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Abstract 

With the advancement of CMOS technology, the trend is to design RF transceivers 

using this technology with the aim of achieving full integration and reduced system cost. The 

power amplifier (PA), being one of the most important blocks of the wireless communication 

system, is no exception.  

Therefore, this document presents a detailed study of the single-ended class-E power 

amplifier, which is the configuration that has higher efficiency and easier integration, making 

it one of the strongest candidates for a practical implementation. 

The aim of this work is to provide the study that guides the design of a single-ended 

RF CMOS Class-E power amplifier for IEEE 802.11b/g applications. The technology that will 

be used to design the amplifier prototype is UMC 0,18um CMOS. The main goal is to obtain 

a fully integrated circuit with high efficiency for 2.4 GHz and output power exceeding 17 

dBm. 

Several designs were made with common-source, cascade, with and without driver 

stage. The driver is a class-F power amplifier tuned to the first and third harmonics. 
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Resumo 

Com o avanço da tecnologia CMOS, cada vez mais a tendência é projectar 

transmissores usando esta tecnologia com o objectivo de obter uma integração total do 

sistema a reduzido custo. O amplificador de potência, responsável por entregar potência à 

antena, sendo um dos principais blocos do sistema de comunicação sem fios não é 

excepção no que diz respeito ao fabrico em CMOS. Assim, neste trabalho apresenta-se um 

estudo aprofundado sobre o amplificador de potência em classe-E que é uma das 

configurações que apresenta maior rendimento e possibilidade de integração tornando-o um 

dos fortes candidatos a uma implementação prática.  

O objectivo deste trabalho é fornecer o estudo que permita o desenho de um 

amplificador de potência classe-E em CMOS para aplicações IEEE 802.11b/g. Será usada a 

tecnologia UMC CMOS 0,18um para conceber um protótipo do amplificador. A principal 

meta a alcançar é obter um circuito com alto rendimento para 2.4 GHz e potência de saída 

superior a 17 dBm. 

Para o desenho dos vários projetos são utilizados a topologia common-source e 

também cascode com e sem drive. O driver projetado é um amplificador de potência em 

classe-F sintonizado para a primeira e terceira harmónicas. 
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Chapter 1 - Introduction 

1.1 Motivation 

The communications industry has seen huge developments, which result in 

more and different products using this technology. This constant growth has 

transformed wireless communication into a major industrial development centre and 

one of the most competitive ones. The industry demands products with more and 

more communication wireless standards and better performances, such as battery 

lifetime. 

Since a few years ago, communication stopped being held just by voice, and 

data communication (WLAN – 802.11a/b/g) and 3rd generation mobile 

communications (3G) began being used. These developments oblige that transceiver 

systems have more functionalities and different applications. 

Mobile products, personal digital assistants (PDA’s), Global Positioning System 

(GPS), Bluetooth, satellite television, wireless local area networks (WLAN) and 

wireless peripherals for computers, altogether, represent an increasing share of 

electronic products used on daily basis by families. These consumer devices also 

dictate strong changes in the family’s lifestyle. 

To tackle the market needs, an effort has been made in order to improve the 

transceiver design, as well as to reduce implementation costs, using low cost 

technologies and solutions that allow a better operational integration. Radio 

Frequency (RF) CMOS technology, which has been the key for the development of 

wireless modern systems [1], has been widely used to meet the referred market 

demands. 

The main purpose in the transceivers development is to obtain its full 

integration using low-cost CMOS technologies, avoiding the use of multiple 

integrated circuits as well as of discrete components. This allows for cheaper 

systems, of smaller dimensions and lower consumption levels. 

While technology performance for high frequencies keeps improving, RF 

circuits in transceivers in wireless communication systems are being changed to 

CMOS. 
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From many RF blocks, such as low noise amplifiers (LNA) mixers and voltage-

controlled oscillators (VCO), the power amplifier is the one with less success 

concerning CMOS integration. Despite all the efforts made in searching a promising 

solution of power amplifiers in CMOS, much more needs to be done in order to 

improve efficiency and output power for the required operation frequency before the 

goal of single chip integration is achieved. 

 

1.1.1 Integrated power amplifiers in wireless systems 

The power amplifier is one of the fundamental blocks that constitute the 

emission part of a transceiver. This circuit is responsible for delivering to the antenna 

the power it radiates. One issue particularly relevant with power amplifiers (PA) is the 

necessary current consumption, mainly for applications that require a considerable 

output power, like the WLAN example. It becomes crucial to obtain high values of 

performance regarding the power amplifier so that a good overall performance is 

achieved. 

Although the trend is to apply CMOS technology in transceivers, the power 

amplifiers integration still remains a major challenge, mainly because it’s necessary 

to obtain high performance with a low bias voltage.  The main reason for the need of 

an adequate response to these characteristics is the fact that the PA consumes the 

biggest share of energy in a transceiver.  

In certain cases, the PA ends up being implemented aside from the rest of the 

transceiver in technologies with better performance but also more expensive, such 

as the case of GaAs and SiGe. This practice isn’t the most desirable solution 

because it doesn’t allow a full SoC integration and raises the price. In a market very 

sensitive to production costs, an effort to implement the PA’s in CMOS in order to 

comply with the specifications from the many existent standards is worthwhile. 

There are many ways to project a PA, dividing its classes into two main groups: 

switched and non-switched classes. Typically, the use of switched classes is 

preferred due to its high power added efficiency, PAE, where the voltage signal and 

current are theoretically completely out of phase in the switch, reducing the power 

consumption. 
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1.1.2 Advantages of using the class-E 

One of the main advantages of switched-mode class-E power amplifier is the 

possibility of having high performance with low bias voltage. At the same time, it 

presents less power losses for the same frequency comparing with the others switch-

mode power amplifiers. The class E doesn’t have many components, making it 

easier to obtain smaller circuit areas and more tolerance to variations in the 

fabrication process. 

The class-E was presented by Erwing in 1964 in his PhD thesis [2] but it only 

got more attention in 1975, after the release of Nathan’s and Alan’s Sokal article [3]. 

Still in the 70’s, Raab [4] deepened the concept by proposing a few suggestions for 

an analysis of the amplifier in a more realistic way. Some years later a proposition for 

a new analysis method was made by [5], which presented one main difference when 

compared to Sokal’s: the premise of a drain finite inductance. More recently, in 2006, 

Mustafa Acar [6] proposed another analyze, which presents simple design equation. 

 

1.2 Challenges and goals 

The objective of the following thesis is the study and design of a RF class-E 

power amplifier for IEEE 802.11bg applications. UMC CMOS 0,18um technology will 

be used to conceive the amplifier’s prototype. The main goal is to obtain a circuit with 

high performance for 2.4 GHz and an output power superior to 17 dBm. Another goal 

is the design of a driver for the class-E. 

To achieve the referred goals, the following guidelines are defined: 

 General study of RF power amplifiers. 

 Detailed study of the class E amplifier and possible drivers. 

 Design of class E single-ended amplifier. 

 Driver design that provides an adequate driving waveform for the PA 

switches. 

