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ABSTRACT 
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This thesis details the design and layout of a X-Band Inverse Class F power amplifier designed for 

active load modulation in an RF-input / RF-output outphasing system. The amplifier is designed 

to maximize efficiency given the load trajectory of an outphasing non-isolating lossless power 

combiner. An additional design goal is to maximize linearity of the system as a whole once the 

power combining and power splitting networks are designed. The amplifier was designed and 

simulated using ADS (Advanced Design Systems) in CREE’s (Wolfspeed’s) 0.25 µm process 

technology. Additionally, simulations were run using the EM simulation file, which was generated 

by running the ADS amplifier layout file through Momentum, within an idealized system setup in 

order to test theoretical performance within the system. The system was developed using ideal 

circuit components in order to ease the simulation and design of the amplifier. Future work will 

include the design and optimization of the combiner and splitter networks for a fully functioning 

and optimized system.
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation  

With the need for faster wireless communication systems, power amplifiers have become 

a key point of research focus to improve system power efficiency while ensuring linearity does 

not limit system integrity. Outphasing is a type of LINC (LInear amplification using Nonlinear 

Components) architecture that for many years had been commercially unsuccessful since it 

requires extensive digital signal separation, making it a transmitting architecture rather than an 

amplifier. However, within the last several years, an increased interest in further improving 

power amplifier efficiency into large back off regions has caused a resurgence in interest into 

this LINC architecture, that was developed back in the early 1900’s. Barton had previously done 

work out of MIT in which she demonstrated that a completely passive analog circuit could be 

used in order to achieve the constant-envelope phase-modulated signals through a single 

amplitude- and phase-modulated RF signal, completely eliminating the need for all baseband 

digital signal component separation  [1]. This system was demonstrated using a “connectorized” 

discrete circuit component setup without optimized components. While the theory was proven to 

work and that the signal could be separated and run through the outphasing system in order to 

achieve very high efficiency in very large power back off regions, the linearity would need some 

improvement in order to be used high data rate communication. The focus of this work is to 

investigate whether a complete design of every component of the outphasing amplifier from 

combiner to individual SMPAs (Switch-Mode Power Amplifiers) to the splitter, could be 
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optimized in order to improve the overall system linearity as well as optimize the efficiency 

performance of the system.  

1.2 Thesis Organization  

The main objective of this thesis is the design, layout, and simulation of an X-Band 

Inverse Class F power amplifier designed for active load modulation. This is the amplifier that 

will be measured and load pulled once fabricated in order to design a splitter and combiner 

circuit to optimize the overall system performance. Design of the amplifier was done using ADS 

(Advanced Design Systems) with the CREE (Wolfspeed) 0.25 µm GaN PDK.  

 Chapter 2 will discuss the background of LINC and non-linear PAs especially as it 

pertains to the outphasing amplifiers. An overview of Barton’s work from MIT will also be 

presented as it pertains to the overall project motivation. Chapter 3 will discuss the design 

methodology of designing an Inverse Class F power amplifier that is specifically optimized for 

Chireix outphasing active load modulation. Chapter 4 will discuss the layout and EM simulations 

of the circuit as well as its simulations within the system as a whole. Chapter 5 will conclude the 

report as well as discuss the work proceeding from this point. 
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CHAPTER 2 

EFFECIENCY ENHANCEMENT 

2.1 Introduction 

With the advent of high speed wireless data communication, the complexity of the 

modulation schemes has continued to increase with every passing year. From 2G to 5G the 

requirements for the new modulation schemes have increased the strain on the hardware in terms 

of its performance for linearity and back off power ranges. The main problem with increasing the 

demand on linearity and PBO (power back off) ranges is that it requires an increasingly linear 

PA (Power Amplifier) as well as greatly reducing the average drain efficiency and PAE (Power 

Added Efficiency) for the conventional amplifier. This becomes a large problem when the 

amplifiers are used for base stations where output power is significant and as a result consumes a 

large amount of DC power.  

 
Figure 2.1 Study on Efficient Radio Access Network Technologies 2009, Alcatel-Lucent [2] 
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Figure 2.1 represents the findings of a study that was done by Alcatel-Lucent in 2009 in 

which it evaluated the power consumption of each electrical component in a base station used for 

wireless radio communication. In this study they concluded that 50-80% of all power consumed 

in the base station is consumed by the power amplifier unit itself. Another 10-25% of the power 

is used on air conditioning and cooling components in order to keep the circuits cool. However, 

since the power amplifier is the predominant user of the electrical energy it also generates the 

most heat and requires a largely disproportionate amount of cooling. This means that the 

efficiency of the amplifier is paramount to the overall power efficiencies of the base stations. In 

[3], it is discussed that 600 TWh of energy, or 3% of total global power consumption, was 

consumed by the information and communication technology sector in 2011. In the article, it is 

extrapolated that by 2030 the amount of power consumption for information and communication 

technology will have about tripled to be 1700 TWh with a significant amount of that power being 

solely for base stations. Therefore, reducing the amount of power consumed by the base stations 

has been increasingly a more important problem to solve, as increasing the PAE of base station 

power amplifiers even a small amount would be a large power saver. Not only will it directly 

decrease the power consumed in the PA itself, but the amount of cooling required to keep the 

circuitry thermally stable would be indirectly decreased as less thermal energy will be dissipated 

within the amplifier and the cooling systems, which are the second largest power consumer in the 

base station. This makes improving power amplifiers PAE the easiest way to make large 

improvements in decreasing the amount of power consumed in base stations. This analysis looks 

solely at wireless communication systems as a main context for improving PA efficiency, but 

any high-power microwave or radio system can greatly benefit from greatly improving PAE 
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from radar systems to satellite communications systems. 

