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Abstract 
 

The output signal of a radio frequency (RF) power amplifier (PA) is referred to as the 

transmitted signal. The purpose of a RF PA is to amplify/increase the power level of the 

transmitted signal such that the level of the received signal is at a suitable level above the noise 

floor to enable detection.  

 

RF PA’s implement amplification by converting the DC power applied to the PA into RF output 

power. Thus, the output signal of the PA is an amplified representation of the input signal. It is 

practically impossible to convert all the applied DC power into RF output power. Any DC 

power that is not converted into RF output power is dissipated as heat. This measure of power 

conversion is defined by two parameters termed the power added efficiency (PAE) and the 

power conversion efficiency (PE). Although the actual process of amplification is highly non-

linear, the output signal of the PA is a linear amplified representation of the input signal. 

 

A CubeSat is a miniature satellite in the shape of the cube, with the dimensions of 10 cm x 10 

cm x 10 cm. On-board the satellite is a RF communication system which enables 

communication and data transfer with the satellite. As for any RF communication system and 

especially satellite communications, a high efficiency PA is required at the final stage of the 

transmitter due to the limited/restricted available on-board resources. Based on the condition 

of high efficiency, several PA design methods, techniques and classes of operation were 

studied. The class E switch-mode PA (zero-voltage switching) satisfies the condition of a high 

efficiency PA. This thesis presents the design of a class E switch-mode PA using Wolfspeed 

Cree CGH40010F power active device. Design methods were tested by means of simulation 

using Agilent Advanced Design Systems (ADS) and results are analysed for correct class-E 

operation. 
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Chapter 1 

Introduction 
 

Presented in the introductory chapter are the reasons and motivation for which the author 

undertook the research, in conformance with the French South African Institute of Technology 

(F’SATI). The objectives of this research and the methodology to achieve such are presented 

in this chapter. Due to the broad research field of RF power amplification, the specific topic 

and the focus area of the thereof are presented.  

 

1.1 Motivation 
The Cape Peninsula University of technology develops miniature satellites (CubeSat) under 

the French South African Institute of Technology (F’SATI). The communication system of the 

most recently developed CubeSat (ZACUBE-2) uses a 2W S-band transmitter (STX) 

developed by the F’SATI which forms part of the satellite communication system. The STX 

transmitter however only boasts a power conversion efficiency (PE) of 25%. This means that 

75% of the applied DC power is generated as heat and only 25% is converted in useful RF 

output power. With a priori knowledge of CubeSats having limited resources and space, losing 

75% of the DC power not only poses a major problem, the heat dissipation could cause damage 

to other systems on-board the satellite. 

 

As per research by Moise Safari Mugisho, a high efficiency inverse class-F power amplifier 

was designed. This research proposes the class-E power amplifier as a method of maximizing 

the amplification of the transmitted signal and minimizing the dissipation of DC power(heat). 

A high efficiency power amplifier suitable for the use in an RF/wireless communication system 

including (and suitable) for CubeSat applications.  
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1.2 Objectives 
The primary objective of the research is to design a high efficiency RF power amplifier 

(operating in the S-Band) suitable for CubeSat applications. The amplifier design will be 

simulated and evaluated with respect to the performance in comparison to existing class-E 

designs. 

 

Supplementary objectives include but are not limited to the following: 

 Study and understand RF power amplifiers in a general sense. 

 Provide a distinction between the operation of various PA classes. 

 Know the advantages and disadvantages of each class of PA. 

 Evaluate and compare results of the designed and simulated PA with respect to existing 

PA’s relative to the area of application. 

 

1.3 Research Methodology 
 With a priori knowledge of the PA on-board ZA-Cube2, conduct a literature study on 

various existing PAs with respect to output power as well as maximum obtainable 

efficiency, but not limited to these parameters. 

 The PA’s investigated will be specific to the type required/the use in a CubeSat. 

 Study existing design techniques for PA’s and the select class of operation as well as 

the configuration or topology most suitable to achieve the desired 

specification/output/performance. 

 Study various active devices, that is, RF power transistors with a bias to ones most 

suitable for space applications. 

 Define specifications/performance parameters of the PA to be designed and built. 

 Select an active device suitable to achieve the desired specifications. 

 Design and simulate the PA using “Keysight Advanced Design System (ADS)”. 

 Analyse the simulated results with respect to the desired/defined specification. 

 Compare the performance of the simulated PA to the performance of existing PA’s and 

determine the degree of improvement/comparison/degradation/etc. 
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1.4 Conclusion 
 

A CubeSat, as per any wireless communication system, requires a PA to facilitate 

communication. There is a continuous drive to improve reliability, reduce manufacturing cost, 

and in most cases, reduce physical size. Managing the thermal aspects of a CubeSat is important 

in an operational sense and designing a PA capable of meeting all the above-mentioned 

characteristics is possible, by careful selection and implementation of design techniques, 

components and suitable active devices.  
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Chapter 2 

 Overview of RF Power Amplifiers 

2.1 History of the RF Power Amplifier 
The early generations of RF power amplifiers were designed exclusively using vacuum tube 

devices. One of the most common tube amplifier applications still in use is the microwave oven 

(900 W) which uses a 2,45 GHz magnetron. The achievable power levels using solid-state 

devices have made considerable advances and the output capabilities are continuously 

improving, although there still power levels achievable with tube amplifiers that are beyond 

that of any solid-state device [1, p. 14] 

2.2 History of the Active Device 
Thomas Edison discovered in 1880’s that electric current could flow across an empty space 

between a hot electric filament and another metal conductor (collector electrode or anode), 

contained in the same evacuated glass bulb (thermionic emission). He observed a very 

important phenomenon in that current travelled in one direction only. It was the discovery of 

the electron, made by J.J. Thompson in 1899 that really gave clarity to this phenomenon of 

current flow (flow of electrons) [2, pp. Section B, 1-3].  

 

In 1904, John A. Fleming used thermionic emission to create the first electric “valve” and 

called it “The Fleming Valve”. It was a device capable of allowing current flow in one direction 

and prohibiting/isolating current flow in the opposite direction. In doing so, the Fleming valve 

creates a dc output current for an ac rf input current. This was one of the earliest methods of 

detection of rf signals. Since 1904, advances in wireless techniques and systems have been 

dependant on the understanding and evolution of the electric valve (also known as the vacuum 

tube, due to its evacuated glass enclosure). Today, even though the electric valve (vacuum tube) 

devices have been replaced by much smaller solid-state (BJT and FET) devices (certain 

applications still use vacuum tubes), the forefront and advances of wireless communication is 

still in understanding and improving the construction, operation and application of the active 

device [2, pp. Section B, 1-3].  
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The improvement that was made to the Fleming valve revolutionized electronics and the 

method that was introduced by Dr Lee de Forest in 1907 is still the very method employed to 

control modern active devices. What de Forest did was take an electric valve like Fleming’s 

and interposed a grid of wire between the cathode and the anode (in an evacuated glass 

bulb/tube), which formed a third electrode in the valve, called the grid. This three-electrode 

valve is known as the “triode”. de Forest discovered that the potential of the grid (voltage 

potential) had overwhelming control over the current conducted by the anode [2, pp. Section 

B, 1-3]. 

 

In years that followed they designed valves (vacuum tubes) with additional electrodes, which 

allowed various properties of the vacuum tube to be utilized for different applications. The 

descriptions diode, triode, tetrode, pentode, hexode, octode, etc., are used to indicate the 

number of electrodes within the make-up of the valve. All of these above-mentioned (later) 

versions of the electric valve (vacuum tube) were based upon de Forest’s discovery that, “the 

magnitude of the anode current may be controlled by the voltage potential of an interposed grid 

[2, pp. Section B, 1-3]. 

 

The electrodes might have adopted different names, but the fundamental basis of operation and 

control has remained the same. In transistors (BJT) the collector current is controlled by the 

base current (which is dependent on the voltage potential across the base-emitter junction, BEV

), exactly the basis of operation of the triode. Similarly, for field-effect transistors (FET) the 

drain current DI  is dependent on the voltage potential across the gate-to-source junction GSV  

of the device. 

 

Following the diode, triode, etc. family of vacuum tubes, electron emission led to the discovery 

of the electron tube. The electrons emitted by the cathode are accelerated and then by using 

electric or magnetic fields, the accelerated electrons are constricted into a narrow beam. It was 

discovered that these narrow electron beams could be deflected by means of an electric or 

magnetic field. This principle has led to the invention of the cathode-ray tube, which was used 

in television and laboratory equipment like oscilloscopes and radar displays. In television, the 

cathode-ray tube is also known as the kinescope [3, pp. 131-158]. 
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More sophisticated versions of the cathode-ray tube (electron beam) were later developed such 

as iconoscopes, the magnetron (also known as a cavity-magnetron), the Orthicon and the 

Klystron, which made a strong contribution to the development of television and motion 

cameras (television camera). It was in the late 1930’s to 1940 when the capability of the 

magnetron and the klystron as high-power sources were discovered. These are devices capable 

of generating high power levels (at a relatively high frequency) in comparison to the power 

required to drive the device. Stanford University was largely accredited for discovery of the 

average power amplification characteristics of the klystron [4, pp. 25-26]. 

 

Certain applications still use the cavity-magnetron, the cavity-klystron and the travelling-wave 

guide, all of which are by large to the credit of Stanford University for the evolution of the 

magnetron and the klystron. In comparison to these early (traditional) devices, solid-state 

devices and amplifiers designed using solid-state devices are relatively recent. 

 

All the above-mentioned devices were designed with the intention of providing some degree 

of controlled amplification of an electronic signal. Advanced semiconductor materials have 

been developed since the magnetron which allows for manufacture of high performing active 

devices and electronics.  