 

Another challenge is to obtain a fully integrated circuit without off-chip 

components but, keeping in mind that the block efficiency and the output power are 

not compromised.  

It’s known that there are technologies that allow better results for this type of 

circuits that the CMOS. The perseverance in using CMOS is due to the attempt of 

achieving a full integration of RF and band-base blocks, reducing its cost. Meanwhile 
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it’s still challenging to obtain with CMOS the same performances that other 

technologies achieve, as is the case of GaAs and SiGe. 

1.3 State-of-the-art 

The main motivation in RF power amplifiers research is based in the attempt to 

obtain a compromise between PAE, output RF power and low distortion levels. As it 

will be widely discussed in this document, the class E amplifier is a strong candidate 

to fulfil these needs. 

Although technologies exist that allows better results, like the ones that use 

GaAs and the SiGe, for a fair comparison, it was chosen to present in this section 

articles based only on CMOS technology.  

The main focus was the different options and respective results that several 

authors used. The first selection criteria was to distinguish the main class-E variants. 

In some cases differential topology is used and, in others, the single-ended one. 

Within single-ended there’s a distinction between the classical approach (common-

source switching) and the class-E cascode (common-gate switching). 

The publications [8] and [10] that decided to use the differential mode to project 

class E, obtained an output power of 30dBm and PAE of 62% and 48%, respectively. 

This approach has the advantage to reduce the common-mode interferences. 

Additional, for the same supply voltage the output voltage magnitude is theoretically 

twice the single-ended value. On the other hand, it is necessary one additional 

interface (balun) to transform the differential signal to single-ended, since the 

majority of antennas need to be excited by a single-ended signal. As described in [7], 

one way to reduce substrate coupling is to use the differential topology, but the 

integration of a low-loss output balun is still difficult. In this thesis it was decided to 

address only the single-ended solution. 

Concerning the single-ended mode with common-source switching, many 

articles exist with similar results.  At 1.9 GHz the circuit with a higher PAE value was 

implemented in 0.18 um technology [11]. This case is particularly interesting because 

it doesn’t use external components. A class-F power amplifier is used as a drive. For 

the same frequency and technology of this thesis, there is a first case [14] with 

results bellow the average (PAE = 40%) that uses external components. The other 

reported case [15] presents a higher PAE value but on the other hand a drive wasn’t 

implemented. In [15] the use of 0.18µm technology is pointed out as responsible for 

the good results obtained due to the considerably relevant inductor quality factor. 
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With this frequency and technology, it is the circuit that presents better performance 

found in the literature. 

For last, the class-E cascode topology (common-gate switching) is 

distinguished. For 1.7GHz the article [9] was found, and presents the circuit with one 

of the better PAEs found, 67%. Meanwhile, the area occupied by this circuit is 

considered too big when compared to what other authors obtained. For 2.4GHz two 

papers were found; [12] made in 0.35µm technology and [13] with 0.18µm. In the first 

case, the reasonable PAE obtained stands out (59%), and once again the choice for 

a class-F driver. In the second case, although presenting a PAE relatively low 

compared to the other authors, they managed to achieve a reasonable small area. 

All the authors using the class-E cascode justified that this configuration allows 

reducing the device stress. This parameter is particularly important since it allows 

reducing the voltage that the transistor must stand (without cascade it can reach 2 or 

3 times the supply voltage value) increasing the reliability of the device and its 

lifetime. A relevant negative aspect is that all authors had to use external 

components, which is a disadvantage in terms of area. 

In table 1 a resume of the main characteristics of the referred works can be 

found. 

 

 
Frequency 

(GHz) 

Technology 

(µm) 

Supply 

voltage 

(V) 

Output 

power 

(dBm) 

PAE 

(%) 

Area 

(mm2) 

External 

components 
Drive Topology 

[8] 0,7 0,35 2,3 30,0 62 2,6 Yes No Differential 

[9] 1,7 0,13 2,5 23 67 0,9 Yes Class-C Cascode 

[10] 1,9 0,35 2,0 30,0 48 0,6 Yes No Differential 

[11] 1,9 0,18 2,0 16,3 70 2 Yes Class-F 
common-source 

switching 

[12] 2,4 0,35 2,5 20 59 1 Yes Class-F Cascode 

[13] 2,4 0,18 3,3 23 44.5 0,37 Yes Class-A Cascode 

[14] 2,4 0,18 3,3 21,3 40 0,43 Yes Class-AB 
common-source 

switching 

[15] 2,4 0,18 2,0 17,3 63 0,9 No No 
common-source 

switching 

 Table 1 – State-of-the-art 
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1.4 Document organization 

In chapter 2 an introduction to the power amplifiers is made as well as a 

comparison between the non-switching and switching classes. The main parameters 

of power amplifiers analysis are also presented. This chapter also describe in detail 

the class E PA, being presented the circuit design, its functioning mode and ideal 

operating conditions as well as the relevant theory of the classic topology (common 

source switching) and class-E cascode. The theory needed to design the driver stage 

is also presented. 

Chapter 3 presents all the practical aspects of this work. All the steps 

necessary to design a class-E power amplifier are addressed. Both referred 

topologies are implemented with and without driver stage, which is made through a 

class-F power amplifier. 

Chapter 4 is dedicated to the power amplifier layout design. The pos-layout 

simulations are also presented. 

By last, chapter 5 presents all the relevant conclusions from this document. 
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Chapter 2 – Power amplifiers 

2.1 Introduction 

Any communication system assumes from the beginning that there are many 

factors which altogether allow data exchange to happen between two points. It 

becomes obvious then that there must exist a way to transmit, transport and receive 

the signal.  

We must have a place for the emission, from where the signal is sent and 

amplified in the way that reaches the receiver. This place, local or device of the 

transmitter is called power amplifier (PA) and is the block that is usually connected to 

the antenna. It needs to be able to supply enough power, depending on the distance 

in question, being one of the main responsible for battery consumption. 

  
Figure 1 - Block design of a standard transmitter 

 

With the recent spread of wireless communications and consequent necessity 

of miniaturization of portable devices, there’s an increasing necessity that the various 

system blocks have high performance and occupy a reduced space, at the same 

time. New solutions and technologies allow the progress and democratization of 

wireless communications, where the PA will always retain a fundamental role in 

obtaining good results, especially when it comes to achieving a good 

performance/consumption ratio. 

In figure 2 it can be seen a conceptual design of a power amplifier to exemplify 

its operating mode. It is constituted by an active device that typically is a transistor 

and is responsible for the amplifiers capacity to supply power and for a main network 

that usually is frequency selective and makes an impedance transformation at 

fundamental frequency. Resistance RL represents the load, and usually its value is 

the 50Ω. The impedance transformation is necessary to presents the right 

Power 
amplifier

ModulationD/ADSP
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impedance at the transistor output that maximizes the output power. The inductor 

Lchoke, when possible, it is used to bias the transistor. Sometimes, the main network 

can also be used to bias the transistor instead of Lchoke. 