2.2 Amplifier Class Analysis 

While improving power amplifier efficiency has been a problem that has been researched 

extensively over the last couple years, it has been increasingly difficult to continue improving the 

efficiency. This is due to a problem that was mentioned earlier, that with each new progression in 

communications and wireless data transmission modulation schemes, the linearity requirement to 

push the modulation schemes has increased as well. This becomes a problem because linearity 

and efficiency, when talking about a typical single transistor PA module, are inversely 

proportional. When operating a class A amplifier, which is the most linear amplifier class, the 

maximum theoretical drain efficiency is 50%. Due to knee voltages of the transistors as well as 

loss within matching components and transistor itself, it is in practice impossible to reach the 

50% drain efficiency. In addition, linear amplifiers are biased such that the amplifier is always 

on regardless of the drive level of the input signal. This means that as the input power is reduced, 

the instantaneous efficiency of the amplifier significantly degrades. This becomes largely 

problematic when using them for wireless data and communications applications where the 

modulation schemes can utilize upwards of 10 dB PBO or a 10:1 signal power reduction. This 

directly corresponds to a 10:1 range for the efficiency of the amplifier. If the peak efficiency of a 

class A linear amplifier is 38% then the efficiency of the amplifier at minimum input power will 

be ~3.8%. Since power amplifiers are almost never operated at peak power the efficiencies of the 

linear amplifiers get less appealing. The result is then to move to the non-linear amplifier classes. 

These include classes AB, B, and C with the AB being the most linear and C being the most 

efficient. With each increase in the amplifier class the theoretical efficiency as well as the 
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practical efficiency of the amplifier improves. As mentioned earlier, however, the linearity and 

efficiency of a power amplifier is inversely proportional so as the classes get more efficient the 

linearity of the amplifiers decreases. This is because the method of improving the efficiency of 

the classes is to reduce the conduction angle, achieved by biasing the device partially off and 

increasing drive level such that the amplifier is on only part of the time. This means that current 

is conducted through the device for only part of the cycle (dependent on the conduction angle as 

to how long the current is actually on). A class B amplifier has a conduction angle of π, which 

creates a current waveform that is on exactly half of the time, essentially rectifying the 

waveform. Figures 2.2-2.7 show AWR simulations for a Class A and Class B theoretical power 

amplifiers respectively. The simulations will be used to explain the improvement in the 

efficiency between the Class B and Class A power amplifiers and the reduction in linearity. 

 

Figure 2.2 Theoretical Class A Amplifier AWR 
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Figure 2.3 Class A Amplifier Dynamic Load Line 

 

 

Figure 2.3 shows the dynamic load line for the class A amplifier simulation that is presented in 

Figure 2.2. This is the optimum load line that would be generated by creating a class A amplifier 

with maximum output swing while avoiding clipping of the output signal (assuming 20V 

breakdown voltage of the device). It shows that the load line swings from Vk (knee voltage) to 

Vbr (breakdown voltage) and from Imax to 0, implying that the device is on for the entire period 

of the input voltage swing. This dynamic load line creates the device waveforms that are shown 

in Figure 1.4 [4]. It can be seen that both the voltage and current device waveforms are full 

sinusoids that are 180 degrees out of phase. However, both voltage and current are on at the 

same time for all 360 degrees. Therefore, power is being dissipated in the device for all 360 

degrees. 
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Figure 2.4 Class A Amplifier Device Waveforms 

 

Figure 2.5 Theoretical Class B Power Amplifier AWR 
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Figure 2.5 shows the circuit for the Class B amplifier. The circuit is identical except for the LC 

resonant tank load filter. Figure 2.6 shows the corresponding dynamic load line for the class B 

power amplifier. There is a significant difference between the load lines of the class B and class 

A power amplifiers. Unlike the class A amplifier the load line does not linearly swing from 𝑉𝑘 to 

𝑉𝑏𝑟 and 𝐼𝑀𝐴𝑋 to 0. The load line swings from 𝑉𝑘 to 
𝑉𝑏𝑟

2
 and 𝐼𝑀𝐴𝑋 to 0. From 

𝑉𝑏𝑟

2
 to 𝑉𝑏𝑟 the slope 

of the load line is 0 and since the slope of the load line is 
1

𝑅𝐿𝑂𝐴𝐷
, there is an infinite equivalent 

resistance, showing there should be no current conducted for half of the time. This is presented in 

Figure 2.7 where the current swings from 𝐼𝑀𝐴𝑋 to 0 but it is no longer a complete sinusoid. The 

drain current is rectified as current is only conducted during the duration of the conduction angle 

[5]. The voltage waveform is identical to that of the class A amplifier but the current is a 

rectified sine wave. The rectification of the sine wave allows a reduction in the DC component of 

the wave that was present in the class A amplifier, since there must be current and voltage on at 

the same time for power to be dissipated, the devices efficiency can improve significantly. The 

downside to this approach, however, is that in order to achieve similar output swing the device 

must be driven harder meaning that the gain of the system is reduced. In addition, the 

rectification of the sine wave introduces a large amount of harmonics into the system. These can 

be filtered out using a resonant tank circuit, but that introduces bandwidth limitations and 

filtering has realistic limits on its ability to reduce harmonic content. Overall the efficiency is 

effectively improved but at the cost of gain and linearity. Class AB and Class C amplifiers work 

similarly the conduction angle is varied again with the larger conduction angle corresponding to 

greater linearity and the smaller conduction angle corresponding to greater efficiency. 
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Figure 2.6 Class B Dynamic Load Line 

