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In retrospect we can see that from the last century, wireless electronic 

technology has been in a rapid state of development. With the popularity of 

wireless communication, the power amplifier demand is rising. In general, 

magnitude, maximum noise figure, minimum noise figure, efficiency, and output 

power are important indicators of the amplifier. The IC industry is exploring how to 

reduce the additional cost and improve the high-frequency performance. 

Therefore, designing a strong adaptability and high cost performance of the PA 

has become a priority. As these technologies advance, the power amplifiers need 

to have better integration, lower cost, and lower power dissipation. Also, some 

special requirements are being asked in some areas, such as multi-mode and 

multi-band. In general, people have to use several power amplifiers parallel to 

frame a multifunction chip. Each of them working at different frequencies of interest 

has to have separate matching network, design, and area; also, the diversity 

amplifier prices will increase with the number of amplifiers, and its cost is also 

changed.  

In this thesis, because Class E power amplifier has lower power dissipation, 

100% ideal efficiency, simple circuit structure, and strong applicability, the Class E 

is used as power amplifier in main stage. Moreover, in order to decrease input 

power and increase output power, the class A power amplifier is used as driver 

stage. It can use very small amount of power to provide a larger power. Moreover, 



we use a switched variable inductor and capacitor to constitute a dual band 

matching network which can let the PA work at more than one frequency.In fact, 

we design a Class A PA which is as a driver stage. Then, when we support 1 dBm 

input power, the driver stage can have 8 dBm output power. Also the output will be 

the input power for the main stage.  When the Class E PA get 8dBm input power, 

it will export a 15dBm output power. Because the dual band matching net work, 

the PA can work at 2.2 GHz and 2.6 GHz; also, the efficiency is 48% and 51%, 

and the both gains are 13 dB. In the future, in order to further improve the 

performance of the power amplifier and better muti-frequencies, more new designs 

with new structures should be investigated. Moreover, we need further research 

about design theory. In fact Muti-frequencies power amplifier has a great potential 

in real application. It based on the its special structure and design parameters. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The world is growing fast. This is due to the fact that modern technology has 

developed very rapidly. In 1864, the existence of electromagnetic waves was predicted 

by Maxwell’s theory. Thereby, the technology of electronics industry began to develop 

rapidly. After 23 years, hertz verified Maxwell’s theory. In 1907, Lee De first investigated 

the vacuum tube, which became the foundation of modern wireless communication. 

From 1962 to now, telephone technology has rapidly developed to digital transmission 

and exchange. Because of the breakthrough progress of solid state electronic, the 

wireless communication can be used at anywhere or anytime. 

In retrospect we can see that from the last century, wireless electronic 

technology has been in a rapid state of development. The world discovered Radio in 

1820 and television transmission in 1930. Moreover, mobile telephone was invented in 

1980, and global positioning system (GPS) was made in 1990. The development of 

wireless communication has had a great influence on social culture. In addition, an RF 

power amplifier is the core part of the wireless transmitter. For the working principle of 

wireless device products, it gets digital bits. Then it crosses a digital signal processor, 

RF transceiver. After that, amplification of the amplifier gets a radio wave to work. 

Moreover, The RF CMOS technology had been used in many important fields of 

electronic technology, such as RF front-end applications, wireless communication, and 
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microwave applications. From the last century, wireless technology products, such as 

mobile phone, Bluetooth, Tablet computer and WiFi devices, gradually entered the lives 

of a lot of families. In 2000, the number of global mobile phone users were half a billion. 

Ten years later, the number of users grew to five billion, which means that the use of 

the PA is much more common. With the popularity of wireless communication, the 

power amplifier demand is rising. In general, magnitude, maximum noise figure, 

minimum noise figure, efficiency, and output power are important indicators of the 

amplifier. The IC industry is exploring how to reduce the additional cost and improve the 

high-frequency performance. Therefore, designing a strong adaptability and high cost 

performance of the PA has become a priority. 

 

1.2 Motivation  

As these technologies advance, the power amplifiers need to have better 

integration, lower cost, and lower power dissipation. Also, some special requirements 

are being asked in some areas. In the wireless communication, more than one modes 

or bands are required for different standard. In this thesis, because Class E power 

amplifier has lower power dissipation, 100% ideal efficiency, simple circuit structure, 

and strong applicability, the Class E is used as power amplifier in main stage. Moreover, 

in order to decrease input power and increase output power, the class A power amplifier 

is used as driver stage. It can use very small amount of power to provide a larger power. 