 

 

 

 
Figure 2 - Generic model of a power amplifier 

 

The functioning of this model is based on the assumption that the active device 

is excited by a certain waveform at its input. Essentially, the energy delivered to the 

charge is extracted from the power source.  

2.2 Non-switching mode vs switching mode PAs 

Among the power amplifiers there are two commonly used groups: the non-

switching amplifiers and the switching amplifiers. These two groups are subsequently 

subdivided into various classes, which are defined according to the circuits 

description, and its working conditions. Inside the first group, the most relevant 

classes are the A, B, AB and C and in the switching the classes D and E stand out. 

In the non-switching amplifiers class, a compromise is verified between linearity 

and efficiency where in order to increase efficiency, linearity is sacrificed. The 

difference between these classes is based on the use of a distinct conduction angle. 

With the decrease of the referred angle a decrease in the power dissipated on the 

Vdd

Vi

L
choke

RL

M
1

Main network
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active device is registered. When the conducting angle is reduced it’s still necessary 

to increase the level of the exciting signal which means that the device has to 

support higher voltage levels at the input. 

Switching amplifiers base their functioning in switching the active devices 

between the “ON” and “OFF” state. The idea is to obtain a complete out of phase 

current and voltage signals in the switch, leading to a high efficiency, theoretically 

100%. In practical terms the efficiency is inferior because the time it takes to change 

the switch state isn’t instantaneous, causing the coexistence of current and voltage 

at the same time and consequently, dissipating power. On the other hand, passive 

elements also present losses. In these circuits, an output network that filters the 

signal at the desired frequency and suppresses the undesired harmonics is 

necessary. 

 

Class A AB B C D E F 

Maximum 

efficiency (%) 
50 50-78,5 78,5 78,5-100 100 100 100 

Linearity Excellent Good Excellent Bad Excellent Excellent Excellent 
Table 2 – Comparison between the many classes of power amplifiers  

 

2.3 Class-E operation 

As referred in the chapter 1, it is necessary to design a RF power amplifier with 

high efficiency. For that reason it was decided to use a switching amplifier class, 

particularly the class-E. It becomes necessary to understand where the majority of 

power losses take place and try to minimize them. It’s known that some power losses 

take place in the inductors, but in fact the higher loss is usually verified in the active 

device that functions as a switch. It is than important to know the best way to 

decrease the dissipated power [16]. Ideally, there shouldn’t be any time overlapping 

of current and voltage in the switch output. Figure 3 presents two waveforms with 

50% duty-cycle that meet these requirements. These conditions depend on the main 

network and are connected with the dimension of the active device (switch) as well 

as the drive, giving place to voltage switch minimization when it’s “ON” and avoid 

current leaks when the switch is “OFF”. The concern to minimize the switching time 

intervals should always be present, since it’s the time interval most likely to have 

voltage and current simultaneously in the active device. 
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Besides the conditions in displace, a class-E amplifier should has a voltage 

slope equal to zero when switching to the “ON” state (Zero Slope Voltage Switching, 

ZSVS). This particularity means that when the device output voltage reaches zero, its 

derivative is approximately zero as well (1). This way voltage increase will be slower. 

Jointly with this condition, still in the switching for the “ON” state, the current should 

only start when the voltage reaches the zero value - Zero Voltage Switching, ZVS. 

For the same reason, when the switch passes to the “OFF” state, the voltage should 

remain with a low value for a certain period of time, so that the current has time to 

reach zero - Zero Current Switching, ZCS – and only after this moment should it be 

increased to the desired value. These characteristics are dependent on the output 

network.  

𝑑𝑣
𝑑𝑡 ≈ 0 (1) 

During many times the RF PAs were implemented in other technologies 

essentially because the active devices have better switching behavior, and the 

passives have higher quality factor. So, in the implementation of the class E amplifier 

in CMOS is important to have a switch with few losses for the desired frequency, 

which isn’t always achievable due to the “ON” state high resistance. In respect to the 

passive elements, sometimes, external components to the chip with better quality 

factor are used. But the idea behind this work is to develop the whole amplifier on-

chip.  

Figure 3 – Optimum current and voltage waveform for maximum efficiency                
Adapted from [3] 
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 The class-E is defined as "optimal" if it meets the three conditions stated 

above and achieves 100% efficiency. Because for frequencies above a few MHz the 

waveforms shapes (with flat tops) are almost impossible to achieve, Raab proposed 

a circuit topology that can meet the three conditions. This circuit, depending on the 

components values, can work in an “optimal” regime or “sub-optimal” regime. The 

switch waveforms are presented in the following figure for both regimes. 

 

 

 
 

 

 

 

2.3.1 Amplifier’s description 

 Figure 5 has a block diagram representation of a single-ended switching 

amplifier and will be used to support the class-E description. The core idea of this 

circuit is to have a main network synthesized for a time response that maximizes the 

output stage efficiency. The main network also suppresses high-order undesired 

harmonics. 

 
   

 

Figure 4 – Optimum and sub-optimum current and voltage waveforms on the switch 
Adapted de [18] 
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The active device is the transistor switch. The driver has the fundamental role 

of putting the active device working as a switch, with a duty-cycle of approximately 

50% of the RF period. Its output waveform must be the appropriate one. 

 

2.3.2 Class-E amplifier 

In figure 6, it is presented a simplified schematic for the class-E amplifier. As it 

can be seen in the figure, the circuit includes: 

 A M1 transistor that works as a switch between the state ON and OFF 

and is connected to the main network. This active device is controlled 

by the input signal, making it to commute periodically with a certain 

frequency, ω0;  

 Capacitor, Cshunt, represents the transistor output capacitance plus an 

additional capacitor.  

 A RF choke, Lchoke; 

 Tuned output circuit, L1C1, which connects the MOS drain to the charge. 

This LC resonator constitutes a “band pass” filter that attenuates the 

signal harmonics. This resonator is tuned for a frequency slightly 

different from ω0. 

 Optimal load resistance Ropt.  
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Figure 5 - Block diagram of a switching amplifier 

Figure 6 - Simplified schematic of the class-E power amplifier 
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Assuming that the output filter (L1, C1, Ropt) has a high enough quality factor, 

the load current and voltage have sinusoidal shape. 

In fact, this filter has some residual reactance as it was introduced by Raab 

[4], provoking a small out of phase between the fundamental component of the drain 

voltage and the output current, iout. The series reactance is introduced jX (fig. 7) and 

it can be capacitive or inductive, depending on the way the signals are out of phase.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 7 – Class-E schematic with additional reactance, jX 

 

Because this residual reactance is originated by the difference between the 

inductor reactance’s and the capacitor, it can be measured in the following way: 

 

(2)  

 

Other important aspect for the proper functioning of the circuit is to admit that  

Lchoke only allows DC current through it.  

To achieve 100% efficiency, when the switch turns ON the Cshunt voltage must 

be zero. Otherwise the energy stored in the capacitor is lost and dissipation occurs. 

