz. However, from 528kHz the performance of the RF power 

amplifier decreases slightly because the envelope amplifier does not have enough 

bandwidth. 

In Figure 159 it is shown the envelope of the 16-QAM modulation with 420kHz of 

bandwidth. Despite the envelope of this modulation reaches 0V, the amplitude 

density probability of this modulation is higher than a modulation as OFDM, so 

both the efficiency and the performance of the solution will be better. 

 

Figure 159. Oscilloscope waveform of the envelope of a 16-QAM modulation with a bandwidth of 

420kHz (20µs/div and 5V/div) 

The demodulated signal main waveforms are shown in Figure 160 where it can be 

appreciated that a high attenuation of the out of band intermodulation products is 

achieved, of more than 40dB. Additionally different waveforms of the demodulated 

signal are shown. In the top left graph it can be seen the constellation plot where the 

voltage at the sampling rate is shown as well as the trajectories between the 

different points of the constellation. The top-right graph is the eye diagram where a 

qualitative estimation of the quality of the transmitted signal is obtained. Analyzing 
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transmitter will be shown later in this section. For 420kHz and 528kHz signal 

bandwidths, the EVM is lower than 1.6%, and for 768kHz increases slightly up to a 

2%. Besides EVM and ACPR, the spectral mask is a figure of merit that has to be 

taken into account to comply with the regulation standards.  

For a solution as the proposed in this work, with the RCN buck converter as the 

envelope amplifier, it is important to measure if there is any influence in the 

spectrum due to the reduction of the switching frequency to the large signal 

bandwidth ratio for the envelope amplifier. In a 2MHz span no distortion is 

appreciated in the ACPR or in the EVM.  

Due to the spread spectrum of the envelope, the intermodulation products of the 

switching frequency with the transmitted frequency components appear as lateral 

bands at the sides of the switching frequency and its multiplies. If the rejection of 

the output current ripple is small or very selective, the lateral bands could have a 

lower rejection ratio and introduce noise in the output voltage that would be 

measured mainly in the spectral mask at higher frequencies.  

Figure 164 shows the frequency spectrum of the output signal, with an extended 

frequency span of 50MHz. In Table XXIII is shown the attenuation of the amplitude 

of the harmonics at each of the multiples of the switching frequency, 4.4MHz for 

this design. It can be seen that at the switching frequency the rejection is very 

high (63.8dB), almost negligible compared to the background noise floor in the 

measured spectrum range.  

 

Figure 164. Spectrum of the 16-QAM signal with a bandwidth of 520kHz 

The maximum source of noise appears at 100±17.6MHz (the fourth harmonic of the 

switching frequency) and the attenuation is 51.01dB. For the second and third 

harmonics, at 8.8MHz and 13.2MHz respectively, the attenuation levels are 60.74dB 

and 60.73dB, practically the same value. Therefore, the rejection of the switching 

frequency harmonics and the lateral bands is very high and always higher than 
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50dB. Even more, the point of lower attenuation, 51dB, is at 17.4MHz, that will have 

no effect in ACPR and EVM. It could have influence in the spectral mask 

compliance depending on the application and on the transmitted power level. 

However, due to the high difference between the transmitted signal bandwidth and 

the frequency of the most significant harmonic, at 17.4MHz, a filter to decrease the 

switching frequency harmonics can be used at the transmitter level. 

Analyzing Figure 164 it can be seen that the switching harmonic rejection is not 

complete symmetric. This is caused by the memory effect of the integrated amplifier 

that is not compensated in this work. More details of the memory effect and its 

cancellation can be found in [Vuolevi01]. 

Table XXIII. Switching frequency harmonics attenuation for a 520kHz 16-QAM signal 

 

As a conclusion, the proposed reduction in the switching frequency to signal 

bandwidth ratio does not have an impact in the main figures of merit of the RF 

power amplifier for this modulation and can be used to increase the efficiency of the 

envelope amplifier. In order to evaluate the effect of the switching frequency and 

the lateral bands in the time domain, the switching ripple of the envelope of the 16-

QAM modulation has been measured. The output voltage ripple detail for a 16-

QAM modulation is shown in Figure 165. It can be seen that the peak to peak value, 

including the 100MHz carrier noise is lower than 100mV. Additionally, it is difficult 

to identify the main frequency component of the switching ripple, but it is close the 

17.6MHz which is component that has the lowest attenuation in the out of band 

region as it can be seen in the spectrum of the transmitted signal. 
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Figure 165. Output voltage ripple of the 16-QAM signal with a bandwidth of 520kHz (100mV/div; 

50ns/div) 

5.3.4 Experimental results: QPSK modulation 

The integrated transmitter has also been tested for a QPSK modulation. In Figure 

166 the phase and envelope experimental waveforms of the integrated RF 

transmitter are shown for a signal of 528kHz of bandwidth.  

 

Figure 166. Oscilloscope waveforms of the integrated transmitter for a QPSK signal with a bandwidth 

of 528kHz; phase modulation in channel 1 (2V/div); envelope in channel 3 (10V/div); (10µs/div) 

In Figure 167 the complete experimental waveforms of the integrated transmitter 

are shown. The solid area of channel 4 shows the 100MHz carrier frequency and the 

envelope amplifier output is shown in channel 3. 