In the past, people had to use several power amplifiers parallel to frame a multifunction 

chip, which means each of them had to have separate matching network, design, and 

area; also, the diversity amplifier prices will increase with the number of amplifiers, and 
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its volume is also increased. To decrease the volume and the price for diversity 

amplifier, the best way is using a single path to work at multiple frequencies, which 

means that a multi-band power amplifier should be used. Its matching network can be 

used at a different frequency. 

 

1.3 Goal 

The main goal of this thesis is to use 0.18 μm IBM CMOS technology with 1.8V 

power supply to design a dual-band power amplifier which can work at two frequencies. 

In addition, in order to decrease the power consumption and cost, the design uses 

Class A power amplifier as a driver stage to support a preamplifier for power stage, and 

uses Class E power amplifier as power amplifier stage to deliver high efficiency and 

power. 

The PA should: 

 provides a lower input power to support the PA 

 be applicable to the 2.2 GHz and 2.6GHz 

 has high efficiency above 50% 

 provides output power  bigger than 15dBm 

1.4 Overview of the Thesis 

Chapter 2 will describe the existing variety of simple amplifiers and important 

parameters of an amplifier. 

Chapter 3 will present some relevant design knowledge (smith chart, matching 

network, etc.) as well as single Class E power amplifier’s simulation and result. 
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Chapter 4 will focus on the principle and design of dual-band matching network 

and a two-stage power amplifier. 

At last, chapter 5 will introduce the conclusion and the future works.  
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CHAPTER 2 

The Basic Knowledge of the Power Amplifier (PA) and the related knowledge 

 

2.1 Introduction 

 Every wireless communication has a transmitter, which means that it has a RF 

power amplifier. Efficiency, power gain, and the power loss are important parameters for 

an RF power amplifier. In addition, different basic power amplifier modes have distinct 

basic operating principles. In this chapter, several common power amplifiers will be 

discussed. Also, we will discuss their own benefits and characterizations. 

 

2.2 PA properties 

2.2.1 Power Gain 

 The gain of a power amplifier is an important target for design. It can be defined 

as: 

           
                           

                                 
         

    
   

  

The Gain is in dB, and the       and     are in watt(W). From the figure(2.1)[1], we can 

know that the gain is nonlinear and drops when input power increases.  

 

 

 

Fig.2.1 The schematic of power amplifier Fig.2.2 The transducer power gain 
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2.2.2 Efficiency 

Another important parameter is efficiency. In general, the Drain efficiency is to 

assess the merits of the power amplifier. It is defined as  

  
    
   

      

        
 

  
              

      

In addition, the second metric is: power added efficiency (PAE). It is defined as  

    
        

   
   

The      and     are the output and input powers at the designed frequency, and     is 

the supply power for the power amplifier. It’s clear that the Drain efficiency is higher 

than power added efficiency. In common, if the power gain is very high, PAE can be 

equal to the drain efficiency[2]. 

 

2.3 Classification Power Amplifier 

2.3.1 Class A Power Amplifier 

 Class A is a very simple non-switch mode and small signal power amplifier; also, 

it has the high linearity.  Its conduction angle is 360 degree. 

 

 

 

 

Fig.2.3 The schematic of Class A power amplifier 
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In Fig(2.4), it shows class A power amplifier’s characteristic, Vk is the knee voltage. 

After the Voltage reaches the Vk, the voltage is in amplification region. In general, its 

input is the bias voltage, so it will not turn off. The maximum drain efficiency of Class A 

power amplifiers: 

  

   
 

    

   
 

   

     

 

Fig.2.4 The class A power amplifier’s characteristic 

 

2.3.2 Class B Power Amplifier 

 The class B power Amplifier also is a non-switch mode amplifier. Its conduction 

angle is 180 degree, which means the transistor will be active at the half of the signal 

period. In fact, Class B has better efficiency than Class A PA, which can arrive at 78%. 

In the other way, Class B has poor linearity because it has higher order harmonics. In 
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order to have drain current in full RF-cycle, Class B usually operates in a push-pull 

configuration. In Fig(2.5), it shows class B power amplifier’s characteristic. 