 

 

 
 

Figure 2.7 Class B Device Waveforms 
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Another class of amplifiers are harmonically tuned amplifiers. Otherwise known as class 

F and Inverse Class F amplifiers, these highly saturated switch-mode power amplifiers are used 

to achieve 100% theoretical efficiency by shaping the output waveforms through harmonic 

terminations in order to achieve zero-voltage or zero-current switching. In practice, however, it is 

impossible to achieve the 100% theoretical efficiency, since it is impossible to create a perfect 

square wave for the voltage or current signal at the output (depending on whether the amplifier is 

a Class F or Inverse Class F amplifier). The harmonic termination works due to the theory 

behind the Fourier series where the Fourier series of a square wave can be represented by: 

𝑆𝑞𝑢𝑎𝑟𝑒 𝑊𝑎𝑣𝑒 =  
4

𝜋
∑

1

𝑛
sin (

𝑛𝜋𝑥

𝐿
)

∞

𝑛=1,3,5..

 [3] 

For a square wave, all the Fourier coefficients for even harmonics are equal to 0. This means that 

the impedance at the odd harmonics are “opened” or the impedance set to be ∞. Therefore, the 

odd harmonic content is important to shaping the output waveform as close to a square wave as 

possible and is “shorted” or the impedance set to be 0. If this process is completed for an infinite 

number of harmonics the output waveform would take on the shape of an ideal square wave and 

the efficiency would converge to 100%.  
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Figure 2.8 Square Wave Approximation for Increasing Number of Fourier Terms [6] 

 

This convergence to a square a wave as the number of Fourier series terms are increased is 

shown in Figure 2.8. After 3 Fourier terms, the improvement in the shape of the waveform is 

minimal. In practice, however, this is not the case since after the 3rd harmonic termination the 

efficiency gains become nominal and end up getting outweighed by the inherent component loss 

that is incurred as more and more matching sections/ elements are required to implement a 

termination network. While this achieves a close approximation to a square wave it is not an 

exact square waveform and so there will be some voltage-current crossing when switching the 

device between the on and off states. This causes a dissipation in power as well as the 𝑉𝑘 of the 

device reducing a maximum practical efficiency of 87.5%. These effects on the efficiency are 

illustrated in Figure 2.9: 
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Figure 2.9. Outphasing Architecture with Digital Signal Component Separation [7] 

 

 

 

 Power is consumed whenever current and voltage exist in the device at the same time. 

Graph 1 in Figure 2.9 shows that there is no overlap between the current and voltage waveforms 

of the Inverse Class F amplifier. This describes the ideal operating condition where the 

theoretical efficiency of the amplifier is 100% [8]. However, since only a finite number of 

harmonics can be terminated, a more realistic representation of the waveforms is represented in 

graph 2. This shows a small amount of crossing that exists due to the non-instantaneous turn on 

of the device. This crossing of the voltage and current represents power dissipated which lowers 
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the efficiency from 100%. This gets further reduced once device knee voltages are taken into 

consideration as represented in graph 3. While Class F and Inverse Class F amplifiers are great 

for improving efficiency, they can be problematic when the linearity of the signal becomes 

important [9]. Both Class F and Inverse Class F amplifiers produce large amounts of non-

linearity into the output signal of the amplifier. This can be inhibitive to certain degrees when the 

output stage filtering cannot reduce/filter the third order intermodulation products and as a result 

degrades the EVM (Error Vector Magnitude) and ACPR (Adjacent Channel Power Ratio) of the 

amplifier, which, especially in communications, is of high importance to maintain data integrity 

between signal transmissions.  

2.3 LINC Architectures 

    Apart from individual amplifier architectures there are other efficiency enhancement 

techniques, such as system architectures, that have been researched. These efficiency enhancing 

system architectures are called LINC (Linear Amplification using Non-linear Components) PAs. 

Most of them were developed in the early to mid 1900’s but were deemed impractical to utilize 

and implement since most of them required some control scheme or specialized input signals to 

operate properly. Today however, with the explosion of digital circuits and digital processing 

power there is renewed interest into LINC architectures since it has become easier to do the 

signal creation in the digital baseband and then feed the signal into the LINC PAs after 

performing digital to analog conversion. Each LINC architecture uses a unique form of input 

signal in order to properly operate the efficiency enhancement techniques [10]. 

      Outphasing is one of LINC architectures that was introduced in 1935, but was not able to be 

effectively implemented commercially due to the specific signal separation requirements. 
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Outphasing amplifiers use phase shift control of multiple saturated non-linear (switch-mode) 

PAs to create a modulated RF output with very high efficiency through power back off regions. 

Outphasing PAs have a theoretical efficiency of 100%. However, this efficiency is never 

realizable due to not being able to terminate an infinite number of harmonics within the switch-

mode PAs themselves, as well as non-ideal lossless combining and loss within the circuit 

components themselves.   

 

Figure 2.10. Outphasing Architecture with Digital Signal Component Separation [11] 

 

 

 

     Figure 2.10 shows the block diagram for an outphasing amplifier using digital domain     

signal component separation. It shows that the signal separation becomes very involved on the 

digital side of the circuit for just a 2-way outphasing system. Everything would need to be 

doubled to even attempt a 4-way outphasing system, further increasing the cost, complexity, size, 

and power consumption of the design. This becomes one of the major issues associated with 

implementing outphasing in systems. Doherty has been the dominant LINC architecture in terms 
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of communications for high efficiency, high power, and high linearity systems because unlike an 

outphasing system, an RF input signal can be fed directly into the Doherty PA greatly reducing 

the complexity of the overall system and allowing it to be more of a “drop-in” replacement for a 

classical single amplifier design [12]. 