The demodulated signal waveforms are shown in Figure 168. Analyzing the results 

it can be seen that the EVM is very low, 1.7%, the ACPR is 41.4dBm (5.91dBm 

transmitted in band to -35.48dBm in the lateral band of the same bandwidth). The 

constellation and eye diagrams show a good performance of the RF power 

amplifier.  
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modulation. The second reason for using this type of modulation is the high 

efficiency obtained. Due to the high mean output power, as the PAPR is lower and 

the voltage levels higher, it is expected that the efficiency of the envelope amplifier 

will increase so the total efficiency will be higher compared to the other tested 

digital modulations. 

 

Figure 169. Oscilloscope waveform of the envelope of the integrated transmitter for a ̟/4-QPSK 

signal with a bandwidth of 528kHz; (5V/div) (20µs/div) 

The complete experimental waveforms for this type of modulation are shown in 

Figure 170 where the phase modulation, the envelope and the carrier can be seen for 

a signal with a bandwidth with 528kHz. 

 

Figure 170. Oscilloscope waveforms of the integrated transmitter for an ̟/4-QPSK signal with a 

bandwidth of 528kHz; phase modulation in channel 1 (1V/div); envelope in channel 3(10V/div); high 

frequency carrier in channel 4 (10V/div); (20µs/div) 

The spectrum of the transmitted signal has been measured to evaluate the quality of 

the transmission and the switching harmonics and lateral bands attenuation. The 

spectrum analyzer captures are shown in Figure 171 and Figure 172. 
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Figure 171. Spectrum of the ̟/4-QPSK signal (frequency span of 10MHz) 

Figure 171 shows the spectrum for a 10MHz frequency span centered in 100MHz 

where the attenuation at 4.4MHz is -65dB. If we apply a higher frequency span 

(Figure 172) of 100MHz, we observe that the minimum rejection of the 

intermodulation products in the out of band region is again around 17.6MHz (at 

17.31MHz exactly) and has an attenuation of -54.15dB in this case. Analyzing the 

spectrum it can be noticed the memory effect, as the spectrum is not symmetric from 

the 100MHz carrier frequency. 

 

Figure 172. Spectrum of the ̟/4-QPSK signal (frequency span of 100MHz) 

The demodulated signal waveforms for the ̟/4-QPSK are shown in Figure 173. The 

EVM is 1.87% and the eye diagram and the constellation diagrams indicate a good 

performance of the transmitted signal. The measured ACPR is 39.3dB (10dBm in the 

transmission band and -29.03dBm in the out of band region with 528kHz of 

bandwidth centered in 100MHz±528kHz). 



High Efficiency EA based on a Ripple Ca

Figure 173. Main waveforms 

Analyzing the ACPR value

QAM signal with the same

the envelope waveform, w

so the linearity of the envel

5.3.6 Experimental res

The last modulation that 

modulation with 128 carrie

tested. The number of carr

generated signal. This per

bandwidth of the signal an

can be stored in the used

waveforms of the integrated

Figure 174. Oscilloscope wav

bandwidth of 280kHz; phase mo

(10V/div)

Cancellation Buck Converter. Design, Optimization and Integration i

198 

 

s of the demodulated ̟/4-QPSK signal with a bandwidt

lue, it can be seen that the value is lower comp

me bandwidth (41.2dBm). The main reason can

which for a ̟/4-QPSK has higher slew rate r

elope amplifier will be lower. 

results: OFDM modulation  

at has been tested is an OFDM. It has bee

riers and both QPSK and ̟/4-QPSK sub-carrie

arriers is limited by the maximum period ava

period is determined in the experimental se

 and by the maximum number of points of th

ed signal generators. Figure 174 shows the 

ted transmitted for an OFDM modulation. 

 

aveforms of the integrated transmitter for an OFDM si

 modulation in channel 1 (1V/div); high frequency carrie

iv); envelope in channel 3 (10V/div); (50µs/div)  

n in an EER RFPA 

idth of 528kHz 

mpared to a 16-

can be found in 

e requirements, 

een selected a 

riers have been 

vailable for the 

 set-up by the 

f the PWM that 

e experimental 

 signal with a 

rier in channel 2 



 

199 

From top to bottom (Figure 174) are shown the envelope, the high frequency carrier 

and the phase modulation. This signal is very demanding due to the high 

bandwidth and PAPR requirements. 

Analyzing the frequency spectrum, shown in Figure 175, it can be seen that the most 

significant intermodulation products appear at fc-8.99MHz from the center 

frequency, with an attenuation value of -58.58dB and at fc-17.59MHz, with an 

attenuation of -55.95dB. 

 

Figure 175. Spectrum of the OFDM signal; frequency span of 20MHz (left) and 100MHz (right); 

10dB/div 

The waveforms obtained for the ACPR measurement are shown in Figure 176, 

where the integration of the output power intervals is shown. The total ACPR for a 

bandwidth of 128kHz is 37.11dB and 36.99dB for a 256kHz bandwidth with QPSK 

sub-carriers. For ̟/4-QPSK subcarriers, similar results have been obtained, with an 

ACPR of 37.61dB for a signal bandwidth of 256kHz. 