This situation is presented in figure 4 for the “sub-optimum” curves. 
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2.3.3 Analysis of class-E by Sokal 

In order for the class E to behave in the most similar way to the theoretically 

forecasted, fulfilling its necessary conditions as described in this chapter, special 

care must be taken in the dimensioning of the components. Several analysis exist 

that can be used for this dimensioning, developed by authors like Ewing [2], Sokal 

[3], Li [5] and Mustafa Acar [6], In table 3 there’s an assembly of all the main 

assumptions that each of the authors used.  

 

 

 As a starting point, this work will use the Sokal’s approach to calculate the 

circuit’s components value threw (3), (4), (5) and (6). This analysis allows a first 

approach to the circuit without having to deal with the great complexity of other 

analysis. Meanwhile there must be taken into account the differences between the 

theoretical assumptions and the practical aspects of the project. 

 

 
(3) 

 
(4) 

 
(5) 

 
(6) 

 

Conditions Ewing [2] Sokal [3] Li [5] Mustafa [6] 

Switch "ON" 
resistance Finite zero zero zero 

Drain inductance infinite infinite finite finite 

Table 3 - Assumptions made for the analysis of class-E 
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To validate Sokal’s equations (3), (4), (5) and (6), the ADS (Advanced Design 

Systems) simulator was used to design the circuit with ideal components (figure 8) 

and to obtain the results according to the following specifications: 

 Frequency: 2,4 GHz; 

 Maximum supply voltage: 3,3 V; 

 Output power: 20 dBm. 

 The PAE performance is 97 % for an output power inferior (18.7 dBm) to the 

desired 20 dBm, at the frequency of 2.4 GHz. As you can see in figure 9, ideally, the 

circuit presents the functioning conditions in this chapter regarding the out of phase 

of the voltage waves and the current in the switch as well as the dissipated power 

minimization in this device 

 
 

 

 

 

 

 

 

 

Figure 9 – Current (red) and voltage (blue) waveforms on the switch 

Figure 8 – Electric schematic of class E with ideal components, obtained by ADS 
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However, as defined in [18], a slightly different formula can be deducted to 

calculate C1, which allows obtaining better results: 

 

 
(7) 

  

Making again the use of the scheme presented in figure 8, with the proper 

change of the value of C1, calculated with (7), a performance and PAE of 97,991% 

was obtained for 20 dBm output power. The voltage and current waveforms in the 

switch are more perfect and according to the ideal, giving origin to less dissipated 

power. 

 

 

 

 

 
 

 

 

 

Figure 10 - Current (red) and voltage (blue) waveforms on the switch after C1 optimization  

 

 

2.3.4 Analysis of class E by Mustafa 

Mustafa together with Annema and Nauta [6] proposed an analytical method to 

the design of class-E with finite dc feed inductance. There is a major difference 

between their analyses and the others. In fact other authors proposed solutions for 

class-E with finite dc feed inductance that requires long iterative solution procedure. 

The great achievement of Mustafa analyze is that it introduce analytical expressions 

that relate the elements and input parameters of this type of class. Based on that 

analytical procedure, relative simple design equations can be found simplifying the 

class-E project.  
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Figure 11 - class-E PA with finite dc feed inductance 

 

In addition, is known that finite dc feed inductance have significant advantages 

if compare with RF choke. As it is explained in [19], [20], the main benefits are: 

• Possible to implement on-chip;  

• The resistance Ropt has a lower value which implies that output 

impedance matching to 50 Ω is easier;  

• Supply voltage also can be reduced for the same output power, which 

allows the class-E project in low-voltage technologies; 

• In the same conditions, it allows larger Cshunt value. As it is going to be 

explain in section 3.2 this condition permits the using of wider 

transistors with the respectively reducing of it on-resistance, RON. 

 

Naturally Mustafa made some assumptions to start analyze. Some of these are 

considering the switch ideal and that it has 50 % duty cycle. Therefore when 

implementing in practice this kind of circuit the designer must have in mind that those 

design equations are only a first approach to the value of the components. This 

aspect is going to be well explored in chapter 3. 

Mustafa presents the following relations between the input parameters (VDD, 

POUT and ω) and the circuit components (L1, Cs, X and Ropt): 

 

𝐾! =
𝜔𝐿!
𝑅!"#

 (8) 

𝐾! = 𝜔𝐶!𝑅!"# (9) 
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𝐾! =
𝑃!"#𝑅!"#
𝑉!!!

 (10) 

𝐾! =
𝑋
𝑅!"#

 (11) 

 

 

The remaining components, L0 and C0, can be determined from the chosen 

quality factor: 

𝑄! =
𝜔𝐿!
𝑅!"#

 (12) 

 

, where: 

𝜔 =
1
𝐿!𝐶!

 (13) 

 

A mathematical analysis similar to [4] can be adapted to the case with finite dc 

feed inductance. That leads to a relation between KL, KC, KP and KX with q, where q 

is: 

 

𝑞 =
1
𝐿!𝐶!

 (14) 

 

The q value can assume many different values except 1. It is therefore 

obviously that infinite values for KL, KC, KP and KX can be found. It has to be chosen 

which one should be use. 

Mustafa defined in his work four different regions depending on q value and 

consequently changes on KL, KC, KP and KX. Depending on the required application, 

a region should be use instead of other. In this particularly work is interesting to 

discuss the optimization that can be made for frequency-power product, ω.POUT. 

From equation (9) and (10): 

𝜔.𝑃!"# = 𝐾! .𝐾!
𝑉!!!

𝐶!.𝑅!"#!  (15) 

  

Equation (15) clearly demonstrates that higher values of KP and KC lead to 

superior value of ω.POUT. Based on Mustafa, that value is achieved for q = 1,442. 

This q value is situated in the region defined by the following equations: 
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𝐾! 𝑞 = 8,085𝑞! − 24,53𝑞 + 19,23 (16) 

𝐾! 𝑞 = −6,97𝑞! + 25,93𝑞! − 31,071𝑞 + 12,48 (17) 

𝐾! 𝑞 = −11,90𝑞! + 42,753𝑞! − 49,63𝑞 + 19,70 (18) 

𝐾! 𝑞 = −2,9𝑞! + 8,8𝑞! − 10,2𝑞 + 5,02 (19) 

 

And therefore for q = 1,442: 

𝐾! = 0,689 (20) 

𝐾! = 0,698 (21) 

𝐾! = 1,355 (22) 

𝐾! = −0,082 (23) 

 

Established KL, KC, KP and KX it can be found each component value (8)-(13) 

and thus a first approach to design a class-E PA with finite dc feed inductance.  

 

2.3.5 Classe-E cascode 

As suggested in the section 1.3, in class-E amplifiers there are two topologies 

commonly used: The classical approach presented by Sokal and also the class-E 

cascode topology. 

One major problem that is verified when using the class-E is a high voltage 

peak in the transistor switch, which can compromise the reliability and safety of the 

device (device stress). In these conditions, the usual solution is to decrease the 

supply voltage. Meanwhile, as it can be observed in (3), decreasing the supply 

voltage can consequently decrease the optimal charge for the same power. The 

decreasing of the optimal charge constitutes a problem because it increases the 

losses due to the output matching network. In [9] it’s also referred that in this 

situation, the driver dissipated power increases. 