 

The review of past developments demonstrates the essential role active devices play in 

technology. Currently technology is evolving at such a rapid pace which is driving standards 

and goals for future designs in RF amplification. Currently technology requires high data rate 

with efficient power transfer. This has resulted in a paradigm of physical makeup of devices 

and configurations implemented to accommodate higher frequencies and power efficiency 

objectives.  

 

The most recent active device technology and the semiconductor composition suitable for RF 

power amplifiers is further discussed in Chapter 2.5.4. 
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2.3 Operating Regions of a Field Effect Transistor 
The operating region of an active device is best understood by means of the voltage-current 

(V-I) characteristic curves of the device. Based on the bias conditions selected by the designer, 

it allows a visual representation of the boundary conditions of operation. We analyse the V-I 

characteristic curves of an N-channel power MOSFET, as per Figure 2., and we observe that 

there are three regions of operation. Namely, the active region, the ohmic region and cut-off 

region. Designers are guided by the specification and application of the required PA; these two 

factors determine the class best suited for the desired implementation. 

 

 
Figure 2.3: V-I Characteristics of a JFET 

 

2.3.1 The Cut-Off Region 

The MOSFET enters the cut-off region when the gate-to-source voltage, GSv , is less than the 

threshold voltage, tV  of the device under scrutiny. When operating in the cut-off region, the 
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magnitude of the drain current Di  is negligible, thus the MOSFET is said to be “OFF” [5, p. 

55]. 

 

2.3.2 The Active Region 

In terms of FETs, the active region is also referred to as the saturation region. Very importantly 

though, this is not to be mistaken with the saturation region of a BJT. When a MOSFET is 

operated in the active region, the variation in drain current magnitude is minimal and of a linear 

nature, controlled by the gate-to-source voltage GSv . We maintain a MOSFET in the active 

region by satisfying the following conditions and criteria [6, p. 33]: 

( )DS GS t GS tand 2.3.2v v V v V> − >
  

2.3.3 The Ohmic Region 

The ohmic region is also at times referred to as the “triode region” or “the constant resistance 

region”. A FET behaves exactly like a constant resistance when it is operated in the ohmic 

region and this constant resistance represents the drain-to-source resistance of the device, 

denoted as DS(on)R . DS(on)R  is usually indicated on the manufacturer datasheet and can vary 

between a few milliohm (m )Ω  to a few ohm ( )Ω , depending the device used [6, p. 33].  

 

DS(on)R  is linearly proportional to both, the drain-to-source voltage DSv  as well as the drain 

current Di . The conduction power loss of a FET is determined by the drain current Di  and the 

value of DS(on)R . We maintain a FET in the ohmic region by satisfying the following conditions 

and criteria [6, p. 33]: 

( )DS GS t GS tand 2.3.3v v V v V< − >  

 

The FET is a voltage-controlled device in the sense that the amount of drain current flowing 

through the active device is controlled by the voltage drop across the gate-source junction, GSv

.  
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2.4 Operation Theory of RF Power Amplifiers 
The output signal of a radio frequency (RF) power amplifier (PA) is referred to as the 

transmitted signal. The purpose of a RF PA is to amplify (increase) the power level of the 

transmitted signal such that the level of the received signal is at a suitable level above the noise 

floor to enable detection.  

 

RF PA’s implement amplification by converting the DC power applied to the PA into RF output 

power. Thus, the output signal of the PA is an amplified representation of the input signal. It is 

practically impossible to convert all the applied DC power into RF output power. Any DC 

power that is not converted into RF output power is dissipated as heat. This process is 

graphically illustrated in Figure 2.4.1. 

 

 
Figure 2.4.1: Energy Schematic of a PA (modified from Eroglu, 2018: 126) 

 

To understand the function and operation of RF power amplifiers, it is important to introduce 

some fundamentals about the behaviour of a PA and the parameters that affect the behaviour 

and response of the amplifier. 

 

In RF power amplifiers, the active device can be operated in three ways: 

•  as a switch 

•  as a dependant current or voltage source 

•  in overdriven mode (partially as a dependant current source and partially as a switch) 



 10  

If the active device is driven by sinusoidal gate-to-source voltage DSv  of high amplitude, the 

active device is said to be overdriven. In such a case, the active device operates in the active 

region (as a dependant current source) when the instantaneous values of GSv  are low, and in 

the ohmic region (as a switch) when the instantaneous values of GSv  are high [7, p. 3]. 

 

The main function of the output network of the active device is: 

• wave shaping for the voltage and current waveforms. 

•  impedance transformation. 

•  harmonic suppression. 

• filtering of the spectrum of a signal with some bandwidth BW, to avoid interference 

with communication signals in adjacent channels [7, p. 3]. 

 
Figure 2.4.2: Simplified schematic of a power amplifier (modified from Colantonio et al., 2009:178) 

 

2.4.1 Operating the Active Device as a Switch 

To operate a FET as a switch, the active device (FET) cannot enter the active region (also 

known as the pinch-off region). It is required that we maintain the device in the ohmic region 

when it is ON, i.e. the switch is closed, and in the cut-off region when the device is OFF, i.e. 

the switch is open [7, p. 2].  

 

Maintaining a device in the ohmic region (in our case a GaN device), requires the following 

condition to hold true, DS GS tv v V< − . By increasing the amplitude of gate-to-source voltage 
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GSv  for some given load impedance, the amplitude of the drain-to-source voltage DSv  will 

also increase. This will cause the active device to initially operate in the active region, and then 

in the ohmic region [7, p. 3]. For switch-mode operation, the magnitudes of the drain current 

Di  and the drain-to-source voltage DSv  are independent of the magnitude of gate-to-source 

voltage GSv .  

 

Operating at low RF frequencies, the gate-to-source voltage DSv  (which is used to drive the 

active device) is a rectangular waveform. At very high frequencies, a sinusoidal waveform is 

used for the gate-to-source voltage GSv . This is because it is difficult to generate rectangular 

voltage waveforms at high frequencies [7, p. 3]. 

 

The sole purpose for using the active device (FET) as a switch is to achieve high efficiency of 

an amplifier. When the drain-to-source voltage DSv  is low, the active device conducts a high 

drain current Di  , and this results in low power loss [7, p. 3]. 

 

2.4.2 Operating the Active Device as a Current Dependant Source 

When the active device is operated as a dependant current source, the waveform of the drain 

current Di  is determined by the operating point of the active device and the waveform of the 

gate-to-source voltage GSv . The waveform of the drain-to-source voltage DSv , is determined 

by the impedance of the load network (i.e. the impedance presented to the output port of the 

active device) and the dependant current source [7, p. 1]. 

 

Achieved by operating the device in the active region, also known as the saturation region in 

FETs and ensuring that it does not enter the ohmic region. We prevent the device from entering 

the ohmic region by keeping the drain-to-source voltage DSv  higher than its minimum value 

DS(min)V . In other words, DS DS(min) GS tv V V V> = − , where tV  is the threshold voltage of the active 

device [7, p. 1]. 
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When the active device is operated as a dependant current source, the magnitude of the drain-

to-source voltage DSv  and the drain current Di  are very nearly proportional to the magnitude 

of the gate-to-source voltage GSv . Therefore, this type of operation (as a dependant current 

source) is very suitable for linear power amplifiers, where amplitude linearity is an important 

requirement [7, p. 2]. 

 

2.5 Classes of Operation of RF Power Amplifiers 
RF/Microwave power amplifiers have designated classes of operation, namely class A, B, AB, 

C, D, E, F, inverse class E and inverse class F, class S, among others. There seems to be 

ambiguous definitions about the classes of operation of power amplifiers and how each class 

is actually defined. With reference to the traditional amplifier classes (class A, B, AB, C), they 

are implemented by selecting very specific biasing conditions for the active device. It is where 

the quiescent point (Q-point) lies on the DC load line of the active device that determines the 

class of operation. The Q-point is determined by the quiescent DC bias conditions of the active 

device [4, p. 24].  

 

These traditional classes are sometimes defined in terms of the conduction angle of the active 

device. This definition can be misleading at times, since the conduction angle is ultimately a 

function of the RF input signal and not only dependent on bias conditions. Considering class 

A and B PAs, increasing the RF input power such that the active device is driven into 

compression (saturated or overdriven) will cause a decrease in the conduction angle. As for a 

class C, an increase in RF input power level will result in an increase in conduction angle [4, 

p. 23]. Figure 2.5 illustrates the Q-point for each of the traditional power amplifier operating 

classes. 

 

More advanced power amplifier (PA) classes (class D, E, F, S, etc) were later developed to 

improve on amplifier characteristics like efficiency, linearity and output power (gain). These 

PA classes are defined by the operating conditions of the active device. i.e. whether the active 

device is operating as a dependant current source or as a switch. When using the active device 

as a current source, the PA is classed based on the harmonic suppression and wave-shaping of 

the output matching network (class F) [4, pp. 24-25]. 
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Figure 2.5: Quiescent Bias Conditions for Operating Classes (modified from Kazimierczuk, 2008: 4) 

 

When the active device is operated as a switch, the PA is classed as either a class D, E, G, H 

or S. The distinction between each of these classes is defined by the switching duty-cycle 

and/or the switching combination of the active device [4, p. 25]. It is required that we build a 

suitable input matching and output matching network to meet the design requirements in terms 

of gain (output power), noise figure, efficiency, cost, etc [8, p. 185].  

 

Classes of PAs are investigated where the fundamental standards and techniques implemented 

which categorize them are discussed. These categories guide the desired outcome of PA design, 

including the methodology and essential parameters that will be considered to achieve such.  