 

 

Fig.2.5 The class B power amplifier’s characteristic 

 

2.3.3 Class AB power Amplifier 

 Class AB is somehow between Class A and Class B power amplifiers. The bias 

point is between Class A bias point and Class B bias point, and Class AB efficiency is 

also between Class A and B, which is 50%-78%. Class AB’s conduction angle is 180-

360 degrees. Fig.(2.6) shows the transfer characteristic of a Class AB amplifier. 



9 

 

 

Fig.2.6 The class AB power amplifier’s characteristic 

 

2.3.4 Class C Power Amplifier 

 In order to have a better power efficiency, the class C power amplifier reduces 

the conduction angle. Therefore, its power efficiency can be 100%. However, it also has 

poor power capability. Fig.(2.7) shows the transfer characteristic of a Class C amplifier. 

 

Fig.2.7 The class C power amplifier’s characteristic 
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2.3.5 Switching Power Amplifier – Class E  

 In 1975, the first Class E amplifier was invented by Sokal. In general, if the 

crossing switch remaining voltage is low when switch turns off, the crossing switch 

remaining voltage is 0 when switch turns on. The Class E is a switch type and non-

linear amplifier. It has the highest theoretical (100%) because the transistor will not 

generate any power(loss power). Also it incorporates a device output capacitance. 

Fig(2.8)[5] shows the Class E circuit.  

 

 

 

 

 

 

Fig.2.8 The schematic of Class E power amplifier 

In this circuit, Ldc is a finite DC-feed inductance or RF choke. Cs and Ls are 

combined as a LC resonator. Also, it has an excess inductance Lx at the designed 

frequency. In addition, Cshunt and Lx are designed to achieve the conditions for Class E 

power amplifier.  The transistor of Class E PA is biased (VGS) at Vt. It looks like the 

Class B, but there is a shunted C between the Drain and the Source. This shunted C, 

along with the following LC resonator, force the voltage across the transistor and are 

equal to 0 when there is any current (Id) flowing though transistor.  
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Fig.2.9 The drain voltage and drain current waveform of Class E power amplifier 

In Fig(2.9), at the beginning , the switch turns on, then the voltage is 0. When the 

switch turns off, the Cshunt begins to charge. The voltage rises until the Iθ=0. After that, 

Cshunt begins to discharge, and the voltage goes down, when voltage is zero, switch 

turns on. 

 

2.4 Conclusion  

In order to get high efficiency and higher output power, in this thesis, the Class E 

is used as power amplifier stage. The next chapter will discuss knowledge about design 

of the single Class E power amplifier and simulation results. 
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CHAPTER 3 

The single Class E power Amplifier design 

 

3.1 Introduction 

 This chapter will present  the design of a 2GHz CMOS Class E power amplifier to 

deliver 17dBm using a standard 0.18 μm IBM CMOS process for achieving a higher 

efficiency and a lower supply voltage. In fact, the drain efficiency is a core performance 

criterion because a power amplifier occupies a majority current consumption when it is 

actively transmitting. Since Class E power amplifier has particular soft-switching feature 

which can adequately alleviate the discharging and charging power loss, it will have a 

high efficiency. In the beginning of this chapter, some important part of knowledge about 

designing will be discussed. After that, the design theory and simulation results will be 

presented. 

 

3.2 Class E PA Operation 

 

Fig.3.1(a) The schematic of Class E power amplifier 
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Fig.3.1(b) The drain voltage and drain current waveform of Class E power amplifier 

In 1975 years, Sokal invented the first Class E power amplifier. In the Class E 

power amplifier, the conditions of drain voltage and current waveform define the power 

amplifier operation. In Fig(3.1b), it showed that an input signal controls the transistor  as 

a switch. The LC resonator only allows qualified current through to R. In general, LC 

resonator (  ,   ) does not resonate at the working frequency(f). In order to have a 

nonzero frequency phase shift, the LC resonator frequency should be smaller than 

working frequency. Furthermore, the capacitor C is working as a core role to maintain 

Class E operation. Likewise, the inductor L is connected between device drain voltage 

and supply voltage. Because C and L are designed to achieve the conditions for Class 

E power amplifier,        network’s operating frequency should be larger than the 

working frequency (f). In general, both ON and OFF states are 50% on one cycle. At the 

beginning, the switch is turned on, and there is current flow though transistor with no 

voltage across it. When the switch is turned off, there is no current flow through it. 