     Outphasing amplifiers require 2 or 4 constant envelope phase modulated signals to be 

individually fed into each of the 2 or 4 switch mode power amplifiers that comprise the 

outphasing amplifier. Because their input signals are constant-envelope (so the AM distortion 

produced from the clipping does not get carried through if all the switch mode power amplifiers 

clip similarly) this allows nonlinear classes of PAs to be used. These constant-envelope signals 

contain the amplitude and phase information that was contained in the original RF signal. The 

control law that is used for the outphasing angle(s) can be used to boost linearity or efficiency as 

needed, giving a distinct tuning knob that allows for adaptability in the design as well as the 

implementation [13]. In order to obtain the original signal again, the output signals from each of 

the switch-mode power amplifiers must be combined before being fed into the antenna. There 

are two ways to approach the combining: a lossless non-isolating combiner such as Chireix, or an 

isolating power combiner such as a Wilkinson network. 

      A Wilkinson power combiner is a type of isolating power combiner. The advantage of this 

form of power combiner is that the impedance looking into the power combiner at each of its 

inputs is always 𝑍0. This becomes important due to the reactive loading phenomenon when 

connecting and combining multiple amplifiers. When multiple amplifiers are connected in a 

network and combined, instead of seeing the load resistance at each amplifier output node, one 

amplifier will see the other as reactive and vice versa as an inductor. Amplifiers do not like 
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seeing an imaginary or complex load because it significantly degrades the operating performance 

of the individual switch mode power amplifiers in terms of power delivered and efficiency. 

Therefore, a Wilkinson power combiner would prevent the individual switch mode amplifiers 

from reactively loading each other, allowing for maximum performance from each of the 

individual switch mode amplifiers. The downside to a Wilkinson power combiner is that all out 

of phase elements will be dissipated across the shunt resistor at the output node. This dissipation 

in power essentially will degrade any efficiency benefits that would be achieved from the 

implementation of an outphasing architecture to begin with [8]. 

     This leaves a non-isolating lossless power combiner in order to reconstruct our required AM 

and PM signal. The benefit to a lossless power combiner is, as the name implies, that it does not 

hinder or degrade any improvements in efficiency or output power that would have been gained 

from implementing the outphasing network in the first place. In order for this combiner to work a 

form of conjugate reactive loading must occur in order to cancel out the reactive components that 

are seen by each of the switch mode power amplifiers. This effectively moves the Γ𝑂𝑈𝑇 curves 

that are highly susceptive or highly inductive down onto the real axis of the Smith chart as 

shown in Figure 3.2. In addition to the reactive loading that occurs when non-isolated power 

amplifiers are connected together in a network, another beneficial effect is active load 

modulation. This effect is when the impedance seen by each of the amplifiers actively changes 

based on the power that is being supplied by the branch amplifiers (switch mode power 

amplifiers). [14] 
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Figure 2.11. Active Load Modulation Diagram [15] 

 

 

 

     Figure 2.11 shows a simplified diagram of active load modulation. The idea for outphasing is 

that the active devices can be modeled as ideal voltage sources supplying a differential load. 

Therefore, the current that is supplied by each branch is represented by the equation below: 

𝐼1 =
𝑉1 − 𝑉2

𝑅𝐿
 

 

And the impedance seen by device 1 can be represented by: 

𝑅1 =
𝑉1

𝐼1
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Plugging in the equation for the current supplied by device 1 into the equation for the impedance 

seen by device 1, an equation for the impedance can be determined as a function of the voltage 

supplied by device 1 and by device 2: 

𝑅1 =
𝑉1𝑅𝐿

𝑉1 − 𝑉2
 

Evaluating this equation at specific points, it shows that when 𝑉1 = 𝑉2 the impedance seen by the 

devices is ∞. When 𝑉1 = −𝑉2 , the impedance seen by the device is 2𝑅𝐿. Therefore, the 

impedance trajectory is a function of the phase which is determined by the power of the input 

signal. The output power of the PA is inversely proportional to the effective load impedance. 

This means that, if the branch amplifier is designed correctly, the system can operate efficiently 

over a large power back off range.  

2.4 Preceding Work 

 Barton [21] has developed a proof-of-concept design of a 4-way RF input outphasing 

system in order to try and fix many of the previously stated problems that are inherent with the 

LINC architecture. One of the main problems that was addressed was that outphasing is more of 

a transmitter architecture than an amplifier architecture than some of its other LINC counterparts. 

In addition, the active load modulation of the circuit was controlled through the use of a network 

based on an RCN (Resistance Compression Network). A RCN is a class of lossless power 

combining networks often used in power electronics for power rectification [16]. It compresses 

the load variation at the inputs of the network in the form of a ration that is setup in the design of 

the network. Therefore, if the load varies from 1:K then the impedance seen at the inputs of the 

networks would only vary from 1:
𝐾

𝑋
 where X is the compression factor that is used to design the 
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impedances of the transmission lines within the compression network. It was shown that an RCN 

and an outphasing combining network can be considered as a time-reversal duals [14]. 