 

 
Figure 2.6: Summary of PA classification  
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2.5.1 Linear Power Amplifier Classes 

Linear amplifiers are labelled such due to the fact they always operate within the linear 

constraints of the device under scrutiny. They are linear in the sense that the RF output signal 

is an amplified replica of the RF drive signal, and the magnitude of the drive signal is 

maintained to a level where the active device is never driven into compression or saturated [9] 

[7, p. 5]. Practically, linear amplifiers are analysed for small-signal applications where the RF 

output power consists mainly of power at the fundamental frequency as opposed to the large-

signal analysis where RF output power consists of power at the harmonic components(integer 

values) of the fundamental frequency [10, pp. 5-12]. The traditional amplifier classes constitute 

the family of linear amplifiers. Namely, class A, B and AB. Class C amplifiers are vastly 

nonlinear and of a switching nature, however, certain texts still classify them as linear 

amplifiers. 

 
Figure 2.5.1: Simplified schematic of a linear power amplifier (modified from Colantonio et al., 2009: 178) 

 

2.5.1.1 Class A 

Biased with the intention of allowing the active device to conduct for the full period (360° ) of 

the RF input signal and ensuring that the power level of the drive signal does not exceed the 

boundary conditions of the active device, class A PAs are linear in the sense that the RF output 

signal is an amplified replica of the RF input signal provided [11, p. 18]. Limited to a maximum 

theoretical power efficiency (PE) of 50%, the applications for class A PAs are such where 

efficiency and power dissipation are not critical parameters. Commonly used for low output 

power applications. 
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Figure 2.5.1.1: Drain voltage and current waveforms of an ideal class A PA (modified from 

Kazimierczuk, 2008) 

 

The overlap between the drain voltage and the drain current waveforms, as illustrated in Figure 

2.5.1.1, provides a graphical representation of why the maximum achievable PE is 50% for 

class A PAs. This means that 50% of the supplied DC power is radiated and dissipated through 

the active device, the heat sink and into the peripheral circuitry. 

 

2.5.1.2 Class B 

The active device of a class B PA is biased such that its operating point is at the boundary 

between the active region and the cut-off region. This reduces the conduction angle of the 

device to 180°  of the RF input signal, resulting in a half-sine wave drain current waveform as 

opposed to a full sine wave drain current for the class A counterpart [7, pp. 75-77]. As 

illustrated in Figure 2.5.1.2, the overlap between the drain voltage and drain current waveforms 

is considerably reduced in comparison to the drain waveforms of a class A PA. This emphasises 

the improved power efficiency of a class B PA in comparison to a class A.  

 

Theoretically, a PE of 78.5% can be achieved for a class B PA. Class B PAs are generally 

implemented in systems and designs where PE and output power level are more critical 

parameters than for class A PAs [12, p. 443]. 
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Figure 2.5.1.2: Drain voltage and current waveforms of an ideal class B PA (modified from 

Kazimierczuk, 2008) 

 

 

2.5.1.3 Class AB 

Class A PAs have an inferior PE in comparison to a class B PAs due to the increased overlap 

of the drain voltage and current waveforms, which is evident when comparing the two. Class 

B PAs have inferior linearity in comparison to class A PAs due to the reduced conduction angle 

of the active device.  

 
Figure 2.5.1.3: Drain voltage and current waveforms of an ideal class AB PA (modified from 

Kazimierczuk, 2008) 
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The class AB PA facilitates a compromise between PE and linearity with respect the boundary 

conditions of class A and class B operation respectively. 

 

2.5.1.4 Class C 

When operating a PA in class C, the active device is biased into the cut-off region such that the 

RF input signal drives the active device into conduction. This allows the active device to 

conduct for a percentage of one half of the period of the RF input signal, determined by the 

designer, or ultimately, by the signal bandwidth of the channel being transmitted along. An 

illustration of this drain waveforms is provided in Figure 2.5.1.4 

 
Figure 2.5.1.4: Drain voltage and current waveforms of an ideal class C PA (modified from 

Kazimierczuk, 2008) 

 

This reduced conduction angle allows for achieving much greater PEs relative to class A and 

B PAs, due to the overlap between the drain voltage and drain current waveforms being 

considerably minimized. Class C PAs can ideally achieve PEs up 90%. However, for the same 

reason, due to the reduced conduction angle, the RF output power of a class C is constrained. 

 

Class C amplifiers are vastly nonlinear and of a switching nature, however, certain texts still 

classify them as linear class amplifiers.  
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2.5.2 Synopsis of Linear Power Amplifiers 

In summarising and with reference to Figure 2.5.2, we compare the different classes that 

constitute linear PAs with respect to RF output power and power efficiency as a function of the 

conduction angle of the active device [11, p. 46]. 

 

 
Figure 2.5.2: Comparison of linear class PAs 

 

As illustrated, the RF output power achievable by the respective PA classes A, AB and B are 

similar. However, the PE increases due to the reduced conduction angle of the active device. 

The maximum achievable PE of a class C is substantially greater than classes A, AB and B, 

respectively, but the RF output power is considerably compromised when high PEs are trying 

to be achieved or implemented. 

 

The PE of linear PAs varies with the respective classes (A, AB, B and C), some inferior to 

others. Similarly, the linearity of the respective PA classes varies, some inferior to others. 

Depending on the linearity requirements, a compromised can be made in PE in order facilitate 

the linearity requirements.  
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2.5.3 Switching Class Power Amplifiers 

As the name suggests, switching power amplifiers are exactly that. A PA where the active 

device is operated as a switch. Dependant on the wave-shaping technique implemented and the 

bias conditions of the active device, switching PAs can further be categorised into class D, E, 

F and inverse class F. The nonlinear operation of switching PAs is due to power in the 

harmonics at the output port being considerably increased in comparison to linear PAs. The 

nonlinear nature of switching PAs allow for superior PE and reduced signal bandwidth to be 

achieved. However, this does not exclude other PA classes from being designed for narrow 

band operation. 

 

2.5.3.1 Class D 

There are many variants that exist, though the fundamental make-up of a class D PA is that it 

utilizes two active devices (operating as a half-bridge) or four active devices (operating as a 

full bridge) and a resonant circuit (series or parallel). Furthermore, class D PAs are categorized 

into voltage-switching and/or current-switching PAs based on the type of resonant circuit 

implemented at the output port of the PA [7, p. 109]. 

 

 
Figure 2.5.3.1: Simplified schematic of a class D PA with series resonant circuit 
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A simplified schematic of a class D PA with a series resonant circuit implemented at its output 

port, known as a voltage-mode class D (VMCD) is illustrated in Figure 2.5.3.1. Capacitor 1C  

functions as a DC block. 

 

A class D PA with a parallel resonant circuit implemented at its output port is known as current-

mode Class D (CMCD). An illustration of such a PA is made in Figure 2.5.3.2. Capacitors, 1C  

and 2C  function as DC blocking capacitors. 

 
Figure 2.5.3.2: Simplified schematic of a current-mode class D (CMCD) PA 

 

Theoretically, a PE of 100% is achievable with an ideal class D PA. With reference to Figure 

2.5.3.3, zero overlap between the drain voltage and drain current waveforms of the active 

device allows for this resulting PE [9, p. 7] [13, p. 272]. 

 
Figure 2.5.3.3: Drain voltage and current waveforms of an ideal class D PA (modified from ) 



 21  

One considerable advantage of the full bridge in comparison to the half bridge class D PA, is 

for the same given load impedance, LZ , operating at the same frequency ratio, 0f f  and  

operating at the same DC supply voltage, DDV+ , the RF output power is four times greater [7, 

p. 176]. 

 

2.5.3.2 Class E 

An ideal class E PA offers a lot of simplicity with regards to circuit topology and allows an 

ease for analysis of operation when compared to other smitch-mode PAs. Furthermore, class E 

PAs are categorized as either a zero-voltage switching (ZVS) or a zero-current switching (ZCS) 

PA, based on when the active device is switched (with respect to zero drain voltage or zero 

drain current). An illustration of a simplified ideal class E PA is provided in Figure 2.5.3.4  

 
Figure 2.5.3.4: Simplified schematic of a class E PA 

 

The drain-source capacitance, DSC , connected in parallel with the drain of the active device, 

provides wave-shaping for the drain current. This drain-source capacitance, DSC , is not to be 

mistaken with the intrinsic drain-source capacitance of the active device. The output matching 

network is effectively a series resonant circuit which terminates at harmonic frequencies, 

ensuring power transfer exclusively at the fundamental frequency. The intrinsic drain-source 

capacitance of the active device is a limitation on the maximum operating frequency of a class 

E PA. 
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The active device (switch) can be transitioned such that waveforms of the drain voltage and 

drain current have zero overlap. An example and illustration of this is provided in Figure 2.5.3.5 

This reduces any switching losses experienced and minimizes power being dissipated into the 

active device and circuitry, resulting in higher power efficiency being obtainable [7, p. 180]. 

[8, p. 199]. 

 
Figure 2.5.3.5: Drain voltage and current waveforms of an ideal class E PA (modified from ) 

 

2.5.3.3 Class F and Inverse Class F 

The definition of a class F PA can be ambiguous since the DC bias conditions of the active 

device is effectively the same as class B. The fundamental difference between the two is the 

magnitude of the RF input signal, RF(in)P . RF(in)P  is substantially larger for class F than for class 

B, the result being power in the harmonic products can no longer be neglected. Figure 2.5.3.6 

provides an illustration of a simplified class F PA. 
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Figure 2.5.3.6: Simplified schematic of a class F PA 

 

The drain waveforms of an ideal class F PA, as illustrated in Figure 2.5.3.7, comprises of an 

infinite number of the respective harmonic products. That is, the square-wave drain voltage 

comprises of an infinite number of odd harmonics and the half-sine wave drain current 

comprises of an infinite number of even harmonics [9] [10, pp. 51-53]. 