Therefore, we use these conditions to design a Class E circuit.  

 

3.3 Stability 
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 From the previous chapter, we know efficiency and output power is important for 

a power amplifier, yet power amplifier work still needs good stability because high 

power gain can cause oscillations. In fact, Rollet’s stability factor (K-factor) is used to 

measure the stability performance of a power amplifier. In general, if a power amplifier 

is stable, the K factor should be greater than 1. In addition, stability and power gain are 

a trade-off. Therefore, finding an appropriate stability is very important. 

 

3.4 Load Pull and Source Pull Measurement  

 A power amplifier has different output and input impedance to provide best 

efficiency or output power. Therefore, for specific purposes, load pull and source pull 

measurements are used to find the best impedance to achieve the goal. In Fig(3.2(a)), it 

shows the load pull schematic. Its specific principle is that for a giving source 

impedance and bias voltages, sweeping the load impedance in the Smith chart to plot 

the efficiency and power contours. In this way, we can find the best load impedance for 

the given information.   

 

Fig.3.2(a) load pull schematic 

Fig.3.2(b) the relation of impedance and power on Smith chart 
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3.5 Impedance Matching Network 

 Impedance matching, which is a technical measure, is done to let microwave 

circuits, transmission system, and carrier traveling wave be as close as possible. In 

reality, we usually design a power amplifier which is working on a fixed resistor, which 

usually is 50 Ohm. However, after designing a power amplifier, the impedance of input 

and output port of power amplifier are not 50Ohm. If people force it to work, the power 

amplifier may lead to serious reflection of electromagnetic waves, which can cause 

damage to equipment and facilities. Therefore, we have to design a matching network 

to let the power amplifier work on 50 Ohm. Impedance matching has 3 ways to match, 

which are L-type, T type, and N type matching. L- type matching network is used in this 

thesis because it has simple design and low cost. 

3.6 Smith Chart Theory 

 Normally, a power amplifier has complex output and input impedance. Therefore, 

the best way to match is using Smith Chart Theory. 

 

Fig.3.3(a) the imaginary part of complex impedance represented in Smith chart 

Fig.3.3(b) the real part of complex impedance represented in Smith chart 
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In Fig(3.3a), the circles mean the resistance circle, which represents the real part 

of complex impedance. In Fig(3.3b), the curve means the reactance, which represents 

the imaginary part for complex impedance. In fact, the capacitor and the inductor can be 

represented on this type of map. For a capacitor, if it is in parallel, it will be clockwise on 

map. If it is in series, it will be counterclockwise on map. Otherwise, a parallel inductor 

will be counterclockwise, and series inductor will be clockwise.   

 

3.7 Smith Chart for Matching Network (L network) 

Using previous 2 sections, we can start to design the matching network. Suppose 

an input impedance equation is          ,  the normalized load impedance is 

          , and    is 50 Ohm.  Then use Smith chart to find the location of    . If the 

   is inside of 1+jx circle on Smith chart, the matching network circuit is shown in 

Fig(3.4). 

 

Fig.3.4    is inside 1+jx circle matching network circuit 

Also, the inductor and capacitor of equations are: 
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If X is positive, the X means an inductor. If it is not, it is a capacitor. Otherwise, positive 

B represents a capacitor; negative B is an inductor.  

If the    is outside of 1+jx circle on Smith chart, the matching network circuit 

should be as Fig(3.5). 

 

Fig.3.5    is outside 1+jx circle matching network circuit 

 Also, the inductor and capacitor of equations are: 

 

 

After calculating, it should have several ways to match it. It looks like Fig(3.6) 
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Fig.3.6 Eight kinds of matching network 

3.8 S-Parameters 

 S-Parameters are used to describe the behavior of RF-circuits. The Gain, 

stability, reflection coefficients, and return loss can be shown by S-parameters. In 

general, a two port network describes the S-parameters. Therefore, in simulation, 

detecting S-parameter is a good way to check the quality of a matching network.  