Exploiting this time reversal duality, if the impedance at the input of the branch amplifiers can be 

controlled, an AM-PM signal can be decomposed into its component constant-envelope PM 

signals [11]. This approach successfully accomplishes analog signal decomposition without the 

need for all of the digital baseband components. Finally, one of the issues that arises with 

outphasing is achieving zero power out when zero power is input into the amplifier. Since 

conventional outphasing uses digital signal decomposition a zero power output signal is 

represented by 180 degree out of phase control vectors [17], however, it is almost impossible to 

perfectly achieve this accurately. Therefore, with the analog signal decomposition, when enough 

power is backed off the analog passive circuit that decomposes the signal, it will be passively 

turned off allowing the amplifiers to essentially be fed as normal class B amplifiers, as discussed 

earlier. This can be achieved since an Inverse Class F amplifier whose power is backed off 

enough essentially reduces to operating in a normal class B region [18]. 

 This work will look at designing branch amplifiers for a 2-way outphasing system whose 

components will all be optimized for the RF-input/RF-output outphasing system. The amplifier 

will be optimized for the active load modulation that will occur in a Chireix outphasing power 

combiner. 
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CHAPTER 3 

POWER AMPLIFIER DESIGN 

 

 This chapter describes the design of the power amplifier for an outphasing system. The 

DC operating point and load pull is discussed. Then, two amplifier designs are described: a 

single-stage PA and a two-stage PA that was ultimately selected for the MMIC fabrication.  

3.1 DC Analysis 

 The first step of designing an amplifier is always to run an IV characteristic of the device 

that will be used in the design. The IV characterization test/simulation will allow the selection of 

the operating point in terms of the bias value selections. After the IV curve simulation was run 

on CREE’s 0.25 µm device, the biasing values of 𝑉𝐺𝐺 = −2.8 𝑉 and 𝑉𝐷𝐷 = 28 𝑉 were selected 

for the transistor’s operating point. The 𝑉𝐷𝐷 selection ensures that a maximum amount of output 

voltage swing can be achieved without clipping at the 𝑉𝐾 or 𝑉𝐵𝑅 voltage values. In the 

background section, Barton had done previous research on a 4-way RF-input RF-output 

outphasing system in which the branch amplifiers were Inverse Class F amplifiers [14]. This not 

only allows for a sinusoidal voltage waveform which makes combining of the outphasing system 

easier, but it also allows for the amplifier to be backed off into normal class B operation, since 

backing off of an Inverse Class F amplifier will create a class B mode operation. This improves 

the back off efficiency and linearity of the system since putting in less power will output less 

power, therefore, performing better than the standard constant-envelope outphasing system. 
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3.2 Load Pull 

 The next step in the design of the power amplifier is to load pull the device. Load pull is a 

form of measurement in which the Γ𝐿 at the output of the DUT (Device Under Test) is swept 

over a region of the Smith chart to find the values of Γ𝐿 that give the best PAE, Pout, or gain 

values. These optimum Γ𝐿 can then be used to design the output matching network for the 

amplifier. For a typical class A-C amplifier, the load pull is run for the fundamental frequency 

since that is the main operating frequency of the circuit. However, when load pulling non-linear 

power amplifiers it is important to run a load pull on the harmonics of the amplifier as well since 

those frequencies will also be targeted by the output matching network in terms of the harmonic 

terminations. Similarly, a source pull can be run on the device to find optimum source 

impedances. However, for this design the input will be used for an interstage match between the 

power stage and driver stage and will just be conjugate matched for input of the power amplifier. 

 To see the PAE and Pout contours for the simple device that would be used for the power 

amplifier, the device model was attached to the load pull tool within the ADS software. The 

simulation was run on the circuit shown in Figure 3.1 to produce the contours seen in Figures 14-

15. For this amplifier design, a 4 finger device with 250 µm finger lengths were chosen. In 

addition, the amplifier will be designed in GaN MMIC which will give significantly increased 

power handling capabilities as well as better overall circuit performance. The device parameters 

can be seen in the circuit schematic in Figure 3.1. This device size will have enough power 

density for a 5-10 W amplifier which is within the output power range that was being targeted.  
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Figure 3.1 Device Load Pull Schematic ADS 

 

 The PAE and Pout contours can be seen below in Figure 3.3. The device is well behaved 

in the sense that the maximum PAE point and the maximum Pout points are close to one another. 

This is not always the case, especially with packaged devices. But since this amplifier is 

designed in MMIC the device behaves well. Part of the consideration in the design of the 

amplifier is that there will be two of them placed into a Chireix power combiner network in order 

to recombine the signal at the output of the amplifier. Using this, the amplifier can be designed to 

maximize power and efficiency along the trajectory of the input impedance of Chireix power 

combiners. The impedance trajectories of the Chireix power combiners can be seen below in 

Figure 3.2. The lowest power point is at the highest impedance value and the highest power point 

is at the lowest impedance value. 
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Figure 3.2 Chireix Input Impedance Trajectory [14] 

 

 

 

Therefore, the objective is to lineup the device load pulls such that the impedance trajectories 

will properly track the device load pull contours. To achieve this, it is important to put the 

maximum power point at around the 10 Ω real impedance point on the Smith chart. Comparing 

Figures 3.3 and 3.4 to Figure 3.2, it is apparent that the load pull contours do not line up with the 

Chireix impedance trajectories. It is pertinent to attempt to rotate the Smith chart to try and 

match up the load pull contours and the Chireix trajectories. 
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Figure 3.3 Device Load Pull PAE and Pout ADS 

 

 

Figure 3.4 Device Load Pull Transducer Power Gain ADS 
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 Using the method of rotating the load pull contours to line up with the Chireix impedance 

trajectories, a 50 Ω impedance line was placed at the output of the device with a given electrical 

length to be able to rotate the load pull contours onto the real axis of the Smith chart. The 

schematic that was used to run the load pull simulation is shown in Figure 3.5. The results of the 

load pull simulation of Figure 16 are shown in Figures 3.6-3.7.  