 

Figure 176. Spectrum of the OFDM signal; Measurement of the transmission band (left figure) and 

lateral band (right figure) for the ACPR (frequency span of 500kHz) 

Figure 177 shows the detail of the output voltage ripple of the envelope for an 

OFDM modulation with a bandwidth of 128kHz. 
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The measured output voltage ripple for the OFDM modulation with the proposed 

envelope amplifier is very low, of 51.6mV, which is 0.43% of the mean output 

voltage. 

 

Figure 177. Output voltage ripple of the ODFM signal with a bandwidth of 128kHz (50mV/div; 

200ns/div) 

The high PAPR together with the limitation of a single buck converter to provide 

low voltages (critical for a high linearity) explains the decrease in the linearity for 

this type of modulation for EER, which is lower than 40dB. 

In this section the integration of the proposed envelope amplifier with a class E 

amplifier has been done. A high efficiency value for the EER RFPA has been 

validated, as it will be shown at the end of this chapter. The proposed envelope 

amplifier, however, can be also applied for the ET technique where the bandwidth 

requirements can be reduced by a proper design. However, in this case and due to 

the variable load, it would be necessary the implementation of a closed loop control 

or any other technique to avoid the variable load influence in the performance of the 

envelope amplifier. 

5.3.7 Influence of the switching frequency harmonics in the proposed 

integrated RF power amplifier  

In the design of the proposed envelope amplifier, one of the most important factors 

is the ratio between the switching frequency and the signal bandwidth. In the 

proposed implementation of the synchronous buck converter with ripple 

cancellation network, the switching frequency can be decreased compared to an 

equivalent design of a conventional buck converter. The influence of this reduction 

in the design and in the performance of the converter has been analyzed in section 3, 

but it is also important to evaluate the impact in the proposed application. 
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In the transmission of a communication signal with the proposed EER power 

amplifier, the switching harmonics and its multiplies, at N*fsw, generate a distortion 

in the output voltage that may have negative effects in the EVM, ACPR, if they 

appear close to the carrier frequency, or in the spectral mask compliance. 

In the time domain this effect can be seen as an increase of the output voltage ripple, 

which should be kept as low as possible. Additionally to the switching harmonics, 

due to the wide bandwidth of the envelope, the intermodulation products appear at 

the sides of the switching harmonics. The amplitude is lower compared to the 

switching harmonics, but due to the proposed ripple cancellation design, it has to be 

verified in the spectrum that the lateral bands do not affect to the performance of 

the RF power amplifier more than the specific switching harmonic that is cancelled. 

For the integrated RFPA, it has been validated experimentally that for all the tested 

modulations, the attenuation of the switching harmonics and lateral bands is very 

high and also that the frequency of the most significant harmonics is several times 

higher than the switching frequency. However, additional tests have been done to 

understand why some of the high order harmonics have a lower attenuation. 

For this test, a constant duty cycle of 20%, 50% and 70% has been applied to the 

envelope amplifier and the main switching harmonics of the integrated power 

amplifier have been measured. 

In Figure 178 left the control signals and output voltage ripple are shown and in 

Figure 178 right it can be seen the frequency spectrum for a duty cycle of 50%. The 

total output voltage ripple, including the 100MHz component, has a peak to peak 

value of 90mV. If we only consider the output voltage ripple at the 4.4MHz 

component, the value is approximately of 45mV. 

 

Figure 178. Left figure: channel 1 and 2: control signals (1V/div); Channel 3: Switching ripple detail 

for a duty cycle of 50% (100mV/div and 50ns/div); Right figure: spectrum of the RF power amplifier 

for DC output voltage signal and duty cycle of 50% (5MHz/div; 10dB/div) 
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Analyzing the frequency spectrum, it can be seen that the most significant 

harmonics are the third and fifth, at 13.17MHz and 21.96MHz respectively, and the 

attenuation is 56.94dB and 55.98dB respectively. The attenuation of the first 

switching harmonic, at 4.4MHz, has a value of 70.55dB. 

The conclusion is that the current ripple cancellation is done correctly for the first 

harmonic, so the amplitude of the current ripple in L1A and L2 is the same. However, 

the current in L2 is not completely triangular due to the value of the parasitic 

components of the ripple cancellation network, and will not cancel the higher order 

harmonics perfectly. As a triangular waveform (corresponding to a duty cycle of 

50%) has only odd harmonics, in the spectrum there will be only the odd harmonics 

of higher order that are not perfectly cancelled. 

Figure 179 shows the simulated spectrum of the current of a synchronous buck 

converter for a 50% duty cycle. As expected, only the odd harmonics can be seen 

with significant amplitude. 

 

Figure 179. Simulated spectrum of the inductor current of a synchronous buck converter with a duty 

cycle of 50% 

The same tests have been done for 20% and 70% duty cycle (Figure 180). In this case 

the difference is that the current waveform has odd and even switching frequency 

harmonics. For a 20% duty cycle, the most significant harmonics are the second and 

the sixth, at 8.91MHz and 26.30MHz respectively and with 58.83dB and 59.20dB of 

attenuation while at the switching frequency the attenuation is 64.04dB. 