Being so, because the high supply voltage needed for a good circuit 

performance compromises the MOS functioning, the use of the cascade switch 

configuration is advised (figure 12). This solution allows using a higher supply 
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voltage for the same peak voltage in the transistor and as a consequence a higher 

optimal load for the same output power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In fact, because in the class-E cascode a transistor (M2) is added to the switch 

(M1), by proper choice of VG the peak voltage referred is divided by two, being this 

the reason that leads to the possibility of increasing the supply voltage, that can 

reaches almost the double [17], depending of the technology. By duplicating the 

supply voltage, the optimal charge quadruplicates. 

 

2.4 Class-F 

The class-F power amplifier is introduced in this dissertation because it will be 

used as the class-E driver stage. A simple explanation is made in this section.  

The class-F driver needs to meet two essential specifications: an output 

waveform as similar as possible to a square wave, and a considerably transducer 

gain value in order to reduce the source available power of the PA.   

 

Figure 12 - Classe-E cascode 
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Figure 13 - Class-F topology to be the class-E driver stage 

 
Since class-E operates in switching-mode it is important that input waveform is 

shaped for turning the transistor “ON” and “OFF”. That waveform should be the as 

close as possible to a square wave in order to reduce the switching time from a state 

to another. The class-F power amplifier can realize this function by means of adding 

odd harmonics to the voltage output signal.  

In figure 13 circuit it can be seen two LC tanks in series with M1 transistor. One 

pair, C1 and L1, is tuned to the first harmonic (2.4GHz) and the second tank, C2 and 

L2, is tuned to the third harmonic (7.2GHz). This circuit allows the drain-source 

voltage to have only DC, 1st and 3rd harmonic components, which is more similar to a 

square-wave than a single sinusoid. To obtain a better similarity higher order odd 

harmonics should also be tuned, but this would increase the circuit area and losses 

due to the extra inductors. 

The two tanks can be projected through the following equations: 

 

1st harmonic: 𝐿! =
!

!!!!!
 (24) 

3rd harmonic: 𝐿! =
!

!!!!!!
 (25) 

, where ω0 = 2π 2.4X109 rad/s. 

Finally, C3 is a DC blocking capacitor and the load represent what would be 

class-E power amplifier input impedance. 
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Chapter 3 – Amplifier design 

3.1 Introduction 

In this chapter is present the design of a 2,4GHz power amplifier class-E 

implemented in 0.18µm CMOS technology for 50Ω output load. The chosen 

topologies are the simple common-source class-E and the cascode class-E. For 

simplicity they will be only called “class-E” and Cascode”, respectively. It was also 

designed a class-F driver stage. At the end of this chapter, in section 3.4, table 7 

summarizes the most important results of the designed circuits. 

The idea behind this study is the comparison between both topologies with and 

without driver in terms of efficiency, PAE, output power, input power and, in some 

cases, also occupied area. The area is particular important in integrated circuits 

because is directly related with cost and, whenever possible, few inductors should be 

used because of their large size.  

The design flow used to design this class-E power amplifier is as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 14 – Class-E design flow 
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3.2 Class-E power amplifier 

When designing a power amplifier on CMOS it is well known that a 

considerable amount of power dissipation occurs on the inductors due to their low 

quality factors. To explain better how it was attempted to reduce this effect let’s first 

remember Mustafa equations presented on section 2.3.4:  

 

𝑅!"# =
𝑉𝑑𝑑!×𝑘!
𝑃!!"

 (26) 

𝑋 = 𝐾!×𝑅!"# (27) 

𝐶! = −
1

𝜔×𝑋
 (28) 

𝐿! =
𝑘!×𝑅!"#

𝜔
 (29) 

𝐶! =
𝐾!

𝜔×𝑅!"#
 (30) 

𝐿! =
𝑄!×𝑅!"#

𝜔
 (31) 

𝐶! =
1

𝐿!×𝜔! (32) 

, where: 

 

Kl = 0,689 Kc = 0,698 Kp = 1,355   Kx = -0.082 ω0 = 2*Π*2,4X109 Ql = 3 

Table 4 – Constants of Mustafa equations chosen to this project 

  

The approach was, instead of start with the calculation of Ropt (26) based on Vdd 

, kp and the amount of required POUT, L1 value was fixed. The chosen L1 value has to 

lead to a reasonable Ropt (29) otherwise it will be difficult to transform 50Ω on Ropt, as 

it will be shown on section 3.2.2. On other hand Ropt has to be in accordance with the 

desired output power (26), which cannot be less than 17dBm. The reason to use this 

method is because this way an inductor with low resistance, RL-ON, and high quality 

factor can be choose. However that value is limited by the rest of the network and 

has to fulfill the specifications.  

Using Mustafa equations it’s possible to achieve a first approach to circuit 

components values. In table 2 the values obtained to start projecting the class-E 

power amplifier can be seen. 
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𝐿! = 1 𝑛𝐻  𝑅!"# = 21,9 Ω 𝐶! = 36,9 𝑝𝐹 𝐶! = 2,1 𝑝𝐹 𝐿! = 5,8 𝑛𝐻 𝐶! = 0,7 𝑝𝐹 

Table 5 – Class-E elements values based on Mustafa equations 

 

Another source of significant power losses is the MOS transistor is due to its 

on-resistance, RON. As was explained on section 2.3 the transistor operates as a 

switch alternating between the triode and cutoff. The RON would be ideally zero to 

avoid this power loss. Due to the technology this resistance is not zero but it should 

be as low as possible. Considering equation (33) becomes evident that to reduce 

RON the transistor gate width, W, has to be increased or its gate length, L, reduced.  

 

𝑅!" =
𝐿

𝜇!𝐶!"𝑊(𝑉!" − 𝑉!)
 (33) 

 

, where µn is the charge-carrier effective mobility, Cox is the gate-oxide capacitance 

per unit area, VGS is the gate-source voltage and Vt is the threshold voltage.  

The chosen transistors provided by the process design kit have fixed L (L = 

0.18 µm) so the only possibility is increase the W value through the number of 

fingers, Nf. Only one transistor is not enough, therefore we have to use more 

transistors in parallel to reduce RON. At this point the question is how many 

transistors in parallel. If we only think on RON is clear that the more the better 

because in that case the resistance of each other is also in parallel and always 

decreasing as it can be seen on next equation 

 
1

𝑅!" !"#$%&'!()
=

1
𝑅!" !

+
1

𝑅!" !
+⋯+

1
𝑅!" !

 (34) 

 

, where N is the number of transistors in parallel and 𝑅!" !"#$%&'!() is the equivalent 

resistance of the transistors in parallel.  

Actually when we have transistors in parallel (wider) it is also true that its 

capacitance rises:  

 

𝐶!" =
2
3
𝑊𝐿𝐶!" (35) 

 

The capacitance between drain and source, CDS, has a maximum limit, which is 

Cshunt. Otherwise we will have more capacitance then the desirable on that point. As it 

can be seen on next equation, capacitances in parallel are summed: 
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𝐶!"#$%&'!() = 𝐶!" ! + 𝐶!" ! +⋯+ 𝐶!" ! (36) 

 

, where N is the number of transistors in parallel and 𝐶!"#$%&'!() is the equivalent 

resistance of the transistors in parallel.  