 

Figure 3.5 Device Load Pull Schematic w/ 50 Ω Line Rotation ADS 

 

 

 Utilizing a 50 Ω line effectively rotates the contours around the origin of the Smith chart 

since the maximum Pout point is approximately 140 degrees on the Smith chart. Adding a 

transmission line with an effective electrical length of approximately 40 degrees would put the 

contour centered around the real axis of the Smith chart. The results of this line are shown in 

Figure 3.6. It shows that the transmission line on the output of the device successfully rotated the 



 

27 

load pull contours. Both the Pout and the PAE contours are centered around the real axis. The 

max Pout point has a higher real impedance value than the typical Chireix system. While this 

technique resulted in the desired effect of rotating the load pull contours, it can still be improved. 

For example, it is not required to use a 50 Ω impedance line to rotate the load pull contours. 

 

 

Figure 3.6 Device Load Pull PAE and Pout w/ 50 Ω Line Rotation ADS 
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Figure 3.7 Device Load Pull Transducer Power Gain w/ 50 Ω Line Rotation ADS 

 

 The next step was to follow the idea that a non 50 Ω could be used to rotate the 

impedance contours in order to get the maximum Pout point closer to the maximum power point 

on the Chireix impedance trajectories. Figure 3.8 shows the circuit schematic using a 75 Ω 

transmission at the output of the device. The results of the simulation can be seen in Figures 3.9-

3.10. The process was then again repeated for a 30 Ω line shown in the schematic in Figure 3.11. 

The results of the 30 Ω transmission line rotation are shown in Figures 3.12-3.13. 
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Figure 3.8 Device Load Pull Schematic w/ 75 Ω Line Rotation ADS

 

Figure 3.9 Device Load Pull PAE and Pout w/ 75 Ω Line Rotation ADS 
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Figure 3.10 Device Load Pull Transducer Power Gain w/ 75 Ω Line Rotation ADS 

 

 

Figure 3.11 Device Load Pull Schematic w/ 30 Ω Line Rotation ADS 
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Figure 3.12 Device Load Pull PAE and Pout w/ 30 Ω Line Rotation ADS 

 

Figure 3.13 Device Load Pull Transducer Power Gain w/ 30 Ω Line Rotation ADS 
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 Comparing the effects of the two transmissions lines with different impedances shows 

that while they are centered around the real axis of the Smith chart the effects of the two lines are 

not identical. In addition, the electrical length of the lines must be varied to compensate for the 

change in the center of rotation, since the change in the impedance of the transmission line 

effectively changes the pivot point on which the contours are rotated. Comparing Figures 3.9 and 

3.12 shows that the higher impedance transmission line has the contours at a slightly higher real 

impedance value while the lower impedance transmission line has the contours at a lower 

impedance level. In addition, the shape of the contours make an oval, where the major axis is 

along the real axis and the imaginary axis for the higher impedance line and the lower impedance 

line respectively. Also, both transmission lines, as well as the 50 Ω transmission line, the max 

PAE point is at a lower real impedance value especially for the 30 Ω transmission line. This is 

inefficient since the max Pout point for the load pull contours is the target for the lowest 

impedance of the Chireix impedance trajectories. From there, the combiner impedance would 

ideally track down the power level contours increasing in real impedance values along the real 

axis of the Smith chart until the highest impedance value of the Chireix impedance trajectories.  



 

33 

 

Figure 3.14. Device Load Pull Schematic w/ Double Stage Line Rotation ADS 

 

 In order to achieve a more circular shape for the load pull contours to improve symmetric 

behavior of the amplifier, given the symmetric nature of the Chireix impedance trajectories, to 

maximize efficiency and linearity, a double stage rotation transmission line was used. Since the 

75 Ω transmission line had a more accurate maximum Pout point it was used for the first section 

of the transmission line. Then, a 15 Ω transmission line was used to rotate the PAE curve to 

achieve a maximum PAE point that is a higher real impedance than the maximum Pout point. 

This allows improved overall efficiency through power back-off because the peak efficiency 

point that is in between the maximum and minimum power levels provides a boost in efficiency 

at average power levels. The schematic for the double-stage rotation transmission line is shown 

in Figure 3.14. The corresponding PAE, Pout, and transducer gain are shown in Figures 3.15 and 
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3.16, respectively. The contours in Figure 3.15 are more circular, not only allowing for better 

symmetry around the real axis of the Smith chart, but it also allows for a larger power range 

within the outphasing system, since the outphasing system mostly operates between the two 

points where the two curves intersect with the real axis of the Smith chart and themselves. In 

addition, the maximum PAE point at a higher real impedance will give an overall higher average 

efficiency over a wider range of output powers. Matching Figure 3.16 to Figure 3.15, the 

maximum transducer gain point is the same point as the maximum output power point and the 1 

dB Pout curves and 1 dB gain curves match up. This maintains a linear input-output relationship 

which is important for overall system linearity. Overall, the double transmission lines on the 

output gives a very ideal load pull.  