For 70% duty cycle, the most significant harmonics are at 8.87MHz and 22.39MHz 

(second and fifth) with attenuations of 53.46dB and 56.10dB respectively.  
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Figure 180. Spectrum of the RF power amplifier for DC output voltage signal and duty cycle of 

20%(left) and 70% (right) (frequency span of 100MHz) 

As it can be seen in Figure 181, for 20% duty cycle the most significant harmonics 

are 2nd, 3rd, 4th and 6th while in the experimental tests are the 2nd and the 6th. For a 

70% duty cycle, the harmonics in the simulation appear from the 2nd to the 6th and in 

this case the 2nd and the 5th are the most significant. 

 

Figure 181. Simulated spectrum of inductor current of a buck converter with duty cycle of 20% (blue 

waveform) and 70%(red waveform) 

For these two tests, as the duty cycle is not 50%, odd and even harmonics are 

present in the current waveform which in the ripple cancellation network is not 

perfectly triangular and therefore the non-ideal cancellation of odd and even 

harmonics of an order from two to six can be seen in the frequency spectrum. 

However, the attenuation of all these harmonics is very high, being always higher 

than 50dB and almost 60dB in most of the cases. The attenuation of the switching 

frequency first harmonic, at 4.4MHz is much higher and is hardly appreciated in the 

switching ripple. In Figure 182 is shown the switching ripple detail for 20% and 70% 

duty cycle, which is of 74mV and 110mV respectively including the 100MHz 
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component, and lower than 100mV for both cases considering only the switching 

harmonic components. 

 

Figure 182. Switching ripple detail for a duty cycle of 20%(left figure, 100ns/div) and 70% (right 

figure, 50ns/div) (100mV/div) 

The main conclusion of this experimental validation is that the effect of the 

proposed design in terms of switching frequency reduction in the RF power 

amplifier does not introduce significant distortion in the EER power amplifier. It 

can be seen that for the switching harmonics and for the lateral bands very high 

attenuations are obtained. Therefore and due to the reduction of the switching 

frequency, a high total efficiency can be obtained with the proposed design of the 

envelope amplifier.  

5.3.8 Spectral mask compliance 

In order to test the compliance with the different communication standards, it has 

been compared the signal spectrum with different spectral masks. Due to the 

bandwidth of the standards, the spectral masks have been adapted to the measured 

bandwidths. Spectral masks corresponding to DRM and WLAN_802.11 and have 

been used for this comparison.  

In Figure 183 it can be seen the spectral mask of the DRM standard adapted to a 16-

QAM with a bandwidth of 528kHz. Despite the DRM standard maximum 

bandwidth is 20kHz, it has been adapted to evaluate the quality of the transmitted 

signals in terms of the attenuation of the intermodulation harmonics. For a higher 

frequency span the fourth harmonic will cross the -60dB mask as the obtained 

attenuation is between -50dB and -60dB, but as it is far from the carrier frequency it 

could be solved with an analog filter for the complete signal. 
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Figure 183. Adapted spectral mask of the DRM standard (1MHz/div; 10dB/div) 

In Figure 184 it is shown the mask for the IEEE 802.11a-1999 standard. This signal is 

designed for a high bandwidth of 20MHz (adapted here for 384kHz) but the 

attenuation requirements are less demanding than in the previously shown mask. In 

this case, the adapted mask is always over the transmitted signal in any frequency 

of the spectrum. 

 

Figure 184. Adapted spectral mask of the IEEE 802.11a-1999 standard (192kHz/div, 10dB/div) 

For applications as DVB and DAB a higher attenuation is required, with levels up to 

90dB, even higher that the floor level of noise obtained in the test equipment. 
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5.3.9 Efficiency measurements of the integrated RF transmitter 

The main advantage of the proposed EER power amplifier is the high efficiency 

obtained. Due to the single stage architecture and the reduced switching frequency, 

the efficiency of the envelope amplifier will be high. Additionally, the high 

efficiency class E amplifier will also have a high efficiency and therefore the 

efficiency of the EER RF power amplifier will be high.  

The efficiency for all the different modulations has been tested with a 50Ω load for 

the RFPA. The efficiency measurements provided are the DE and the total 

efficiency. However, the last one is preferred in this work as it takes into account all 

the power losses for a certain level of output power. The experimental 

measurements of the efficiency of the complete systems are summarized in Table 

XXIV.  

Table XXIV. Efficiency of the integrated RF amplifier for different modulation techniques 

 
 

An Agilent N1912A RF wattmeter has been used for the output power 

measurements. At the output of the RF power amplifier has been added an 

attenuator before the connection to the spectrum analyzer or to the wattmeter. The 

attenuation of the measurement equipment has been tested independently in the 

temperature conditions of the test to obtain an accurate measurement of the output 

power. It has been considered an efficiency of 90% in the driving stage to obtain a 

measurement as reliable as possible. A driving power of 2W has been used. 

Analyzing the results of Table XXIV, it can be seen that the efficiency increases with 

the output power. The class E has practically a constant efficiency so the difference 

in the efficiency is due to the envelope amplifier efficiency increase. The measured 

total efficiency of the RF power amplifier is between 57% and 70.6%, which are 

very high efficiencies compared to the recent state of the art shown in Table XXII 

where the efficiency (total efficiency, drain efficiency or PAE) values are lower 

than 60% for all cases. 