Therefore 𝐶!"#$%&'!() plus C1 must be less or equal to Cshunt (See figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

About CGS, if its value is too high it could be impossible to have an input 

matching network to 50Ω. This happens because the input matching network must 

have an inductor that perhaps is not enough to compensate CGS value.  

Therefore the conditions that limit the number of transistors in parallel are: 

• CDS could not be higher than Cshunt. 

• CgS must allow the making of an input matching network to 50Ω. 

 

In this project we choose to use five transistors in parallel. In fact this is a 

reasonable value to meet the project specifications and previous conditions in terms 

of RON, CDS and CgS. A comparison between these values can be observed in table 6 

(obtained trough ADS software): 

 

Number of transistors 

in parallel 
RON (Ω ) CDS (pF) CgS (pF) 

1 366,824 0,016 0,255 

5 73,365 0,083 1,277 

Table 6 – Transistor characterization in terms of RON, CDS and CGS 

 

C
shuntideal

Figure 15 - Transistor drain-souce capacitance and Cshunt 
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In next figures (figure 16 and 17) it can be seen the difference between using 

five transistors rather than only one. By decreasing RON and for the same voltage, IDS 

raise and this is exactly why wider transistor has less power dissipation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With this initial values and some optimization, making use of ADS tools, the 

main network of the power amplifier is designed (figure 18). At this point the 

simulated results obtained are 37.9% efficiency, 30.4% PAE and an output power 

equal to 16.7dBm. 

Next, it is time to focus on output load impedance transformation and input 

matching to 50Ω, and also to improve the previous simulated results. 

Figure 16 - IDS(VDS), one transistor 

Figure 17 - IDS(VDS), five transistors in parallel 
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3.2.1 Input matching 

To have maximum power transfer is crucial to have good impedance matching 

at amplifier input. In this project the input matching network was designed with the 

help of Smith chart. The first thing to do is simulate the input impedance at transistor 

gate. Then it has to be chosen an impedance matching network that follows the 

requisites which in this case is transforming the simulated impedance to 50Ω.  

There are several topologies that can be used for impedance transformation 

but, at this frequency, the best option is using lumped components because 

transmission lines are still too large.  

In this project it has be chosen the so called L-network which is composed by 

an inductor and a capacitor: 

 

 

 

 

 

 

 

 

jX1

jX2

Figure 18 – class-E main network 

Figure 19 – L-network 



  43 
 

 

 

Chosen the topology and knowing the impedance that we want to transform the 

Smith chart can be used. Simulator ADS has a tool (Smith Chart Utility) that allows 

making this task more quickly and automatically. The next figure shows how the 

impedance transformation was done: 

 

 

 

 

 

 

 

 

 

The Smith Chart Utility gives an initial guess to the inductor and capacitor 

values assuming that those are ideals. When replacing those ideals components by 

the technology ones, the respective values have to be optimized with the aim of 

having better performance. Inductor size has to be taken into account, which should 

have less diameter and more turns in order to contribute to a smaller circuit. The 

variation of inductor value should be compensated with the respective variation of the 

capacitor. 

The solution obtained lead to the circuit on the following design:  

Figure 20 - a) Input matching through Smith-chart and b) resulting components 

a) b) 

Figure 21 - Class-E with input matching network 
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At this point the simulated results are 56.6% efficiency, 53.8% PAE, and an 

output power of 18.1dBm. Comparing with the previous circuit that does not have 

input matching it could be seen an enormous difference. This shows the importance 

of having a good matching with the source and consequently more power 

transferred. 

 

3.2.2 Output matching 

To finishing the class-E power amplifier is only necessary to design the output 

matching network. Like with the input network there are also different topologies that 

can be used at this point. 

As stated before, the idea when designing impedance transformation networks 

is to avoid, whenever possible, inductors. Based on this principle it was tried to use 

only capacitors because those behave much more like the ideal capacitors, with few 

losses, and have less size than the inductors.  

The so-called capacitive divider whose classical circuit is presented in figure 22 

will be used. But the capacitive reactance of both capacitors has to be in resonance 

with an appropriate element (shown in dashed line). 
 

 

 

 

 

 

 

 

 

 

 

Looking at the class-E output network is easy to see that the equivalent 

capacitance of the previous figure capacitors can be absorbed into C0. The 

inductance L0 will then make the same resonance with C0 like before. This procedure 

can be seen in figure 23. 

 

 

Figure 22 - Capacitive dividers 
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Basically the idea is passing from the circuit of figure 23-a) to the one on figure 

23-b), where RL is 50Ω. For that it has to be proven that equation (37) is equivalent to 

(38) with reasonable values to the capacitors, C3 and C4, at the fundamental 

frequency. For higher frequencies the impedances diverge. 

 

𝑍! = 𝑍!! + 𝑅!"# (37) 

𝑍! = (𝑍!! ∥ 𝑍!!) + 𝑅! (38) 

 

Beginning the demonstration: 

 

𝑍!! + 𝑅!"# = 𝑍!! ∥ 𝑍!! + 𝑅! ⟺ 𝑍!! + 𝑅!"# =
𝑍!! .𝑍!!
𝑍!! + 𝑍!!

+ 𝑅! ⟺ 

⟺
1

𝑗.𝜔!.𝐶!
+ 𝑅!"# =

1
𝑗.𝜔!.𝐶!

. 1
𝑗.𝜔!.𝐶!

1
𝑗.𝜔!.𝐶!

+ 1
𝑗.𝜔!.𝐶!

+ 𝑅! ⟺ 

⟺
1

𝑗.𝜔!.𝐶!
+ 𝑅!"# =

1
𝑗.𝜔!.𝐶! + 𝑗.𝜔!.𝐶!

+ 𝑅! ⟺ 

⟺ 𝑗.𝜔!.𝐶! + 𝑗.𝜔!.𝐶! =
1

1
𝑗.𝜔!.𝐶!

+ 𝑅!"# − 𝑅!
 

(39) 

 

For this work ω0 is 2Π 2.4X109 rad/s, C0 2,7pF, Ropt 30,9Ω and RL is 50Ω. This leads 

to 

 

⟺ 𝑗.𝜔!.𝐶! + 𝑗.𝜔!.𝐶! =
1

1
𝑗. 2.Π. 2,4𝑋10!. 2,7𝑋10!!" + 30,9 − 50

 (40) 

 

 

Figure 23 - a) class-E filter plus Ropt and b) Filter plus impedance transformation to RL 

a) b) 
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After some mathematical calculations a final equation is obtained (41): 

 

𝐶! = 1,68𝑋10!!" + 1,31𝑋10!!". 𝑗 − 𝐶! (41) 

 

Looking to equation (41) the imaginary part can be ignored because is much 

smaller than the real part. After that (42) is reached, which indicate that reasonable 

capacitors values can be used.  