 

3.9 Design of Class E PA 

 In order to simulate the Class E power amplifier, the whole design is designed 

using ADS. Thereby, after finishing the design, it can easily measure all required data 
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and amend them. In this thesis, an IBM CMOS nfet transistor is used to design a power 

amplifier. 

3.9.1 Class E circuit 

(a)         (b) 

Fig.3.7(a) simple Class E schematic 

Fig.3.7(b) The drain of transistor part schematic 

In Fig3.7(a), it is the main part of Class E power amplifier. The transistor has 

100um width and 0.18um length; also, both fingers and multiplicity are 2. On drains, it 

presents                      , so the LC resonator frequency is 1199 MHz. Setting 

C=0.93 pF to let        network frequency is 2.8 GHz. 

Fig.3.8 The gate of transistor part schematic 

Port 1 

Port 4 



20 

Fig(3.8) shows the 2 ways of gate side. Port 1 is to let input power across 

transistor, and  port 4 is to supply one of the supply voltage(VGS); also, in red box, the 

parallel resistance and capacitor with the resistance are controlling the stability of the 

power amplifier. The parallel resistance is 0.3 Ohm, and capacitor is 5 pF. On port 4 line, 

the resistance is 7 Ohm.  In general, to prevent the DC voltage from affecting the 

measurement, usually a capacitor is used to block the DC voltage on input port. The 

2 ways of drains are shown on Fig(3.8). At the top, it is the port 3 to supply the other of 

supply voltage (VDS), and the right side port  is port 2, which is the output. 

3.9.2 Stability Simulation 

Fig.3.9 The simulation of stability schematic 

Fig(3.9) is the simulation of stability. Because of using a CMOS IBM transistor, 

which can only sustain 1.8V DC,  the whole power amplifier DC supply is set to 1.8 V. 

Also, the supply voltage VGS is set to 0.8V. The IBM CMRF7SF NETLIST include 
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controls the transistor simulation work. Moreover, using simulation component-S- 

parameters to scan frequency from 1MHz to 3GHz, and using StabFact, Mu, StabMeas, 

and Muprime 4 components, simulate and measure the Rollet’s stability factor of Class 

E power amplifier. In this step, it doesn’t have to have a matching network. It just 

accesses input power to be transmitted to the output of the original 50Ohm. 

 

Fig.3.10 The result of the stability 

The goal of work frequency is 2GHz. Therefore, from 0 to 2GHz, all of the 

Rollet’s stability factors should be greater than 1. In Fig(3.10), it shows that all of value 

are greater than 1 in the frequency range 0-2GHz. The next step is the design load-pull 

and source-pull schematics to measure the input and output power for best efficiency or 

maximum output power. 

 

3.9.3 Load-pull and Source-pull Simulation 
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Fig.3.11 The load pull simulation schematic 

In load pull simulation, the given source impedance is set to be 50 Ohm, and bias 

voltages are 1.8V and 0.8V.  The purpose of S1P_Eqn component is to sweep the load 

impedance. Then in the Smith chart, it will plot the efficiency and power contours with 

different impedances. VAR is a component used to set variables and equations. In this 

case, 4 VAR components are used. One is used to set the sweeping range, number of 

points, and input impedance. Another set input power, work frequency, and 2 bias 

voltages. Also, the harmonic balance simulator controls the work frequency. The other 

two VAR components set the equations of the output impedance at harmonic 

frequencies to measure its relationship with efficiency and output power. In general, we 

have two ways to design power amplifier, which are getting best efficiency power 

amplifier or maximum output. In Fig(3.12) the red circle means the relationship between 

efficiency and impedance. The blue is the relationship between output power and 

impedance. In this case, the best efficiency is goal. Therefore, m1 impedance is used 
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as output impedance. Also, the best point is on innermost red rings and close to the 

center. 

 

Fig.3.12 The load pull simulation result on Smith chart 

After getting one output impedance, the result is used in source pull measurement to 

measure the real input impedance. In Fig(3.13), it showed all components of source pull 

measurement.  The only thing changed is that S1P_Eqn component swaps to input side 

in order to measure the impedance. Also, Term2 component sets output impedance, 

which is from load-pull result.  