5.4. Conclusions 

In this section it has been presented the integration of the proposed envelope 

amplifier with a class E RF power amplifier linearized using EER technique. The 

Modulation Pout (dBm) Pout(W) Drain Efficiency (DE) Total Efficiency

DQPSK 45,23 33,3 67,1% 64,2%

16-QAM 44,44 27,7 66,3% 63,0%

OFDM 41,59 14,4 62,5% 57,0%

π/4-DQPSK 46,1 40,7 73,5% 70,6%
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envelope amplifier consists of a single stage buck converter with ripple cancellation 

network that allows a switching frequency reduction compared to the equivalent 

conventional buck converter for the same large signal bandwidth. The power 

amplifier is a switched and high efficiency class E amplifier that operates at 

100MHz. The supply voltage is 24V and a high total efficiency of the system, 

between 57% and 70.6%, has been obtained for OFDM, QPSK, 16-QAM, ̟/4-

QPSK modulations. It has been implemented the digital predistortion technique, 

both AM-AM and AM-PM, to increase the linearity of the integrated transmitter. 

The linearity of the transmitter has been measured applying a DSB-SC signal and 

an attenuation of the third order intermodulation products of more than 40dB has 

been obtained. The transmitter has shown a good performance in terms of EVM, 

ACPR and a high attenuation of the switching harmonics and lateral bands for 

several digital modulations with a bandwidth up to 528kHz except for an OFDM 

signal, which is more demanding and only 38dB of ACPR has been obtained for a 

signal with 280kHz of bandwidth. 

 The main limitation of the proposed solution is in the bandwidth of the envelope 

amplifier, limited by the switching frequency and which finally limits the 

transmitted signal bandwidth. However, with the current state of work, digital 

radio mondiale (DRM) transmission standard and TETRA can be used, that require 

bandwidths lower than 200kHz. The spectral mask of different standards as DRM 

and 802.11a has been adapted to the bandwidth of the transmitted signals to show 

the good performance of the integrated solution. The last spectral mask has been 

taken from [ETSI TR 102628] and it is the proposed spectrum mask for broadband 

services. 

Increasing the switching frequency up to 10MHz-12MHz, feasible with the 

technology used in this work, would allow a signal bandwidth of 1MHz-2MHz and 

to comply with transmission standards as digital audio broadcasting (DAB) or 

digital video broadcasting (DVB) in terms of bandwidth. Regarding the application, 

the performance of the integrated RF transmitter shown in this work is sufficient to 

improve the efficiency of transmitters intended for medium bandwidth 

communication services such as satellite telephony or trunked radio systems. The 

improvements of the ripple cancellation technique presented in chapter 3 as the 

multiphase configuration or the cascaded connection of two RCN have the potential 

to improve the performance of the proposed solution in terms of robustness, 

maximum bandwidth achieved and in the decrease of the ratio between the 

switching frequency and the large signal bandwidth. However, the experimental 

validation of these potential improvements is left as a future work line. 
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Chapter 6  

Summary and Future Work 
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6. Summary and Future Work 

6.1. Summary and main contributions 

In this thesis, the use of the ripple cancellation technique has been originally 

applied to the synchronous buck converter for an envelope amplifier application 

for a radiofrequency power amplifier.  

The purpose of using this technique in this application is to decrease the output 

voltage ripple to a negligible level and therefore to reduce the ratio between the 

switching frequency and the converter bandwidth. By the application of this 

technique and the proposed design, it has been achieved a switching frequency 

reduction from 12MHz to 4MHz compared to the conventional equivalent buck 

converter. This switching frequency reduction has two main advantages. The first 

one is a high efficiency improvement, between 12% and 16% (a losses reduction 

by a factor of two approximately) that has been validated experimentally for the 

specifications of this work. Additionally, it increases the reliability of the envelope 

amplifier due to the decrease of the switching frequency and lower losses, which 

will imply a lower temperature in the switching devices. Additionally, if the 

switching frequency is reduced the effect of the parasitic components of the devices 

and PCB will have a lower impact of the operation of the converter. 

Two topological modifications based on the RCN buck converter have been 

proposed originally to improve the performance of the previously presented 

solution. 

The first one is the use of two cascaded ripple cancellation networks to improve the 

robustness and performance of the single RCN buck converter. This topological 

improvement has been originally proposed, designed and validated by simulation. 

An advantage is that the second RCN will be smaller than the first one so a small 

cost, weight and losses will be added to the design. Additional advantages are the 

higher rejection ratio of the output current ripple and the possibility of achieving a 

higher reduction of the ratio between the switching frequency and the converter 

bandwidth. However, this ratio is also limited in the application due to the spread 

spectrum of the envelope signal. Despite the limitation in the ratio of the switching 

frequency to converter bandwidth, the use of two cascaded RCNs improves the 

performance and robustness of the single RCN for the same operating conditions.  
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The second topological improvement is the application of the RCN technique to a 

synchronous phase-shifted multilevel converter. Using this solution, two main 

advantages can be obtained: 

• The first one is the current ripple cancellation for all the operation points, 

unlike in a conventional interleaved multiphase buck converter.  