 
Figure 2.5.3.7: Drain voltage and current waveforms of an ideal class F PA (modified from ) 

 

The output network of a class F PA performs a duel function of wave-shaping for the drain 

waveforms, harmonic suppression for the harmonic products, impedance matching and phase 

correction for RF output signal, RF(out)P  [8, p. 201]. The output network performing this duel 
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function is known as a “whip” network (wave-shaping, harmonic suppression, impedance 

matching and phase correction). 

 

Class F and inverse class F PAs have an identical circuit topology other than the drain 

waveforms that are “inverse” to each other. That is, the drain voltage is a half-sine wave and 

the drain current is a square-wave for the inverse class F as opposed to the class F. The 

waveforms do not have the inverse magnitude of the other. The PE for both types of class F 

PAs is governed by the number of harmonics filtered by the output network, reaching more 

than 90% if the fifth harmonic is included. 

 

2.5.4 Active Device Technology for RF Power Amplifiers 

The choice of active device for any design of an RF PA is governed by the application and the 

design requirements. A given active device would be suitable for multiple applications, 

however the limitation of each device varies. For low to moderate output power applications, 

solid-state active devices are preferred to vacuum-tube amplifiers. Applications for high 

frequency operation requiring high output power from a single active device still prefer the use 

of vacuum tube amplifiers as opposed to solid-state devices [10, p. 16] [10, pp. 18-30]. 

 

It should be noted that the output power of multiple solid-state active devices operating at 

frequencies up to X-band, can be combined to achieve power levels that are equivalent to those 

achieved by vacuum tube devices. When considered within the boundary conditions of its 

operating frequency, the performance of a single active device can be measured with respect 

to the output power using the 2Pf  law. Figure 2.5.4. provides a comparison of various active 

devices suitable RF PAs implementing the 2Pf  law [4, p. 26]. 
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Figure 2.5.4: Output power of a single device as a function of frequency ( modified from Colantonio et al., 

2008: 26) 

 

Power amplifiers in satellite communication systems and base stations employ mainly four 

active device technologies. The two mature and established semiconductor technologies in this 

regard are GaAs FETs and silicone LDMOS FETs. GaN and SiC devices are no longer new 

semiconductor technologies and have gained considerable traction in RF PA design, in certain 

applications being favoured over GaAs and LDMOS devices [4, pp. 26-44]. 

 

Solid state active devices are designed with the intention of operating at either high frequency 

and low output power, or at low frequency and high output power, even more so with respect 

to RF and microwave applications. High frequency and high output power is difficult to achieve 

from a single solid state active device and vacuum tube devices are not very practical from a 

mobile or wireless perspective. 

 

GaN HEMTs are widely used for the design of high efficiency PAs, predominantly from the 

switching class PAs since they are highly suitable for this function. While carrier mobility, 

current density and power density of GaN HEMTs are comparable with that of GaAs FETs, it 

is the high breakdown voltage of GaN HEMTs, the thermal dissipation and the dynamic range 

properties that make them favourable. Thus, they are highly suitable for PA design for satellite 

applications [14, p. 22]. Practically, a PE exceeding 80% is achievable with a switch-mode PA 

using a GaN active device, irrespective of the PA class [11, p. 172]. 
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2.6 Performance Parameters of a Power Amplifier 
The operation and performance of a PA can be defined and quantified by certain parameters. 

These parameters give us insight to the effectiveness of the amplification process relative to 

the power level of the input RF signal RF(in)P .at a specific frequency, or within a frequency 

band, and is mathematically expressed as [4, p. 2]  

( ) { } ( )*
RF(in) in in

1 Re W 2.6
2

P f V I=  

 

2.6.1 Output Power 

The output power of a PA, RF(out)P , is the power delivered to the external load. If the fundamental 

(operating) frequency and the resonant frequency of the output matching network are exactly 

the same (equal) then the load impedance is ideally 50 ohm, and is expressed as [4, p. 2] [7, p. 

5], 

( ) { } ( )*
RF(out) out out

1 Re W 2.6.1
2

P f V I=  

 

2.6.2 Power Gain 

The magnitude by which the input RF signal RF(in)P  has been amplified, regardless of the unit 

of measurement (W or dB), is referred to as the power gain. The power gain, which is a function 

of frequency, is expressed as [15, p. 312] [4, p. 2] 

( )RF(out)

RF(in)

( )
( ) 2.6.2

( )
P f

G f
P f

=  

 

The power gain G is a useful parameter when we consider linear amplifiers. That is, amplifiers 

where the active device operates within its linear “gain” region. The power gain of a PA is 

dependent on the power level of the RF input signal RF(in)P  and at low power levels (typically 

below 5 W, depending on the active device), PA’s exhibit linear behaviour. Therefore, these 

linear amplifiers are sometimes referred to as small-signal amplifiers, due to the low power 

level of the RF drive signal [16, p. 3] [4, p. 2]. This linear (small-signal) gain can be expressed 

as  
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[ ] ( )L
RF(in)

( ) lim ( ) 2.6.3G f G f
P →

=
∞

 

 

By increasing the power level of RF(in)P  such that the PA is driven into compression, RF(out)P  

tends to saturate and G tends to zero. This “gain compression or saturated gain” can be 

mathematically expressed as [4, p. 2] [14, p. 6] 

[ ] ( )
RF(in)

lim ( ) 0 2.6.4G f
P →

=
∞

 

 

2.6.3 Power Conversion Efficiency 

An important parameter to the overall performance of a PA, the PE of PA is a measure of the 

total applied DC power converted into RF output power. Depending on the active device, it is 

also referred to as the drain or collector efficiency, respectively. The PE can be mathematically 

expressed as [4, p. 4] [17, p. 2] 

( )RF(out)

DC

100 2.6.5
P

P
η = × %  

In most transmission systems, and certainly with respect to portable devices (in this case a 

CubeSat), the PA is the fundamental consumer of DC power. The more efficient utilization of 

this resource will enable extended operation and battery lifetime and allows for consideration 

of a reduced power supply as a result of higher efficiency [4, p. 5]. 

 

2.6.4 Power Added Efficiency 

Considering the typical performance of a PA as function of the input RF signal, yields Figure 

2.6.4.  
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Figure 2.6.4: Performance of a PA as a function of RF input power (modified from Colantonio, 2009: 5) 

 

For the linear region of the gain (i.e. where G remains constant and its magnitude is independent 

and unaffected by the magnitude of RF(in)P ), there is an exponential increase in the efficiency 

of the PA for any increase in RF(in)P . However, due to the non-linear behaviour of any active 

device, there is a threshold where both G and DCP  are dependent on the magnitude of RF(in)P . 

At this stage we will start experiencing gain compression and the efficiency of the PA will start 

saturating [4, p. 5]. 

 

Operating at microwave frequencies and above, a significant portion of the RF output power is 

directly as a result of the RF input power. For this reason, the RF input power, RF(in)P , cannot 

be neglected when determining the overall efficiency of a PA. The net increase in the total 

signal power of a PA, considering the RF input signal is mathematically expressed as [16, p. 

510] 

 ( )RF(out) RF(in)add

DC DC

2.6.6
P PPPAE

P P
−

= =  

2.6.5 Linearity 

Not to be confused with delineation. Defined by the following parameters, they all provide a 

measure of the linearity of the PA. The linearity of a PA is defined with respect to the range of 
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linear amplification of the system under test, where the RF output signal is experiences little to 

no distortion from mitigating factors. 

2.6.5.1 Gain Compression (1 dB Compression) 

The amplification process with respect to power amplifiers is extremely non-linear in its very 

nature, yet it is common to refer to the linear region the gain. It is this region where the RF 

output signal is an amplified replica of the RF input signal, and the magnitude is directly 

proportional to the magnitude of the RF input signal. An illustration of this is made in Figure 

2.6.5.1. [18, p. 113]. 

 

The limitation of the active device causes the gain to saturate to a maximum value after the RF 

input signal power has been sufficiently increased. A measure to quantify the gain compression 

of a PA (and other amplifiers) is the 1dB compression point [8, p. 331]. With reference to the 

RF input power or the RF output power, the 1dB compression point is a measure where the 

gain G has saturated by 1dB from the linear amplification [19, p. 187] [14, p. 7]. 

 

The relation between RF(in)-1dB
P  and RF(out)-1dB

P  is governed by the linear power gain, LG . 

Mathematically this relationship can be expressed as [4, p. 4] 

 

( )RF(out) L RF(in)-1dB -1dB
( 1dB). 2.6.7P G P= −  
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Figure 2.6.5.1: Illustration of the 1 dB compression point (modified from Colantonio et al., 2009:3) 

 

2.6.5.2 Third Order Intercept (TOI) 

A hypothetical interception point where the power level of the ideal first order transfer function 

and the third order transfer function intersect. Well beyond the typical power level for drive 

signals for RF power amplifiers, the input power at the third-order intercept point allows for 

determining the level of intermodulation distortion (IMD) relative to the output signal of the 

PA [20, pp. 9-27]. 

 

The third order intercept (TOI) though hypothetical is crucial to determining the level of 

intermodulation distortion (IMD). The TIO occurs at the intersection of the first and third order 

transfer function power levels and used to determine an optimal power range in which the 

amplifier would not suffer any IMD. This power range is the difference between the output 

power of the PA at fundamental frequency and the IMD power level, known as the spurious-

free dynamic range (SFDR).  