 

𝐶! ≈ 1,68𝑋10!!" − 𝐶! (42) 

 

After implementing this idea in practice it was proven that works on the design 

of a class-E power amplifier and consequently the first project is finished and can be 

seen on figure 24: 

 

 

 

One of the technology limitations is that the drain-source voltage, VDS, cannot 

exceed 5V. This limitation fulfillment can be seen in figure 25 and figure 26 shows 

that the amplifier input is matched to 50Ω.  

 

 

 

 

Figure 24 - class-E with input and output matching network 
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On figure 27 can be seen the efficiency (57.8 %) and PAE (54.9 %) of this 

circuit and on figure 28 it is shown the input and output (18.2 dBm) power. All these 

simulations are made with a source available power equal to 5dBm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25 - VDS (red) and IDS (blue) 

Figure 26 – input impedance matching 50 Ω 

Figure 27 - Efficiency (red) and PAE (blue) 
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3.2.3 Class-E with a class-F driver stage – version 1 

This schematic is based on the previous one but now with the class-F driver. 

The main advantage of using class-F is to get a signal nearly square at the class-E 

input, which is essential for its correct operation. On the other hand it is a circuit that 

gives a reasonable gain and efficiency. Those are the main characteristics to be met 

when designing a driver for a PA. 

The driver stage was projected with the aim of obtain 5dBm at the class-F 

output which is the value that should be applied to the projected class-E. To meet 

that specification, a sweep of the source available power was made. Also the 

impedance matching network between both stages was optimized to achieve an 

overall better performance. The power gain of this stage could be seen on figure 33. 

 

 

Figure 28 - POUT (red) and PIN (blue)  

Figure 29 – Class-E with a class-F driver stage – version 1 
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In the figure 30 is represented the signal that is applied at the input of class E, 

which as mentioned should be approximately square. But, in reality, it is not because 

only the third harmonic component is used by the reasons already mentioned. 

 

 

 

 

 

 

 

 

 

 

Figure 31 shows that class-E maximum drain-source voltage, VDS, is not 

exceeded. 

 

 

  

 

 

 

 

 

 

  

On figure 32 overall efficiency and PAE can be seen, its maximum values are 

59.4% and 57.3%, respectively. Figure 32 shows the overall input and output and 

also the 2nd stage input power. Maximum PAE output power is 17.3dBm. 

 

  

 

 

 

 

 

Figure 30 - Signal that drive class-E (approximately square) for PSAV=-5dBm. 

Figure 31 - VDS (red) and IDS (blue) for PSAV=-5dBm. 

Figure 32 - Efficiency (red) and PAE (blue) 
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The figure 33 also shows the advantage of having the drive exciting the class-E 

power amplifier. Recalling the previous circuit, section 3.2.2, the class-E input would 

have to be excited with a signal of 5 dBm and in this case this value is reduced to -5 

dBm.  

The use of the driver is crucial to reduce the source available power that the 

PA needs and in his turn matching the power that the previous block can reach, 

presumably a mixer. This could be interesting and explored from the system 

viewpoint. 

The following figure shows the input impedance matching to 50Ω. This result 

confirms the fact already seen in figure 33 that for PSAV=PIN=-5dBm. 

 

 

 

 

 

 

 

 

3.2.4 Class-E with a class-F driver stage – version 2 

The main difference of the circuit presented in this section and the previous 

one is the exchange of the inductor between stages by a resistor (see fig 37). The 

most obvious advantage of this technique is the reduction of the circuit area. On the 

other hand, after optimization, PAE also increased slightly (~1%) and power 

decreased by 0.3 dBm.  

Figure 33 - POUT (red), PIN (blue) and power between the two amplifiers (purple) 

 

Figure 34 - input impedance matching 50 Ω 
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However there is one main difference in simulated results, which is the 

increased of the source available power necessary to achieve the same output 

power (~4dBm). This rise is explained by the higher power dissipation in the 

resistance than with the inductor.  

This result could only be seen as a disadvantage from the system point of view 

because more gain will be necessary from the preceding stages. 

The applied signal at the class-E entrance is very similar with the one 

presented in figure 30 therefore the picture will be not repeated. Also in this case was 

respected the maximum drain-source voltage, VDS, allowed by technology (5V) and 

the input impedance matches 50Ω. 

 

On figure 36 it could be seen the efficiency and the PAE of this circuit, with its 

maximum values 59.9% and 58.1%, respectively. 

 

 

 

 

 

 

 

 

 
Figure 36 - Efficiency (red) and PAE (blue) 

 

Figure 35 – class-E with a class-F driver stage – version 2 
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The following figure, figure 37, shows the necessary source available power 

increasing from -5dBm to -1dBm, to reach an output power equal to 17.3dBm. 

 

 

 

 

 

 

 

3.3 Classe-E cascode power amplifier 

The cascode topology reduces the peak voltage that the transistor has to stand 

on VDS because the voltage is divided by two transistors (cascode topology) instead 

of only one. Therefore it is possible to increase the bias voltage without exceeding 

the maximum voltage in each transistor, which leads to a higher output power. 

Another advantage is that the cascade stage has less feedback which results in 

higher gain and less stability problems. The drawback is that equivalent RONequiv will 

be the sum of the two transistors RON. 

In this circuit supply voltage was increased from 2.1V to 3.3V in trying to 

maintain the 5V maximum VDS value for both transistors.  

 

Figure 38 – Class-E cascode  

Figure 37 - POUT (red), PIN (blue) and power between the two amplifiers (purple) 
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As can be seen in figure 39 the voltage across the switch is increased to nearly 

7V being divided by 5V at the upper transistor (Figure 40) and 2V (figure 41) at the 

bottom.  

From the project viewpoint there are several aspects to consider. In theory it 

would make sense that the voltage that fall into each transistors should be identical 

and as close as possible to the maximum stress allowed by technology (5V). In 

practice this is not what occurs thus it will be explained why. 

The sizing that is done to establish the voltage values that across each 

transistor can be made through the respective dimensions, W (width) and L (length). 

Alternatively it can also be varied the upper transistor bias voltage of the cascode. By 

varying the dimensions of the transistors it must be taken into account that it will also 

be changed its RON and CDS, as previously explained. 

As these values also influence the rest of the circuit design, the choice of W 

and L is limited. In particular, CDS cannot exceed the Cshunt (at maximum it can be 

equal) and an increase of RON means more power dissipated in the transistor. Thus it 

becomes essential to manage the voltage that fall through the transistors by means 

of the upper transistor bias voltage. 

In practice it appears that to maximize the PAE value the upper transistor has 

to be forced up to the maximum voltage (figure 40) allowed (5V) and let the rest fall 

on the cascode bottom transistor (figure 41). In fact this is because there is no 

transistor size value that makes an equal voltage division between the upper and 

bottom transistors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39 - VSWITCH (red) and ISWITCH (blue) 
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In the following figures the efficiency and PAE (figure 42) and also the output 

power, POUT, and input power, PIN, (figure 43) curves are presented. The source 

available power, PSAV, is also 5 dBm as it was on section 3.2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40 – VDS1 (cascode upper-transistor) 

Figure 41 - VDS2 (cascode bottom-transistor) 

 

Figure 42 - Efficiency (red) and PAE (blue) 
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3.3.1 Class-E cascode with a class-F driver – version 1 

The project presented in this section is similar with the one presented in 3.2.3 

but this time with the class-E cascode topology plus the class-F driver.  