• Additionally, the equivalent frequency of the output current of the phase-

shifted multilevel converter is equal to the switching frequency multiplied 

by the number of phases. Therefore, for a two-phase buck converter with a 

ripple cancellation network designed to cancel the output current ripple at 

4MHz, the value of the switching frequency will be 2MHz. In the analysis of 

the advantages of this solution, the non-idealities of the phase-shifting 

technique have to be taken into account. This effect combined with the 

robustness requirements of the design of the RCN buck converter will limit 

the switching frequency reduction for this solution. 

The control strategy for the synchronous RCN buck converter has also been 

analyzed. Despite the experimental validation has been done in open loop, a valid 

design option for an EER application, the comparison between an open loop and a 

closed loop design for a conventional buck converter and a single phase SR buck 

converter with RCN has been done. 

Firstly, the output voltage control design for the conventional buck converter for an 

envelope amplifier application has been done. The main advantage of the proposed 

closed loop control design is the possibility to optimize the design by reducing 

the cut-off frequency of the filter. The limitation for the reduction is the large 

signal bandwidth of the envelope (the frequency range where the maximum 

amplitude can be demanded). To transmit properly the spread spectrum of the 

envelope, the small signal bandwidth is extended with a proper design of Vref to Vo 

(ensuring a flat response of the magnitude Bode plot and a phase as linear as 

possible within the small signal bandwidth). With this design strategy, the 

switching frequency can be reduced. In this case, two design criteria will apply: 

• Conditions to ensure the stability of the control loop. 

• Required rejection ratio of the switching ripple. 

The closed loop control has also been applied to the single phase RCN buck 

converter. Due to the more complex transfer function, a double loop control (output 

current and voltage) has been done. Despite the improvement is lower compared to 
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the conventional buck converter case, this solution in closed loop provides the best 

performance in terms of signal bandwidth to switching frequency ratio. 

In chapter four, a simulation design and optimization tool has been originally 

proposed to provide an additional validation of the envelope amplifier design 

stage for an EER RF power amplifier. Based on the envelope amplifier design 

specifications, analytical, measured or simulated transfer function or the envelope 

time domain waveforms, the main figures of merit of the complete RFPA for an EER 

application are obtained.  

The model is based on the envelope amplifier stage and the power amplifier stage is 

modeled as ideal. The model has been applied for a buck derived topology, but it 

can be also applied to other topologies by the using the envelope amplifier output 

voltage as the input of the model. Different digital modulations have been included 

in the proposed design tool as a QAM based (including QPSK and ̟/4-QPSK), 

OFDM and additionally the two tone test signal. The design tool provides, for the 

digital modulations, the ACPR (ACPR_L and ACPR_R), the EVM (RMS and peak), 

the constellation and trajectories plot, the frequency spectrum and the envelope 

time domain waveforms. The switching frequency effect can also be analyzed, in 

this case with an increased computation time. 

The proposed design tool for an envelope amplifier for an EER application has been 

validated experimentally and a good agreement between the measurements and the 

estimated figures of merit has been shown.  

Open and closed loop control strategies for the envelope amplifier have been 

analyzed and compared and the proposed optimized design for a closed loop 

control has been validated using the proposed design tool.  

The analysis with the design tool of the slew rate and the envelope spectrum for 

different modulations has allowed the definition of the large signal bandwidth 

limitations for the closed loop optimized design. 

Additionally, the effect of several non idealities of the envelope amplifier has been 

investigated. The delay produced in the envelope path and the limitation to provide 

low voltages (below 10% of the input voltage) has been simulated and validated.   

The synchronous buck converter with ripple cancellation network has been 

successfully integrated with a class E switched and high efficiency amplifier for 

an EER application and has been validated experimentally. AM-AM and AM-PM 

predistortion has been implemented and additionally the two-tone test has been 

experimentally tested on the integrated RFPA to validate the good linearity of the 
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integrated solution. Different 16-QAM, QPSK, ̟/4-QPSK and OFDM have been 

tested up to 758kHz of bandwidth (280kHz for the OFDM)  obtaining a very high 

global efficiency. The measured total efficiency is between 57% and 70.6% for mean 

power levels from 14.7W up to 40.7W. In the state of the art, the total efficiency is 

below 60% for similar specifications. 

The integrated RFPA has a higher efficiency compared to other similar solutions 

in the state of the art. The compliance with the main figures of merit of the 

integrated RFPA has been tested showing a good compliance with the out of band 

attenuation levels. The bandwidth achieved is valid for solutions as DRM or 

TETRA. For applications as WLAN_802.11 a higher bandwidth should be obtained. 

An increased bandwidth is feasible applying the topological improvements 

presented in chapter 3, using two cascaded ripple cancellation network or the 

multiphase-based RCN buck converter, or by applying the closed loop control 

optimized design. 

6.2. Future work 

The SR buck converter with two cascaded ripple cancellation networks as well as 

the application of the RCN to a multiphase converter has been originally proposed 

and validated by simulation. These solutions have the potential to increase the 

bandwidth and robustness of the proposed solution for the envelope amplifier to 

comply with higher bandwidth application requirements. The experimental 

validation of both designs remains as a future line of work.  