 

Fig.3.13 The source pull simulation schematic 
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 After simulating the source pull, it will have a new input impedance value from 

the Smith chart. Then using this new input impedance re-run the load pull. Until the 

output impedance and input impedance can be obtained from each other, the final 

results of source/load pull are obtained. 

 

3.9.4 Design of Matching Network 

 Design of a matching network is the step after the load pull simulation. We use 

impedance matching network to match these best output or input impedances to 50 

ohm load. In this way, the PA will have best efficiency or output power. To simulate the 

matching network, we can simulate S21 and S11 of the network in ADS. One port is set 

to 50 ohm, and another port is set to the conjugate of the Zout, which comes from load 

pull simulation. S21 should be close to 0 dB at the designed frequency for a correct 

matching network. From previous 2 section, we know that the load impedance is 

33.2+j*40.45, and source impedance is 111.15-j*55.75. Therefore, we use the Smith 

chart and impedance equation to matching to 50Ohm. 

 

Fig.3.14 The output matching network of simple Class E power amplifier schematic 
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Fig.3.15 The result of output matching network of simple Class E power amplifier 

simulation 

In Fig(3.14), it shows that  using the Smith chart matches the output impedance. 

Also, in Fig (3.15), the S11 is -111, and the S21 is 0, which means that the match is 

very good for output impedance. 

 

Fig.3.16(a) The input matching network of simple Class E power amplifier schematic 

Fig.3.16(b) The result of input matching network of simple Class E power amplifier 

simulation 

Fig.3.16(a) Fig.3.16(b) 
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 Using the same way to match the source impedance, the result is in Fig(3.16). 

After designing matching network, the next step is to add matching network in overall 

circuit design and simulate a complete amplifier circuit. 

 

3.9.5 Simulation 

 In this step, at the beginning, the matching network is added to the input and 

output. There is a complete schematic of power amplifier simulation. On input and 

output line, the two 1 μF capacitance is used to block a DC current to prevent their 

impact on the simulation result. In addition, in this case, we run one tone harmonic 

balance simulation when it has swept input power and one work frequency. The 2 

Sweep Plan is used to set the Input power range and its steps. After simulating, we edit 

the equation to calculate what is required; the results can be shown on the figure. In 

Fig(3.17), it shows that the simple Class E power amplifier has approximately 13dB gain, 

and 41.17% PAE. 

  

Fig.3.17 The result of Class E simulation 
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Fig(3.18) shows that under each different input, it has different output power, 

power gain, and power-added efficiency. In general, best efficiency and power has 

different input. Because we want have best efficiency and output power, the input is 

8dBm is the best point to achieve the goal. 

 

Fig.3.18 The relation of input and output power with power gain and efficiency 

 

3.10 Conclusion 

 In this chapter, we describe several simple power amplifiers and introduced 

design of Class E power amplifier, operating procedures, and its simulation results. 

However, in reality, simple power amplifier cannot meet the requirements of modern 

technology. Therefore, in the next chapter, more high-quality design methods will be 

presented. This new Class E power amplifier will have more flexible working range. 
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CHAPTER 4 

Design Full-integrated Dual Band of Two Stage Class E CMOS Power 

 

4.1 Introduction 

 In previous chapter, a simple Class E power amplifier was demonstrated. 

However, it is not good enough for new modern technology. The simple Class E power 

amplifier needs 8dBm input power. In order to decrease the input power and have 

greater power Gain, we will design a preamplifier (drive stage). It will provide a small 

amplified input power to the main amplifier. Then the overall amplifier will have a greater 

power gain and smaller input power. In addition, typically an amplifier can only work in 

an operating frequency range, so the working range becomes very small. However, 

nowadays modern technology products need to operate at multiple frequencies. If each 

product adds multiple power amplifier, its cost and size will increase. In this chapter, we 

will present a dual band matching network to let power amplifier work at 2 different 

frequencies. Thereby, the power amplifier can meet more output and gain requirements 

and wider adaptability. 

 

4.2 Design of Driver Stage 

 The driver stage is also an amplifier. It receives a lower input power and 

amplifies the input power. Then the enlarged power is transmitted to main amplifier. In 

fact, the gain of the driver stage cannot be greater than the gain of the main amplifier. 
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The target gain of the main amplifier is 15-20 dB. Therefore, we need to design a 

preamplifier which has 5dB power gain. The preamplifier should have good linearity, so 

a class A power amplifier is used as a preamplifier. In Fig(4.1), the class A schematic 

can be seen. The port 3 and port 4 are 2 bias voltages. Port 1 and port 2 are input and 

output. Also, on input side, we use a 19 Ohm resistance parallel a 10pF capacitance to 

adjust stability, and the R1 is also used to adjust the stability. 