 

The voltages that fall at each transistor are very similar to the previous case, 

section 3.3, so the respectively images are not repeated.  

In the following figures it can be observed the efficiency and PAE (figure 45) 

and also the output power, POUT, and input power, PIN, (figure 46) values for this 

circuit. The source available power is -17dBm, which is a great achievement if we 

compare with the 5dBm of previous circuit (section 3.3). This value will be also 

important in order to make the comparison with the following project. 

Figure 43 - POUT (red) and PIN (blue)  

 

Figure 44 – Class-E cascode with a class-F driver stage – version 1 
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3.3.2 Class-E cascode with a class-F driver – version 2 

  Such as the circuit presented in section 3.2.4, the major difference among 

this circuit and the previous one is the exchange of the inductor between stages by a 

resistor. 

Figure 45 - Efficiency (red) and PAE (blue) 

Figure 46 - POUT (red), PIN (blue) and power between the two amplifiers (purple) 

 

Figure 47 - Class-E cascode with a class-F driver stage – version 2 
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In this case is even more noticeable the difference between the source 

available power (PSAV = -3dBm) with the previous version (PSAV = -17dBm) in order to 

obtain a similar output power. Again this disparity is due to the mentioned resistor 

and its power dissipation. The benefit is that the circuit area is reduced. 

In the following figures it can be observed the efficiency and PAE (figure 48), 

the output power, POUT, and the input power, PIN, (figure 49) values for this circuit. 

 

 

 

 

 

 

 

 

 

  

Figure 48 - Efficiency (red) and PAE (blue) 

Figure 49 - POUT (red), PIN (blue) and power between the two amplifiers (purple) 
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3.4 Projects comparison 

The following table exposes the most important results that were obtained by 

schematic simulation of the various circuits presented in this chapter: 

Table 7 – Projects comparison 

 

After analyzing the table it can be seen that there is no circuit that is better than 

the others in all aspects. In other words, this choice has to be made with a set of 

system specifications.  

It is possible to do two kinds of comparison: 

• Between both topologies, class-E and class-E cascode; 

• Among the circuits projected with the same topology. 

The major difference between class-E and class-E cascode is that the first 

have a better efficiency essentially because the supply voltage that can be used 

without stressing the transistor is less. This feature leads to a smaller consumption 

and in is turn smaller power supplied by the DC supply, PDC. From efficiency, η, 

equation (43) is clear that if PDC decrease, the efficiency increase (assuming same 

POUT). On other hand, the class-E cascode allows higher output power, POUT, but with 

a higher consumption (supply voltage increase) that leads to a smaller value of 

efficiency. 

 

𝜂 =
𝑃!"#
𝑃!"

 (43) 

 

Comparing the class-E with and without class-F driver the advantage is 

obvious: a higher gain requires a lower source available power. Of course the driver 

also occupies additional area.  

 

Projects PAE       
(%) 

Output Power 
(dBm) 

Source Available 
Power (dBm) 

Supply Voltage 
(V) 

Class-E 54,9 18,2 5 2,15 

Class-E with drive 1 57,3 17,3 -5 2,05 

Class-E with drive 2 58,1 17,3 -1 2,10 

Class-E cascode  50,0 19,3 5 3,30 

Class-E cascode with drive 1 50,1 19,4 -17 3,30 

Class-E cascode with drive 2 53,1 19,4 -3 3,30 
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The difference between both versions with drivers was explained before. 

Summarizing is a trade-off between area and source available power. If the circuit 

before the class-E drive can achieve higher power maybe it can be used the resistor 

(version 2) between the drive and class-E with the advantage of less area. If not, 

version 1 must be used with the advantage of less power dissipation and 

consequently less source available power needed. This argument is also valid to the 

class-E cascode with and without drive. 
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Chapter 4 - Layout 

4.1 Schematic 

All the simulation presented in this chapter were performed with Cadence. 

When considering the layout design it is better to make a hierarchic design of the 

project. A test-bench (figure 50) must be created to facilitate the schematic and pos-

layout simulations. It was decided to build the layout for the class-E power amplifier 

presented in figure 24, the simple class-E without drive.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen in next figures, the POUT and PAE values are similar to the ADS 

simulations already obtained. The output power, POUT, is 17.94dBm while the value 

obtain with ADS was 18.2dBm (figure 51). PAE is 54.7% and the value obtained with 

ADS was 54.9% (figure 52). These values were simulated with the same source 

available power (5dBm) as it was used in ADS. These small differences are related 

with different ADS and Cadence model libraries. 

 

Figure 50 - Schematic test-bench 
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4.2 Layout considerations 

After schematic simulation the circuit layout was designed and is presented in 

figure 53. The main objectives are to reduce occupied area and also to minimize 

interconnections length and width to lower parasitic. Metal 6 was used whenever 

Figure 51 - Pout vs Pin 

Figure 52 - PAE vs Pin 
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possible because this metal has the minimum resistance per square and is the most farthest 

from the substrate. The dimension of the circuit layout is 1,5mm2.  
 

 
Figure 53 - Layout 

 

Next figures show the pos-layout simulation results with capacitive parasitics. 

For PSAV=5dBm, POUT value decreases from 17.94dBm (schematic) to (pos-layout) 

17.72dBm (pos-layout) (figure 54). In the same conditions, PAE decreases from 

54.69% (schematic) to 51.85% (pos-layout) (figure 55). 

These small variations appears because the all the schematic components 

have accurate RF models that include the parasitic to substrate. This applies also to 

the pads which are one of the main causes for parasitic capacitance. 

 

GND VDD BIAS 

  VIN     VOUT 
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 GND 

 GND 

 GND 
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Figure 54 - Pout vs Pin 

Figure 55 - PAE vs Pin 
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Chapter 5 – Conclusions 

This work presents the previous necessary study for the design of a class-E 

power amplifier in CMOS technology for IEEE 802.11b/g applications. 

Although better performance can be achieved with other technologies, the 

CMOS continues to be fundamental in the field of RF, due to its low cost, high 

integration level and increasing better performance. 

With this work, it was possible to obtain a global vision of the many ways to do 

power amplifiers and also to understand the different applications. One of the 

parameters more important in this type of circuit is with no doubt the capacity to add 

power (PAE), where the class-E as the best performance making it a circuit with a 

reasonable practical application. Through this study, a detailed analysis was made 

for different configurations and topologies, emphasing advantages and 

disadvantages. 

Circuits were designed for the classical class-E topology and also the cascode 

topology with and without driver stage which was made with a class-F stage. 

 

The main objectives are achieved which include the project of a fully integrated 

class-E power amplifier working at 2.4GHz and that provides a power output 

exceeding 17dBm. 
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