The use of wide band-gap devices has been explored, in particular normally-off 

GaN HEMTs.  The currently available devices offer a small advantage over the best 

Si devices for the specifications of this work as it has been validated experimentally. 

Additionally, they have disadvantages as the reliability and the worse thermal 

dissipation due to the smaller package of these devices. However, it is expected that 

the next generations of GaN HEMTs offer a higher improvement which may allow 

an improvement in the bandwidth and efficiency of the proposed envelope 

amplifier solution. 

The closed control loop strategy has been analyzed and simulated as a potential 

improvement of the open loop control strategy. A redesign of the envelope 

amplifier has been proposed and validated at the simulation level based on the 

closed loop control strategy. The experimental validation of this proposal and the 

integration in the complete amplifier are left as a future work. This validation will 
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be very challenging due to the high switching frequency and bandwidth 

requirements.  

6.3. Publications 

In this section are detailed the international conferences articles, journal articles and 

patents that have been published during the thesis. They are classified in two 

groups, the first one shows the publications related to the work done in the thesis 

topic, the modulated power supply for an RFPA application. Additionally, due to 

the collaboration in other projects during the thesis, several articles have been also 

published related to other topics. Despite in principle they are not related to the 

proposed application, some of the developed and learned techniques have been 

very useful to accomplish some of the main achievements of this thesis. 

6.3.1 Publications related to the envelope amplifier for a RFPA 

Due to the work related to the envelope amplifier for a RF power amplifier 

application, the following articles have been published: 

Journal articles: 

• D. Díaz, O. García, J.A. Oliver, P. Alou, Z. Pavlovic, J.A. Cobos, " The Ripple 

Cancellation Technique Applied to a Synchronous Buck Converter to 

Achieve Very High Bandwidth and Very High Efficiency Envelope 

Amplifier ", IEEE Transactions on Power Electronics, 2014, vol. 29, issue 6, 

pp. 2892-2902. 

• D. Díaz, M. Vasic, J. A. Oliver, O. García, P. Alou, J. A. Cobos, "Three-Level 

Cell Topology for a Multilevel Power Supply to Achieve High Efficiency 

Envelope Amplifier"; IEEE Transactions on Circuits and Systems I: Regular 

Papers, vol. 59, issue 9, 2012, pp. 2147-2160. 

• M. Vasić, O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, “Multilevel 

Power Supply for High Efficiency RF Amplifiers”, IEEE Transactions on 

Power Electronics, April 2010, vol. 25, issue 4, pp. 1078-1089. 

• M. Vasic, O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, "Efficient and 

Linear Power Amplifier Based on Envelope Elimination and Restoration", 

IEEE Transactions on Power Electronics, 2012, vol. 27, issue 1, pp. 5-9. 
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• M. Vasic, O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, "Envelope 

Amplifier based on Switching Capacitors for High Efficiency RF Amplifiers", 

IEEE Transactions on Power Electronics, 2012, vol. 27, issue 3, pp. 1359-1368. 

Publications in international conferences: 

• D. Díaz, O. García, J.A. Oliver, P. Alou, M. Vasic, J.A. Cobos, “High 

efficiency power amplifier applying envelope elimination and restoration 

technique with a single stage envelope amplifier with ripple cancellation 

network”, IEEE Energy Conversion Conference and Exposition (ECCE), 

2013, pp. 5586-5591. 

• D. Díaz, O. García, J.A. Oliver, P. Alou, J.A. Cobos, “Ripple cancellation 

technique applied to a synchronous buck converter to achieve very high 

bandwidth and very high efficiency envelope amplifier”, IEEE Applied 

Power Electronics Conference (APEC), 2013, pp. 2064-2069. 

• D. Díaz, M. Vasic, O. García, J.A. Oliver, P. Alou, J.A. Cobos, “Hybrid 

behavioral-analytical loss model for a high frequency and low load DC-DC 

buck converter”, IEEE Energy Conversion Conference and Exposition 

(ECCE), 2012, pp. 4288-4294. 

• D.Díaz, M. Patiño, O. García, J.A. Oliver, P. Alou, J.A. Cobos, F.J. Ortega, 

“Design and optimization tool of a buck derived envelope amplifier for an 

EER RFPA”, accepted for publication in IEEE COMPEL 2014. 

• D. Díaz, M. Vasić, O. García, J.A. Oliver, P. Alou, J.A. Cobos, “Comparison 

of two different cell topologies for a multilevel power supply to achieve high 

efficiency envelope amplifier”, IEEE Energy Conversion Congress and 

Exposition (ECCE), 2009, Atlanta (USA), September 2009, pp. 25 -30. 

• M. Vasić, O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, “Optimal 

design of envelope amplifier based on linear-assisted buck converter”, 

Applied Power Electronics Conference and Exposition (APEC), February 

2012, pp. 836-843. 

• M. Vasić, O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, A. Gimeno, 

J.M. Pardo, C. Benavente, F.J. Ortega, “High Efficiency Power Amplifier 
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Based on Envelope Elimination and Restoration Technique”, IEEE Energy 

Conversion Congress and Exposition (ECCE), 2010, pp. 3833-3840. 