 

Fig.4.1The schematic of Class E power amplifier’s preamplifier 

Because the inspection of preamplifier gain is very necessary, it needs to complete all 

single amplifier simulation processes. Fig(4.2) shows the preamplifier power gain. It is 

about 6dB, and the PAE is 33.48%. In the last chapter, the simple Class E has best 

efficiency when its input power is 8dBm. Therefore, we need to find input power which 

can let preamplifier have 8dBm output power. In Fig(4.3), we can know that when input 
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power is 1dBm, it can increase to a 8.359 dBm output power. Therefore, the best input 

for preamplifier is 1dBm. 

 

Fig.4.2 The result of preamplifier simulation 

 

Fig.4.3 The relation of preamplifier’s input and output power with power gain and 

efficiency 

Now, we need to connect the preamplifier and main amplifier together and make 

them work at 50Ohm. However, a difference with simple power amplifier matching is 

that the preamplifier will connect to main power amplifier, so we need to design a 

matching network directly to match to the main amplifier impedance. Also, the input side 

of preamplifier and output side of amplifier still needs to match to 50Ohm. The Fig(4.4) 
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shows the input side of preamplifier matching network and its S-parameters. P1 is the 

source side, and P2 is the input side of preamplifier. 

Fig.4.4 The preamplifier’s input matching network schematic 

To simplify the matching time, we use the Smith chart match simulator, which 

can automatically simulate matching between two complex impedances. 

Fig.4.5 The preamplifier’s output matching network schematic and result 
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Fig.4.6 The result of input matching network of preamplifier simulation 

Then we will simulate the complete 2-stage Class E power amplifier. Because it 

has 2 amplifiers, we need to give two amplifiers available separate bias voltage. 

Preamplifier has 1.8V VDC and 0.5V VGS, and main amplifier has 1.8V VDC and 0.8V 

VGS. Moreover, since the whole schematic has 2 more supply voltages, the equation of 

PAE will be changed, which is shown in Fig(4.7) . 

 

Fig.4.7 The equation of Class E power amplifier 

From Fig(4.8), we know the new Class E has bigger power gain, which is 18 dB. 

The simple Class E only has 9dB. Because of 2 more added supply voltages, the Pdc is 
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larger than before, so the PAE is 29.927%. Also, the Fig(4.8) shows different input with 

output. 

 

Fig.4.8 The relation of preamplifier’s input and output power with power gain and 

efficiency working on 50 Ohm 

 Table (4.1) compares this idea with other designs. It shows we have better power 

gain. 

 

Table.4.1 contrast between this work and other designs 
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4.3 Dual Band Matching Network 

 Nowadays, with the widespread popularity of smart phones, the wireless 

communication device is required to have multi-mode and multi-band, which means the 

power amplifier also needs to work at multiple standards. In general, people have to use 

several power amplifiers parallel to frame a multifunction chip. Each of them working at 

different frequencies of interest has to have separate matching network, design, and 

area; also, the diversity amplifier prices will increase with the number of amplifiers, and 

its cost is also changed. If one matching network can support more than one frequency, 

it will decrease the cost and the price for diversity amplifiers with the decreasing number 

of parallel power amplifiers. Thereby, more research is focused on multi-band power 

amplifiers. A multi-band power amplifier can only have one matching network which can 

have different matching impedance when it works at different frequencies.  In general, 

MEMS and right/ left handed transmission lines are used for making multi-band power 

amplifiers. However, they have to have big structures and special requirements. In this 

case, we use a switched variable inductor and capacitor to constitute a dual band 

matching network.  