 

A graphical representation of this is made in Figure 2.5.6.2 
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Figure 2.6.5.2: Illustration of the third-order intercept point (adapted from M. Golio et al., 2018: 9-25) 

 

2.6.5.3 Carrier–to–Intermodulation Ratio 

A measure of the power ratio between the output of the PA at the fundamental frequency and 

the power of the IMD products, the carrier-to-intermodulation ratio provides another measure 

of the linear behaviour of the PA. It is common to measure this quantity using logarithmic 

units, usually in decibels below the carrier (dBc) [4, p. 14] and is expressed as  

 ( )RF(out)

IMD

2.6.8
PC

I P
  

 

2.6.5.4 Spurious Free Dynamic Range (SFDR) 

The dominant contributor to signal distortion in power amplifiers is the third-order 

intermodulation product. The range of linear operation of a PA can therefore be defined as the 

range for which RF(out)P  is unaffected by the magnitude of IMDP . This variation of RF(in)P  for 

which the power level of the intermodulation distortion product IMDP  remains below the noise 

floor is known as the spurious free dynamic range [4, p. 15]. 
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2.6.5.5 Adjacent Channel Power Ratio (ACPR) 

As opposed to single-tone or two-tone linearity testing for power amplifiers, the adjacent 

channel power ratio (ACPR) accounts for a more real-world approach in the sense that the RF 

input to a PA substantially varies from a single-tone excitation. Modulation scheme, signal 

bandwidth and the bandwidth occupation may substantially vary from the single-tone 

counterpart. Numerous definitions exist for the adjacent channel power ratio, though it is with 

reference to the total ACPR that is standardised. This is the ratio between the total RF output 

power in the signal bandwidth and the total RF output power in the adjacent channels [4, p. 

15]. 

 

2.6.5.6 Error Vector Magnitude (EVM) 

Defined as the difference between the measured signal and an ideal reference signal, the EVM 

is a measure of the distortion to digital signals as a result of the PA. Graphically represented in 

Figure 2.6.5.6. Mainly dependant on the modulation scheme used as well as the standard 

followed, NADC and PDC are examples of modulation schemes that use the error vector 

magnitude. GSM modulation techniques make use of phase and frequency errors to measure 

the quality of modulated signals. 

 
Figure 2.6.5.6: Error vector magnitude and dependant quantities (modified from Colantonio et al., 

2009:3) 
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2.7 Design Techniques and Principles 
The technique and fundamental design tools implemented for any PA design is ultimately 

governed by the type of PA required. The tools and techniques applied may be identical in 

certain design cases and vastly different in others. Irrespective of the simplicity (or complexity) 

of the technique, the objective is to manipulate the nonlinear behaviour of the PA, resulting in 

the maximum achievable output power at some PE, or the maximum achievable PE at some 

output power level. It is important to note that these two parameters are not simultaneously 

achievable [21, pp. 12-16].  

 

This inherently means within the linearity requirements of the modulation scheme utilized, 

without which, extraction of the information embedded within the signal cannot be successfully 

accomplished. A few fundamental techniques exist which provide a good basis for the design 

of a PA and provide insight to the limits of the active device under scrutiny [10, pp. 1-3].  

 

2.7.1 Load-Line Theory 

Pre-dating computer aided design (CAD) methods, load-line theory is a useful technique in 

predicting the performance of a linear PA. Not very suitable as a design technique for switch-

mode PAs, and even with respect to linear PAs, the assumption is that the transistor is ideal 

[11, pp. 21-26].  

 

 
Figure 2.7.1: Illustration of the load-line technique (modified from MacPherson & Whaits, 2007: 14) 



 34  

As illustrated in Figure 2.7.1, the optimum resistance of a given active device can be 

determined using the load-line theory. Maximum power will be transferred to the output port 

of an active device, granted that the output port of that device is terminated by its optimum 

resistance value [21, pp. 12-16]. 

 

The performance of a PA, in its most basic definition, generally refers to the output power level 

and the PE at a specific frequency, assuming an ideal active device. When making this 

assumption the knee voltage of the active device is equal to zero volts. Practically, this is not 

the case for most active devices. A good measure of the load-line theory and its effectiveness 

in estimating the performance of a given active device, is to evaluate the ratio of the knee 

voltage and the maximum drain voltage of that device [14, p. 21]. 

 

2.7.2 Load-Pull Technique 

The load-pull technique, implemented in a few ways, is a method of determining the optimum 

impedance to be presented at the output port of the active device which enables optimum 

performance with respect to output power, PE or PAE. Maximum output power and maximum 

PE are not simultaneously achievable, however, a compromise can be made between the two 

parameters such that the design requirements are met. The load-pull method is a plot of the 

output power, the PE and the PAE at a selected operating frequency, while varying the output 

impedance.  

 
Figure 2.7.2: Load-pull measurement and equipment setup (modified from ...)  
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This allows for determining the impedance terminations which enables the maximum 

achievable PE or the maximum achievable output power, respectively. A measurement setup 

for the load-pull method is illustrated in Figure 2.7.2. This setup allows for direct measurement 

of the transistor and provides a full characterisation of the transistor in terms of PE, output 

power and all other parameters affecting the performance. In many ways regarded as the most 

effective way of testing a transistor, it eliminates any assumptions or extrapolations about the 

transistor. The limitation on implementing this technique is the cost and availability of the test 

equipment required. The testing procedure could be regarded as a complex one but by no means 

a limitation. 

 

Another way of implementing the load-pull technique is by computer-aided design (CAD). 

Eliminating the need for expensive test equipment and with a measurement process less 

complex, this method does however compromise the accuracy of the measurements. The reason 

for this being, simulation of the load-pull data requires a large-signal model of the active 

device, as per manufacturer request. These transistor models differ vastly from a practical 

device, in the sense that, impedances for linear operation and impedances at large-signal 

operation are extrapolated (mathematically modelled and predicted) as opposed to physically 

being measured. This inconsistency may lead to a degradation in PE in a manufactured 

prototype, varying from the simulations [4, p. 191].  

 

The load-pull data can also be obtained using a Smith-chart. By means of mathematical 

formulation, non-circular contours can be plotted on a Smith-chart and the impedance values 

for optimum operation can be determined. The nonlinear behaviour of the active device should 

be accounted for in the non-circular contours, making this method suitable for the design of 

nonlinear PAs [11, p. 221].  

 

Nonlinear PAs consist of portions of the output power at harmonic frequencies, thus, the load-

pull data at harmonic frequencies need to be measured in order to account for the optimum 

impedances required at these frequencies. Failure to do so will result in sub-optimum 

performance of the PA. 
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2.8 Conclusion 
Comparing the various amplifier types and classes shows the capabilities and performance of 

each type of amplifier. Linear PAs are limited to a maximum PE dependant on the class of 

amplifier and the conduction angle of the active device but can achieve superior output power 

levels to its non-linear counterparts. Linear PAs are assumed to deliver negligible levels of 

power to the load at harmonic frequencies due to the transistor operating in its linear region. 

Reducing the conduction angle of the transistor improves the PE, however this affects the 

maximum achievable output power of the PA.  

 

Non-linear PAs or switching PAs operate by using the transistor as a switch. This reduces the 

conduction angle of the transistor and limits the overlap between the voltage and current 

waveforms which decreases the power dissipated in the switch. This considerably increases the 

PE of the PA. However, switching PAs have limitations in terms of operating frequency and 

complexity of circuitry due to the requirement of harmonic suppression at integer multiples of 

the fundamental frequency. 

 

The parameters that determine and measure the performance of a PA vary depending on the 

class and type of PA. For this reason, the performance parameters are discussed generally as 

opposed to focusing on the class-E only. 
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Chapter 3 

 Class-E Power Amplifiers with Shunt 

Capacitance 
Class E PAs and many variants thereof, have been proposed and developed with the objective 

of improving PE and increasing RF output power. Applicable to many switch-mode PAs and 

different classes, class E power amplifiers satisfy the necessary criteria for achieving a 

maximum theoretical PE. A brief history and the evolution, the operation, the conditions 

required to facilitate optimum performance and a few variants of the class E will be discussed. 

Analysis and waveforms in this thesis are illustrated under the assumption a FET is used as the 

active device, but theory and operation is applicable other types of active devices too. 

 

3.1 Introduction 
One of the earliest proposals of the class E power amplifier was made by N. Sokal in 1975. 

Striving to achieve higher efficiencies from a single device, the proposed class E (Sokal) was 

fitting to the name switch-mode PA, in the sense that the active device is constantly being 

transitioned between the “on” and “off” states, operating as a switch. The output network 

fundamentally consisted of a shunt capacitor and a series resonant circuit resonating at the 

fundamental frequency. An illustration of the circuit is made in Figure 3.1 [22, p. 185]. 

 

 
Figure 3.1: Schematic of a low-order class E PA (modified from Sokal, 2003: 31) 
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The high efficiency of the class E PA is attributed to the power dissipation within the active 

device being very low. The voltage across the FET and the current that flows through it for a 

given switching transient period, can be controlled by the designer. That is, both can have zero 

magnitude during the switching period [22, p. 180]. During the period of the RF input signal, 

the FET will be subject to high voltage and high current, though it can be ensured that these 

entities do not exist simultaneously. This is achieved through circuit manipulation such that the 

product of the two entities is low at each point during the RF period. Figure 3.2 graphically 

illustrates this concept [23, pp. 2-6]. 