• M. Vasić, O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, “Switching 

Capacities based Envelope Amplifier for High Efficiency RF Amplifiers”, 

IEEE Applied Power Electronics Conference and Exposition (APEC), 

February 2010, pp. 723-728. 

• M. Vasić, O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, “High 

Efficiency Power Amplifier for High Frequency Radio Transmitters”, 

Applied Power Electronics Conference and Exposition (APEC), February 

2010, pp. 729-736. 

• M. Vasić,  O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, “Comparative 

Study of two Multilevel Converters for Envelope Amplifier”, Proceedings of 

15th International Symposium of Power Electronics, Ee2009, Novi Sad, 

Serbia, October 2009. 

• M. Vasić, O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, “Multilevel 

Power Supply for High Efficiency RF Amplifiers”, IEEE Applied Power 

Electronics Conference and Exposition (APEC), 2009, Washington (USA), 

2009, pp. 1233-1238. 

• M. Vasić, O. García, J.A. Oliver, P. Alou, D. Díaz, J.A. Cobos, “Comparison 

of two multilevel architectures for envelope amplifier”, IEEE Industrial 

Electronics Conference, IECON, 2009, Porto (Portugal), pp: 283-289. 

Patents: 

• O. García, P. Alou, J.A. Oliver, R. Prieto, J.A. Cobos, D. Díaz, M. Vasić, 

“Fuente de alimentación para amplificadores de RF que utilizan la técnica 

EER” (Power supply for RF power amplifiers that use the EER technique), 

Spanish patent P200803324, November 2008. 
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6.3.2 Additional publications 

In this section are included the publications derived from the work in the Centre of 

Electronics for the Industry of the UPM, as a result of the collaboration in other 

projects and research activities. 

Journal articles: 

• D. Díaz, D. Meneses, J. A. Oliver, O. García, P. Alou, J. A. Cobos, "Dynamic 

Analysis of a Boost Converter with Ripple Cancellation Network by Model-

Reduction Techniques", IEEE Transactions on Power Electronics, 2009, vol. 

24, issue 12, pp. 2769-2775. 

• O. García, P. Alou, J.A. Oliver, D. Díaz, D. Meneses, J.A. Cobos, A. Soto, E. 

Lapeña, J. Rancano, "Comparison of Boost-Based MPPT Topologies for Space 

Applications", IEEE Transactions on Aerospace and Electronic Systems, 2013, 

vol. 49, issue 2, pp. 1091-1107. 

Publications in international conferences: 

• O. García, P. Alou, J.A. Oliver, D. Díaz, D. Meneses, J.A. Cobos, A. Soto, E. 

Lapeña, J. Rancano, “Comparison of Boost-Based MPPT Topologies for 

Space Applications”; 2013, vol. 49, issue 2, pp. 1091-1107. 

• O. Garcia, J.A. Oliver, D. Díaz, P. Alou, A.B. Duret, J.A. Cobos, “Teaching 

Digital Control of Switch Mode Power Supplies”, IEEE Energy Conversion 

Conference and Exposition (ECCE), 2011, pp. 1904-1908.  

• D. Díaz, O. García, J.A. Oliver, P. Alou, F. Moreno, A. de Castro, B. Duret, 

J.A. Cobos, F. Canales, “Digital control implementation to reduce the cost 

and improve the performance of the control stage of an industrial switch-

mode power supply”, IEEE Energy Conversion Congress and Exposition 

(ECCE), 2011, pp. 2930-2935.  

• D. Díaz, D. Meneses, J. A. Oliver, O. García, P. Alou, J. A. Cobos, “Dynamic 

Analysis of a Boost Topology with Ripple Cancellation and Comparison 

with the Conventional Boost”, IEEE Applied Power Electronics Conference 

(APEC), 2009, pp.1318-1322. 
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• D. Díaz, O. García, J. Oliver, P. Alou, J.A. Cobos , “Analysis and Design 

Considerations for the Right Half-Plane Cancellation on a Boost Derived 

DC/DC Converter”, IEEE Power Electronics Specialists Conference (PESC), 

2008, pp.3825-3828. 

• P. Alou, J. Oliver, J.A. Cobos, D. Díaz, D. Meneses and, “Pedal Energy 

Generator for INTEL Competition on Renewable Energies (CORE)”, 

International Technology, Education and Development Conference (INTED), 

2008. 

• O. García, J.A. Cobos, P. Alou, J.A. Oliver, D. Díaz, D. Meneses, A. Soto,  E. 

Lapeña, J. Rancaño, “Boost-based MPPT Converter Topology Trade-off for 

Space Applications”, ESPC 2008. 

As a result of the three months research stay in Center of Power Electronics System 

(CPES) of the university Virginia Tech, an article in an international conference was 

published: 

• L. Xue, D. Díaz, Z. Shen, F. Luo, P. Mattavelli, D. Boroyevich , "Dual Active 

Bridge based Battery Charger for Plug-in Hybrid Electric Vehicle with 

Charging Current Containing Low Frequency Ripple", IEEE Applied Power 

Electronics Conference (APEC), March 2013, pp. 1920-1925. 
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