 

 

Figure 3.15 Device Load Pull PAE and Pout w/ Double Stage Line Rotation ADS 



 

35 

 

Figure 3.16 Device Load Pull Transducer Power Gain w/ Double Stage Line Rotation ADS 

 

 Once the load pull for the fundamental has been resolved, it is important to load pull the 

device for the 2nd and 3rd harmonics, since harmonic termination will be done to improve 

efficiency. To do this, the harmonic load phase sweep tool within the ADS software was used as 

shown in Figure 3.17. The tool is given a Γ value and then sweeps phase values at a given 

interval to determine the phase at which each of the harmonics want to be seen. For the first load 

pull, the 3rd harmonic was set to be a short while the 2nd harmonic phase was swept. 
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Figure 3.17 Device Load Pull 2nd Harmonic Phase Sweep Schematic ADS 

 

 The graphs for the PAE vs phase and gain vs phase are shown in Figures 29 and 30 

respectively. Analyzing Figures 3.18-3.19 it is observed that the phase of the second harmonic 

has a very significant impact on the overall performance of the amplifier, with a distinct peak at 

around 125 degrees and a distinct null at 140 degrees. While achieving maximum efficiency is 

the goal, because of the steep drop off in efficiency near the PAE null, the phase of the second 

harmonic was chosen conservatively to be around 60 degrees. This gives a relatively flat region 

while still maintaining a good efficiency for the device. 
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Figure 3.18 Device Load Pull 2nd Harmonic Phase Sweep PAE ADS 

 

The drop in the efficiency in Figure 3.18 at 140 degrees can be explained by the spike in gain 

compression in Figure 30 that corresponds to the drop in gain. This occurs due to the degradation 

of the harmonic termination which degrades the ZVS (Zero Voltage Switching) and ZCS (Zero 

Current Switching) that occurs within the device. This forces the amplifier into a less efficient 

operating class causing more power to be consumed within the device, effectively compressing it 

more.  
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Figure 3.19 Device Load Pull 2nd Harmonic Phase Sweep Gain ADS 

 

 With the 2nd harmonic phase determined, the 3rd harmonic needed to be swept to 

determine its impact on the overall performance of the device. The circuit schematic is shown in 

Figure 3.20. It is identical to the circuit shown in Figure 3.17, with different values for the load 

impedance at the 2nd harmonic and with the tool set to sweep the 3rd as opposed to the 2nd 

harmonic. The results of the load pull phase sweep can be seen in Figures 3.20-3.22 showing the 

PAE vs phase and the gain vs phase respectively. 
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Figure 3.20 Device Load Pull 3rd Harmonic Phase Sweep Schematic ADS 

 

 Analyzing the PAE vs phase graph in Figure 32, it is seen that the overall impact of the 

3rd harmonic is small, as the range between the max PAE point and the minimum PAE point is 

about 0.8%. Therefore, the 3rd harmonic termination is mostly arbitrary; however, for overall 

stability of the circuit a phase of around 120 degrees was selected since it was mostly a stable 

region of the PAE vs phase curve while still performing well in terms of efficiency. The gain vs 

phase curve shown in Figure 33 corresponds directly to the PAE vs phase curve in Figure 32, 

confirming the continuity of the results. Now that all the Γ values for the fundamental and main 

harmonics have been selected the design of the power amplifier topology can be done. 
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Figure 3.21 Device Load Pull 3rd Harmonic Phase Sweep PAE ADS 

 

Figure 3.22 Device Load Pull 3rd Harmonic Phase Sweep Gain ADS 
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3.3 Single-Stage Inverse Class F Design 

 Since the device had been thoroughly load pulled and the target load impedances were 

determined, an amplifier design using discrete circuit components was accomplished. It was 

known that the desired behavior for the amplifier is an Inverse Class F amplifier. Figure 3.23 

shows the ideal discrete component version of the Inverse Class F amplifier. However, for this 

project a more transmission line based design will be used since bandwidth is not a major 

concern. The benefit of the transmission line network will be more precise harmonic termination, 

lower mismatch loss, and lower component loss. 

  

Figure 3.23 Inverse Class F PA Ideal Discrete Component Schematic [19] 

 

 The general transmission line based load for an Inverse Class F amplifier are shown in 

Figures 3.24(a) and 3.24(b). Using the lengths and impedances of the transmission lines in 

Figure 3.24(b) allows for the proper harmonic terminations of the 2nd and 3rd harmonics and 

matching the fundamental to the optimum load impedance. Some tuning was used to properly 
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incorporate the bias networks to combine the contour rotating transmission lines that were 

determined earlier in the load pull section. The line length values were calculated for the given 

GaN substrate and complete bias structures were added into the design. The result is shown in 

Figure 3.25 [20]. 

 Utilizing a complex conjugate match at the input of the device results in a complete 

design for the Inverse Class F amplifier shown in Figure 36. The discrete components that were 

used were the realistic component models that were included with the device PDK. This will 

allow for a greater level of accuracy when simulating the circuit model and then switching to a 

layout with an EM model. Ports were added to the circuit and then compressed into a symbol that 

will be used in other circuits to simplify more complicated simulations on the circuit. 

 

Figure 3.24: Inverse Class F PA Transmission Line Load Schematic [21] 



 

43 

 

Figure 3.25 Inverse Class F PA Circuit Schematic ADS 

 

 

Figure 3.26 Inverse Class F PA Load Pull Schematic 
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 Figure 3.26 shows the circuit in Figure 35 being load pulled by the same load pull tool 

that was used earlier in Figures 12, 16, 19, 22, and 25. The load pull of the amplifier will be able 

to show if the integrity of the load pull contours was maintained after the design conversions and 

tuning on real circuit components. 