 

 
Figure 3.2: Drain waveforms of FET in low-order class E PA (modified from Sokal, 2003: 31) 

 

3.2 Switching Transitions of the Active Device 
Theoretical and practical analysis of the switching transitions of an active device are vastly 

different. In most cases, theoretical analysis assumes ideal conditions, a few of which are 

mentioned in 3.3. However, the practical limitations of the device should be considered when 

designing for high efficiency at RF and microwave frequencies [23, p. 3].  

 The “On” State: The drain current rises to a maximum and decreases to a minimum 

while the drain voltage remains almost zero volt for the entire period the switch is 

conducting. The FET behaves as a low impedance “on” switch for the conduction 

period. This conduction period is only a small percentage of the RF signal period. 

 The “Off” State: The drain voltage rises to a maximum and decreases to a minimum 

while the drain current remains almost zero ampere for the entire period the switch is 

open. The FET behaves like a high impedance “off” switch when the FET is not 

conducting [23, p. 3].  
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The parameters of the output network are obtained by applying the idealized conditions 

mentioned in 3.3, which are necessary for realizing an optimized operation of a class E with 

shunt capacitance. Bearing this in mind, the parameters are determined by considering the “on” 

and the “off” state of the FET in isolation to each other [22, p. 182]. 

 

3.3 Assumptions for Theoretical Analysis 
Assuming some ideal conditions can greatly assist in presenting a circuit realizable or not, and 

theoretical analysis of a PA is less complex when these assumptions are introduced. With 

reference to switch-mode PAs [22, pp. 181-187]: 

 It assumed that the FET is an ideal switch. That is, the saturation voltage, sat 0VV = . 

 The saturation resistance, sat 0R = Ω . 

 In its “off” state, the resistance of the switch is infinite ohm. 

 There are zero losses dissipated in the switch during the switching transition and that 

the switching action is instantaneous.  

 All RF chokes have zero resistance and permit only a constant DC current. 

 The shunt capacitance is independent of the source terminal of the FET and considered 

to be linear with respect to frequency. 

 Circuit components exhibit zero losses and maximum power is transferred to the load. 

 For realizing optimum operation of a class E PA, a duty cycle of 50% is assumed. 

 

Presuming the above-mentioned is true, realizing a lossless amplifier requires some optimum 

and necessary conditions to exist. One such condition: t=T is the time moment the switch 

closes, where T is the RF period. At this moment [24, p. 3466],  

 

( )DS( ) 0 3.3
t T

v t
=
=  

DS( )v t  being the drain-source voltage of the FET with respect to time. Another such condition:  

 

( )DS( ) 0 3.4
t T

dv t
dt =

=  

This implies that the drain-source capacitor has completely discharged and no increase in drain 

current will be experienced. 
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A lossless, optimum operation as described above is applicable to switch-mode PAs with any 

duty cycle (i.e. saturation time). However, the extent realizing such operation is governed by 

the loaded quality factor, LQ  of the “WHIP” network. Smaller duty cycles require larger values 

of LQ  to realise a sinusoidal drain current waveform [23, p. 5]. 

 

Illustrated to emphasise that even upon introducing these assumptions, the operation and output 

waveforms generated are non-ideal and design parameters should account for this. Considering 

the FET as an ideal switch and simulating at the operating frequency of 1 GHz, yields the 

following drain waveforms, as per Figure 3.3. 

 

 
Figure 3.3: Waveforms of ideal switch model 

 

3.4 Limitations on Maximum Achievable PE 
Theoretically, a maximum drain efficiency of 100% is achievable with a class E PA, provided 

that the conditions mentioned in 3.3 are presented and fulfilled. Though these conditions are 

necessary, they are insufficient for achieving a PE of 100%. The limitation in this respect lies 

in the respective voltage and current harmonics not being exactly 90° out of phase [4, p. 225]. 
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The parasitic components of a given active device, namely the drain-source capacitance ( )DSC

, lead inductance ( )outL  and the impedance presented at the output port of the device also limit 

the maximum PE and this becomes more evident at higher operating frequencies. In addition 

to this, for some selected current value, the minimum voltage within the device is slightly above 

the knee voltage ( )kneeV  of that device, reducing the PE [14, p. 33].  

 

3.5 Maximum Operating Frequency Before Experiencing 

Degradation 
An optimum class-E PA is limited to a maximum frequency of operation to realize such 

before degradation in efficiency is realized. We therefore establish a relationship between 

certain circuit parameters max DD( , and )f C V  in order to determine up to which frequency we 

can extend this operation. We start establishing such a relationship by substituting equation 

(3.5) into equation (3.6), which results in [22, p. 190]. It is important to note that the 

maximum operating frequency will vary dependant on the choice of the active device. 

Degradation in PE will be experienced when operating above this frequency threshold, 

irrespective of the choice of active device 

 

( )0.1836 3.5
0.1836

CR

R
C

ω

ω

=

∴ =
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( )

DD
0

DD
0

DD

DD
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0 DD
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0.5768
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0.5768
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R
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ω
ω

ω
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=

∴ =
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 
 =  
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Bearing in mind the relationship between 0I  and maxI (where 0I = dc supply current and maxI = 

peak drain current) given in equation (5.28), the maximum operating frequency maxf  for an 

optimum class-E with shunt capacitance can be determined as [22, p. 190], 

( )max
max 2 2

out DD

max

out DD

1 1 3.8
4 2

56.4995

If
C V

I
C V

π π
=

+ +

=
 

where outC C= is the device output capacitance limiting the maximum operating frequency of 

an ideal class-E PA [25, p. 1393]. 

Using the relationship, we established between max DD, andf C V , we determine 0I , 

( )0 DD 3.7I V Cπ ω=  

where out 1.3pFC C= = , as per datasheet for the active device in this study.  

( )max 02.8621 3.9I I=  

 

Thus, maxf  is determined as, 

( )max
max 2 2

out DD

1 1 3.8
4 2

If
C Vπ π

=
+ +

 

 

Table 4.1 illustrates the degradation of efficiency for operation above maxf . Theoretically, an 

efficiency of 100% is achievable for a large range of frequencies below maxf . 

 

 
Table 3.5: Suboptimum operation of a class-E PA above maxf  (adapted from Grebbenikov & Sokal, 

2007:191) 
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3.6 Conclusion 
The basic concept of being able to realize a functional class-E PA has been illustrated. As a 

switching PA and more specifically as a class-E PA with shunt capacitance, certain conditions 

are to be satisfied at the switching transitions of the active device to achieve the desired 

conduction period of the switch (based on the designers selected duty cycle) and maximum 

possible PE.  

 

The condition of the voltage across the switch being equal to zero and the drain-to-source 

capacitance of the active device being completely discharged are fundamental factors to the 

operation of a class-E PA and to improving its PE. 

 

The chapter concludes with the limitation of the class-E operation. If high efficiency is required 

at high frequency operation, the designer would want to consider other PA types or classes. If 

this is not achievable, a compromise would have to be made on power efficiency versus output 

power at the desired operating frequency. 
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Chapter 4 

 The Design of a Class-E PA with Shunt 

Capacitance 
 

The primary objective (and hopefully in most cases) in PA design is to maximize the power 

added efficiency and power conversion efficiency. The design method concentrates on 

presenting the optimum loading conditions, both at the input port and output port of the active 

device 

 

4.1 Specifications 
The specifications for PA to be designed is as follows (revised from the class-E presented by 

[22]: 

 80%PE ≥  at 1 GHz 

 75%PAE ≥  at 1 GHz 

 RF(out) 35dBmP ≥  at 1 GHz 

 

4.2 Choice of Active Device 
The active device selected for this study is the Wolfspeed Cree CGH40010F GaN HEMT. The 

manufacturer has willingly provided linear and non-linear models for Advanced Design 

System (ADS) and samples of the active device upon request. A photograph of the active 

device is shown below, Figure 4.2. 

 
Figure 4.2: The Wolfspeed Cree CGH40010F GaN HEMT 
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4.3 DC Biasing 
For an ideal class-E operation, the active device should be biased near or into the cut-off region 

of the active device, depending on the input drive signal and the desired duty-cycle. In this 

study, the bias conditions were selected at a drain-to-source voltage DD 28VV = and drain 

current D 202mAI = , as illustrated in Figure 4.3. The quiescent bias conditions are selected 

based on the maximum electrical characteristics of the active device as per datasheet as well as 

the typical performance as provided by the manufacturer. 

 
Figure 4.3: Choice of quiescent operating point 

 

4.4 Design Procedure 
The PA is designed using a lumped element proto-type and we then transform the lumped 

element circuit into a transmission-line equivalent. The design procedure includes but are not 

limited to the following steps [22, p. 215]. 

1. Determining the optimum load network conditions for an ideal class-E operation 

(optimum load impedance R, shunt capacitance C and series inductance L) bearing in 

mind that we design according to specific circuit parameters, DDV .and RF(out)P . 

2. Design the output network (using lumped elements) to match the optimum load 

impedance R to the standard load impedance of 50Ω  at the fundamental frequency, at 

the same time providing sufficient harmonic suppression. 

3. While carefully observing the impedances of the higher order harmonics, transform 
the lumped element circuit into a transmission-line equivalent.  
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4. Simulate the circuit design using ADS to analyse and validate the correct class-E 

operation. 