 In order to be a dual-band matching network, a series resonant LC structure is 

used to parallel another parallel, shown in Fig (4.9)[3]. This structure will reduce the size 

of chip area and power loss. In fact the structure can have different inductance on 

different frequencies. When it works at low frequency, the C1 has much bigger 

impedance than L2, and the path 1 impedance comes from the capacitor. Therefore, the 

whole structure impedance is L2 impedance. On the other hand, when it works at high 

frequency, the C1 can be turned on, so the impedance of L1 is dominant; therefore, the 



35 

 

structure inductance is the parallel L1,L2 impedance. Between the 2 goal frequencies, 

the inductance will be unlimited zoom in or out, so it can work at 2 goal frequencies.  

 

Fig.4.9 The structure of dual band matching network 

In this case, because the dual-band matching network only matches from 

complex to real, after the dual-band matching, power amplifier still needs a matching 

network to match to 50Ohm. In this case a 2.4GHz and 2.6GHz dual band 2 stage 

power amplifier is designed. At the first, the input and output impedance of two 

frequencies is measured. Then we used optim simulator to get the matching network, 

shown in Fig(4.10). 

 

Fig.4.10 The preamplifier input matching network schematic 
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The C3 ,C4, L5, and L6 are the structures to match 50ohm. The C1, C2, L1, L2, L3, and 

L4 are structures to match from complex to real. Also, the top of matching network is for 

low frequency; the bottom of matching network is for high frequency. Fig(4.11) is a dual 

band matching network for preamplifier input matching. It shows that at 2.2 GHz , the 

S11 is -9.3dB, and the S33 is -9.5dB at 2.6GHz, which means the dual matching 

network successfully makes the power amplifier work at two different frequencies. 

 

Fig.4.11 The result of preamplifier input matching network simulation 

Also, Fig(4.12) shows power amplifier output matching network and its S-parameter. 
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Fig.4.12 The amplifier output matching network schematic and simulation result 

 We used the same way to find the matching network for preamplifier output and 

amplifier input. Between preamplifier and amplifier, it is hard to use one matching 

network to match from preamplifier output real impedance to amplifier input impedance. 

Therefore, the two impedances are matched to 50Ohm. Then we connect the whole 

matching structure, shown in Fig(4.13). Also, its S-parameter is shown in Fig(4.14) . The 

S11 is -4.9dB;S33 is -14.8dB. 

 

Fig.4.13 The matching network between preamplifier and amplifier schematic 
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Fig.4.14 The result of matching network between preamplifier and amplifier 

 Now, we simulate the whole PA design with the dual band matching network. 

 

Fig.4.15 the 2 stage Class E power amplifier schematic with matching network 
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At first, we simulate it at 2.2GHz to get its efficiency and power gain, shown in Fig(). The 

power gain is 13dB and efficiency is 47.8%. Also, Fig (4.16) shows the best efficiency 

and power gain on different input power.  

 

Fig.4.16 the result of 2 stage Class E power amplifier simulation at 2.2GHz 

 

 

Fig.4.17 The relation of 2 stage Class E power amplifier’s input and output power with 

power gain and efficiency working on 50 Ohm at 2.2GHz 

 Now, we simulate the power amplifier at 2.6GHz, and get its power gain and 

efficiency, shown in Fig(4.18)   
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Fig.4.18 the result of 2 stage Class E power amplifier simulation at 2.6GHz  

 

 

Fig.4.19 The relation of 2 stage Class E power amplifier’s input and output power with 

power gain and efficiency working on 50 Ohm at 2.6GHz 

It shows the power amplifier has better efficiency at high frequency. Also, it has 

shown that the dual band matching network is successful.  

 

4.4 Conclusion 
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The dual matching network has successfully worked; however, the matching 

network between preamplifier and amplifier still has room for improvement. 
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CHAPTER 5 

Conclusion and Future Work 

In this thesis, design of simple Class E power amplifier and full-integrated dual 

band of two stage class E CMOS Power amplifier were introduced. According to a 

rigorous theoretical foundation and design equations, the dual band power amplifier was 

implemented. In real life, the simple power amplifiers can not meet the needs of modern 

life. The higher requirements and standards of the power amplifier is necessary with the 

rapid development of electronic engineering technology. In fact, in this thesis, the dual 

band of the power amplifier still have room for improvement. 

In the future, in order to further improve the performance of the power amplifier 

and better muti-frequencies, more new designs with new structures should be 

investigated. Moreover, we need further research about design theory. In fact Muti-

frequencies power amplifier has a great potential in real application. It based on the its 

special structure and design parameters. 
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