5. Transform the transmission line equivalent circuit into a distributed microstrip layout. 

 

4.4.1 Determining the Optimum Load Network Conditions 

By applying the first condition to realize an ideal class-E operation, given by equation (3.3), 

we determine the phase angle as, 

( )max DD2 4.4V Vπϕ= −  

where,  

( )

( )

1 2tan 4.5

32.482

32.482
180

0.5669 radians

ϕ
π

π

− − =  
 

= − °

 = − °  
 

= −

 

Thus, 

( )max DD

DD

DD

2 4.6
2 ( 0.5669)

3.5619

V V
V

V

πϕ
π

= −

= − −
=

 

and  

( )
2

max 0

0

4 1 4.7
2

2.8621

I I

I

π +
= +  
 

=

 

 

Now, considering the breakdown voltage of the active device ( )BR 120VV = , the maximum 

voltage will be limited to 

( )max DD

DD

DD(max)

3.5619 4.8
120 3.5619

120
3.5619
33.6899V

V V
V

V

=

=

∴ =

=
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Based on specific circuit parameters DDV  and RF(out)P , we determine the optimum load 

impedance R as follows, 

( )
2

DD
2

RF(out)

2
DD

RF(out)

8 . 4.9
4

0.5768

VR
P

V
P

π
=

+

=
 

 

To achieve the desired output power of 5 W, an ideal value of R is determined as 

( )

( )

2
DD

2
RF(out)

2
DD

RF(out)

2

8 . 4.9
4

0.5768

28
0.5768

5

90.4422

VR
P

V
P

π
=

+

=

 
=  

  
= Ω

 

 

The optimum shunt capacitance C and series inductance L are determined using equations 

(4.10) and (4.11). 

( )

( )

L

R

R
R

1.1525 4.10

0.1836 4.11

VL
R V

CCR V
I

ω

ωω

= =

= =
 

 

Therefore, operating at a fundamental frequency of 1 GHz, 

( )9

9

2 1 10
90.4422

1.1525
(1.1525)(90.4422)

2 (1 10 )
16.5886nH

LL
R

L

πω

π

×
=

=

∴ =
×

=
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An optimum class-E PA is limited to a maximum frequency of operation to realize such 

before degradation in efficiency is realized, as discussed in 3.5. Applying the device and 

circuit parameters for this study, we determine the maximum theoretical operating frequency 

for the selected active device.  

max
max 2 2

out DD

max

out DD

1 1
4 2

56.4995

If
C V

I
C V

π π
=

+ +

=
 

 

where outC C= is the device output capacitance limiting the maximum operating frequency of 

an ideal class-E PA [25, p. 1393]. Using the relationship, we established between 

max DD, andf C V , we determine 0I , 

( ) ( )( )
0 DD

9 1228 2 1 10 1.3 10

718.5072mA

I V Cπ ω

π π −

=

= × ×

=

 

where out 1.3pFC C= = , as per datasheet.  

 

max 0
3

2.8621
(2.8621)(718.5072 10 )
2.0564A

I I
−

=

= ×
=

 

 

Thus, maxf  is determined as, 

( )( ) ( )( )

max
max 2 2

out DD

3 3
12

1 1
4 2

2.0564101.3212 10 174.6972 10
1.3 10 28

1GHz

If
C Vπ π

− −
−

=
+ +

 
 = × ×
 × 

=

 

 

We are therefore operating at maxf (i.e. The fundamental frequency is equal to maxf ). Table 3.5 

on page 41 illustrates the degradation of efficiency for operation above maxf .  
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The optimum shunt capacitance C we calculate from equation (4.11), 

( )( )9

0.1836
0.1836

0.1836
2 1 10 226.1056

129.2354fF

CR

C
R

ω

ω

π

=

∴ =

=
×

=

 

 

4.4.2 Load Network Design 

The output network is required to transform the optimum load impedance of 90.4422 Ω  to the 

standard impedance of 50Ω  at the fundamental frequency and provide sufficient harmonic 

suppression at integer multiples of the fundamental frequency. A π -matching network is 

decided upon due to the high loaded Q ( )LQ  requirement and three-element matching 

networks are suitable for high LQ  circuits, where L 10Q ≥  [21, pp. 2-9] 

 
Figure 4.4.2.1: Class-E equivalent circuit 

 

We start designing the π-network by splitting the circuit into two back-to-back L-networks with 

aid of a virtual resistor, VR , as illustrated in Figure 4.4.2.2. 

 
Figure 4.4.2.2: Splitting the pi-network 
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We design for L 10Q = . VR  is determined from the L-section on the load side using equation 

(2.1),  

( )

( )

L
L

V

V

2

V

V

1 4.12

90.442210 1

90.442210 1

90.4422 0.8955
101

RQ
R

R

R

R

= −

∴ = −

∴ = −

∴ = = Ω

 

 

The magnitudes of S2Z  and P2Z  are determined as follows, 

( )
( )( )

2 L V.R 4.13

10 0.8955
8.9547

SZ Q=

=

= Ω

 

and 

( )L
P2

L

4.14

90.4422
10

9.0442

RZ
Q

=

=

= Ω

 

 

We apply the same procedure to the source section, where 

( )S
S

V

1 4.15

50 1 7.4050
0.8955

RQ
R

= −

= − =

 

 

The magnitudes of S1Z  and P1Z  are determined as follows, 

( )
( )( )

1 S V.R 4.16

7.4050 0.8955
6.6312

SZ Q=

=

= Ω

 

and 
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( )S
P1

S

4.17

50
7.4050
6.7522

RZ
Q

=

=

= Ω

 

 

For a low-pass configuration, combining the two series inductive reactance values, the π-

network can be represented as per Figure 4.4.2.3. 

 
Figure 4.4.2.3: Pi-network with relevant reactance values 

 

Determining the component values from the corresponding reactance values calculated above, 

the equivalent class-E circuit can be realized and is illustrated in Figure 4.4.2.4. 

 
Figure 4.4.2.4: Realizable class-E amplifier 

 

The following step in the design procedure is to convert the lumped element circuit into a 

transmission-line equivalent. 
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4.5 Load Network Simulation Results 
The input and output return loss of the designed load is simulated by S-parameter simulation 

using Advanced Design Systems (ADS) by Agilent. The simulation is run over a frequency 

sweep from 0 - 5 GHz, illustrating the power transfer at the fundamental frequency. The 

simulation results show a good match between the optimum impedance presented to the output 

of the active device and the actual load impedance of 50 ohm. 

 

 
Figure 4.5: Input and output return loss of the load network 

 

4.6 Lumped Component Class-E PA 
The entire PA circuit is simulated, sweeping the RF input signal from 0 dBm to 35 dBm. The 

optimum drive power yielding the best power conversion efficiency is at 28 dBm. The ideal 

RF chokes are replaced by 500 nH inductors. The input matching is designed and implemented 

at the input port of the PA, matching the input impedance of the PA to the source impedance 

of 50 ohm. 

 

The component values of the PA circuit are tuned using ADS optimiser such that the PE can 

be maximised at the fundamental frequency. Optimisation is also required as result of ideal 

lumped components behaving considerably different to real design models of the same 

component. An illustration of the PA schematic is provided in Figure 4.6, showing the tuned 

values of the components.  
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Figure 4.6: Lumped circuit schematic of designed class-E PA 

 

4.6.1 Simulation Results of Lumped Component Class-E 

The component values are tuned as previously mentioned, however the variance required from 

the calculated component values were minimal and this is a very satisfactory result. The 

expected performance of the PA as defined in the specification was exceeded, although 

degradation is expected from simulation to prototype measurement results. The simulation 

results illustrated in Figure 4.6.1 was measured for simulation at the fundamental frequency of 

1 GHz, with the RF input drive power at 26 dBm. The transient response of the drain-source 

voltage across the switch and drain current flowing through the switch is shown, illustrating 

the voltage being at a maximum magnitude when the drain current is near zero and the 

maximum drain current flowing when the drain voltage is at a minimum.  

 

By controlling the switching transition of the FET as well as the phase shift between the drain 

voltage and current waveforms, the power efficiency of the PA can be maximised. The tuned 

lumped component PA yielded a PE of 91.3% and PAE of 90.3%, shown in Figure 4.6.3. 
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Figure 4.6.2: Simulated drain voltage and current waveforms 

 

The analysis for an idealised class-E PA as proposed by Raab and later implemented by Sokal 

[23], assumes infinite load impedance at harmonic frequencies. The output network for this 

design follows a tuned approach similar to that adapted by Wilkinson [26]. The circuit 

parameters of the load network were tuned to achieve zero switching voltage of the active 

device. 

 

A simulation of the complete lumped circuit PA as per Figure 4.6 was performed, sweeping 

the RF input power from 0 dBm to 35 dBm. It is important to mention that the simulation of 

the lumped circuit PA was perform with the tuned component values as illustrated, using ideal 

component models, as it is the intention to manufacture a microstrip equivalent of the circuit.  

 

The lumped circuit design is for realising correct operation of the class-E PA before continuing 

to the design step. The simulation results are displayed in Figure 4.6.3. The power efficiency 

(PE), also known as the drain efficiency (DE) as well as the power added efficiency (PAE) are 

displayed with respect to the change in RF input power, measured on the left y-axis. The output 

power ( RF(out)P ) is measured for the same simulation and is recorded on the right y-axis of the 

plot. 
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Figure 4.6.3: Simulated performance parameters of the lumped circuit PA. 

 

The results of the ideal lumped component class-E PA are satisfactory and confirm realisation 

and operation of the amplifier. However, the results will change considerably when the 

parasitic capacitance, resistance and/or inductance of the components are included in the 

simulation. These parasitic elements cause the components to behave far from an ideal case.  

 

Bearing mind that the intention is to design a microstrip equivalent of the circuit, and not a 

functional lumped component PA. Though this has been completed outside the scope of this 

thesis, the parasitic elements of each individual component is of little regard or assistance in 

the conversion process.  

 

Before this can be achieved, we need to realise a transmission line equivalent of the circuit 

first. Once this achieved, the transmission line equivalent of the circuit can be transformed into 

a microstrip equivalent of the circuit. 

 

4.7 Ideal Transmission Line Class-E 
Following the satisfying results of the ideal lumped circuit PA, it is transformed into a 

transmission line equivalent. That is, each capacitor and inductor is transformed into a 

transmission equivalent of its respective lumped counterpart. The conversion is performed 

using the following equations: for each inductance, 
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 ( )
( ) ( )0 4.18

360
Z EL

L
f

=  

where 0Z  is the characteristic impedance of the transmission line, f is the fundamental 

frequency and EL is the electrical length of the transmission line in degrees [26, p. 1204]. 

 

Similarly, each capacitor is transformed by 

 ( )
( ) ( )

0

4.19
360

EL
C

Z f
= . 

The complete transmission line equivalent circuit is shown in Figure 4.7.1. The two capacitors 

of the output network ( 1 2andC C , as illustrated in Figure 4.6) are each split into a parallel 

combination of two capacitors. In doing so, upon the transformation into transmission line 

sections, ideal short circuit and open circuit conditions can be created for the RF power at 

harmonic frequencies which substantially increase the power efficiency of the PA. 

 

 
Figure 4.7.1: Transmission line equivalent of the class-E PA 

 

A simulation of the transmission line equivalent PA is performed at the fundamental frequency 

of 1 GHz and an RF input power level of 28 dBm. The RF input power level is selected to be 

sufficiently high such that the power generated at harmonic frequencies is sufficiently large. 

This enables the verification of the design technique implemented and correct class-E 

operation. 
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Figure 4.7.2: Drain voltage and current waveforms of the transmission line topology. 

 

Illustrated in Figure 4.7.2 are the simulated drain-to-source voltage, DSv  and the drain current, 

Di  waveforms of the active device of the PA. The shape of the waveforms are as expected, 

exhibiting minimum overlap between the drain-source voltage and the drain current. 

 

It is important to note that conversion from the lumped component class-E to its transmission 

line equivalent may require tuning and optimisation. Merely performing the conversion may 

not necessarily be sufficient to ensure correct class-E operation or exhibit the expected 

parameters. 

 

An S-parameter simulation was performed over a frequency range of 1-10 GHz. A plot of the 

simulation results as shown in figure 4.6.2 illustrates the suppression of RF power at harmonic 

frequencies, thereby confirming operation of the output network. Significant attenuation is 

exhibited at even and odd harmonic frequencies, which is the desired result. This means 

minimal RF power is being delivered to the load at these frequencies. Equally important to note 

is that approximately 0 dB attenuation is experienced at the fundamental frequency of 1 GHz. 

This implies that maximum power will be delivered to the load at 1 GHz. 
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4.8 Microstrip Class-E PA Simulation Results 
A distinguishing factor between the ideal transmission line PA and its microstrip equivalent is 

the practical implication and required compensation of the interconnecting and added 

transmission line sections. The results obtained in Chapter 4.7 assume ideal simulation 

conditions and these cannot practically be replicated. Practically implementing this concept 

requires interconnecting transmission line sections, that is, PCB traces that physically connect 

the transmission line sections making up the wave-shaping network and input matching 

network.  

 
Figure 4.8.1: Microstrip schematic of designed class-E PA 
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In addition to the abovementioned, non-linear component models are required for any 

capacitors or inductors required for the circuit design. In the case where non-ferrite components 

are used the linear model of that component may suffice for the simulation. The added 

interconnecting sections and the parasitic elements of the required components will affect the 

behaviour of both, the wave-shaping network and input matching network. It may be necessary 

to optimize the PA design once these additions have been made. 

 

The physical widths and lengths of each transmission line section of the PA, including the 

interconnecting sections are synthesized using LineCalc. LineCalc is an ADS tool meant for 

this very function. This allows the simulation of the PA to exhibit the results including the 

effects of the added sections.  

 

The drain-source voltage and drain current waveforms of the mictrostrip PA are shown in 

Figure 4.8.2. Results of this simulation is inclusive of the vendor spice models and the effects 

of the added PCB trace sections. 

 

 
Figure 4.8.2: Drain voltage and current waveforms of microstrip class-E PA 

 

The shape of the waveforms definitely illustrates correct class-E operation, exhibiting 

minimum overlap between the two waveforms. The peak drain voltage is 84 V, which is greater 

than the DC supply voltage by three times, exhibiting good voltage gain of the class-E PA. 
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4.9 Optimised Class-E PA Simulation Results 
The microstrip PA above was simulated without performing any optimization to the circuit. 

The circuit represents a direct transformation from the ideal transmission line PA to its 

microstrip equivalent. Optimization of the microstrip PA was implemented and the simulation 

of the PA was performed yielding the results shown in Figure 4.9.1 to Figure 4.9.5.  

 

The PA performance is measured against the variation of the RF input power, RF(in)P  at the 

fundamental frequency of 1 GHz. The DC bias conditions is set at DD 28VV =  and 

GS 2.75VV = − . 

 

The transient response of the drain voltage across the switch and drain current flowing through 

the switch is shown, illustrating the voltage being at a maximum magnitude when the drain 

current is near zero and the maximum drain current flowing when the drain voltage is at a 

minimum.  

 
Figure 4.9.1: Drain voltage and current waveforms of optimized microstrip circuit. 

 

Figure 4.9.2 shows the PE and the PAE (measured on the left y-axis) and the RF output power, 

RF(out)P (measured on the right y-axis). The maximum PE achieved is measured at marker 1 as 

91% with the magnitude of RF output power measured at 37.899 dBm. The maximum PAE, 

measured at marker 2 is 90%. This is achieved at an RF input power magnitude of 26 dBm.  
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The maximum RF output power, RF(out)P  is measured at marker 3 as 39 dBm. This is measured 

at RF(in)P  of 35 dBm. It is important to note that despite the maximum output power being 

achieved at the input power level of 35 dBm, the maximum PE is achieved at RF(in)P  26 dBm. 

That is, 91% of the applied DC power is transformed into RF output power meaning only 9% 

is being dissipated or radiated as heat. This is a good result given the power limitation and 

radiation factors experienced in a CubeSat environment, especially when compared to the 

current solution. 

 

 
Figure 4.9.2: Simulated performance of PA with respect to input power 

 

The optimized microstrip PA was measured against the drain supply voltage, DDV  subjecting 

the PA to conditions where any variations in the supply voltage may occur. This is a common 

scenario in CubeSats. The results show that this PA maintains a PE above 90% for DDV  swept 

from 15 V to 32 V. The PAE is maintained above 87% for the same simulation sweep of DDV . 

This simulation is performed at the fundamental frequency of 1 GHz. A comparison is made 

with the performance of passed designs of high efficiency class-E PAs. 
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Figure 4.9.3: Simulated performance of PA with respect to DC supply voltage 

 

The PAs instantaneous PAE, simulated at DD 28VV =  is plotted in Figure 4.9.5 showing the 

degradation of the PAE at lower levels of RF output power. This simulation is done without 

the implementation of quasi-static envelope tracking, as employed by Mugisho et al. [24, p. 

3472]. 

 
Figure 4.9.4: Simulated PAE with respect to output power 

 

A comparison between the designed PA in this thesis is made to previously designed high 

efficiency class-E PAs. The performance of the various class-E designs are summarized in 

Table 4.2. Degradation in performance is expected upon the manufacturing of a prototype. 
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Table 4.9: Comparison of Class-E Power Amplifiers 
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Chapter 5 

 Conclusion, Recommendations and Future 

Work 
The final chapter discusses conclusions of the class-E PA designed using a theoretical approach 

and an optimization tuning technique. The development of the design and the results has 

yielded recommendations for further improvement and feeds into concepts for exciting future 

work.  

5.1  Conclusion 
The generalized analysis of a class-E PA has theoretically been investigated and presented. The 

analysis is representative to class-E PAs with shunt capacitance operating with a duty-cycle of 

50%. The design method is inclusive of a lumped circuit class-E PA design including explicit 

design equations for presenting optimum conditions to realize correct class-E operation.  

 

The high efficiency class-E PA was designed for operation in a portion of the L-band used for 

uplink and downlink communications for satellite applications, making the proposed PA a very 

suitable option for nanosatellites and transmitters for ground stations. 

 

The output network provides the required impedance transformation to the standardized 50Ω  

load and simultaneously performs harmonic suppression by implementing quarter wavelength 

transmission line stubs at harmonic frequencies. Verification of correct class-E operation has 

been made through harmonic balance simulation and time domain analysis of the PA circuit. 

All the ZVS and ZVDS conditions required for correct class-E operation have been fulfilled 

and the theory and simulation results exhibit very good confirmation with each other. 

 

The proposed design of the PA delivers a PE of 91% and PAE of 90% operating at a 1 GHz 

fundamental frequency. The optimum RF input power at which this achieved is 26 dBm. The 

RF output power delivered at this input power level is 37.899 dBm. All the design 

specifications were well exceeded, and performance of the PA is very satisfactory.  
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5.2  Recommendations 
As is the case for most PAs, the power magnitude of the RF input signal is required to be 

considerably large. It is therefore advisable to consider the use of a preamplifier able to deliver 

at least 35 dBm at its output port to the achieve the input power level required by the PA. 

 

This PA was designed for the Rogers FR4 RO4003C (0.406 mm thickness) substrate based 

availability. It might be beneficial using a thinner substrate or even a different substrate 

composite than Rogers FR4 RO4003C, especially at frequencies exceeding 2 GHz.  

 

The results have shown that greater power efficiency can be achieved by reducing the DC 

supply voltage, DDV . The improved PE comes at a loss of RF output power. If this is a 

compromise that can be made and justified, then it is a useful way to spend your resources. 
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