  

Figure 3.27 Inverse Class F PA Load Pull Contours 

 

 Figure 3.27 shows the load pull contours for the complete power amplifier circuit using 

the PDK circuit elements. It shows that the overall integrity of the load pull contours has been 

maintained. The shapes of the contours are circular while maintaining a state of symmetry 

around the real axis of the Smith chart. The highest power and efficiency points occur at the 
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lower impedance values. All of this helps in correlating the impedance trajectories of the Chireix 

power combining network with the impedances that the amplifier wants to see throughout the 

active load modulation. In addition, the amplifier is performing well, with peak PAE and peak 

power out occurring within close proximity to each other allowing for max power to be achieved 

without having to sacrifice too much efficiency. 

 

Figure 3.28 Inverse Class F PA Test Bench Schematic 

 

 Figure 3.28 shows the test bench schematic that the power amplifier was placed into next. 

The test bench ran an input power sweep on the amplifier to find the optimum input power drive 

to maximize the amplifier’s performance. The results of the large signal analysis of the amplifier 

is shown in Figures 3.29-3.30. Figure 3.29 shows the PAE of the amplifier with respect to the 

output power. It shows that the max PAE of the amplifier is 53% at an output power of 36 dBm. 

This is solid performance for the goals determined for the amplifier while maintaining good 
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impedance trajectories for the Chireix power combining network. 

Figure 3.29 Inverse Class F PA PAE vs Pout 

 

 Figure 3.30 shows the gain of the amplifier with respect to the output power. It shows the 

gain curve with normal compression behavior as the output power reaches the maximum Pout 

point of 37.7 dBm that is shown in the load pull in Figure 3.27. One issue that is observed, 

however, is that at the maximum PAE point of 36 dBm output power the gain is approximately 

7.5 dB. This means that the input drive required to achieve this efficiency point is around 28.5 

dBm input power. This a large amount of power required to drive the amplifiers in the 

outphasing system, especially since part of the analog RF signal decomposition network utilizes 
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a diode based shunt rectifier network as a variable resistance network. The power level required 

to turn the diodes on and off to achieve the variable resistance behavior is significantly lower 

than the input drive required to drive the power amplifier. Therefore, a driver stage of the 

amplifier was designed to help reduce the required input signal drive levels. 

 

Figure 3.30 Inverse Class F PA Gain vs Pout 

 

The final simulation that was run on the power amplifier circuit was an outphasing 

simulation. The circuit was placed in an ideal transmission-line Chireix 2-way power combining 

network [20] to observe how the amplifier behaves in an active load modulation setup. The 

schematic for the Chireix combining network is shown below in Figure 3.31. Both branch PAs 
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were fed with constant-envelope, sinusoidal signals. The phase of the PA inputs were then swept 

in order simulate an outphasing system.  

 

Figure 3.31 Chireix Outphasing with Inverse Class F PA Schematic  

 

 Figure 3.32 shows the load pull contours for the power amplifier with the load impedance 

trajectories for the Chireix power combining network. The load pull contours are the same ones 

as shown in Figure 3.27. The purpose for overlaying the two measurements is to show how the 

active load modulation interacts with the impedances that the amplifier wants to see. An issue 

that arose with the power amplifier, however, is that the load impedances seen by the two PAs 

are very non symmetric. The markers placed on the GammaOut1 and GammaOut2 curves 

represent corresponding phase values on the two curves. When comparing markers 4 and 6 and 

then 3 and 5 which correspond to similar phase points, it shows that they do not line up. 

Essentially, branch 1 has become significantly more reactive which causes a significant phase 
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shift of the branch 1 power amplifier with respect to the branch 2 amplifier.  

 

Figure 3.32 Chireix Outphasing Inverse Class F PA Load Pull Contours/Impedance Trajectories 
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Figure 3.33 Chireix Outphasing with Inverse Class F PA PAE vs Pout 

 

 The result of the phase shift that has occurred in the branch 1 power amplifier can be seen 

in the PAE vs Pout graph shown above in Figure 3.33. This significant phase shift of one of the 

branches appears to have caused the PAE curve to rotate around the back end of the PAE vs Pout 

outphasing tracking. However, when the phase sweep is shifted to sweep 𝜙 from 90 degrees to 

180 degrees as supposed to 0 degrees to 90 degrees (where branch 1 PA and branch 2 PA are fed 

with 𝜙 and −𝜙 respectively) the performance degrades even more. Not only does the shape of 

the PAE look abnormal for an outphasing system, but the actual PAE values for the outphasing 

system have degraded from the efficiency of the single power amplifier that is shown in Figure 

3.39. Since all the components in the outphasing network are ideal, the performance of PAs is 
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being degraded by suboptimal loading. Specifically, the branch 1 amplifier is seeing a 

significantly more inductive load.  

 

Figure 3.34 Chireix Outphasing with Inverse Class F PA Pout vs Phase 

 

 Figure 3.34 shows the power at the output at each of the branch amplifiers as well as the 

power at the load. Ideally the power out of each branch amplifier would be the same and then 

would combine in a lossless manner such that the power at the load is exactly 3 dB more than the 

power out of each branch amplifier. Figure 3.34 also shows this is not the case for this 

outphasing system. The earlier hypothesis that the branch 1 amplifier sees a significantly larger 

reactive load than the branch 2 power amplifier causing phase shift for the branch is shown again 

in the power vs phase graph. The power out of branch 1 is shown at about 30 degrees out of 
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phase of the other branch causing a very non-linear combining relationship for the power at the 

load. This is where the degradation of the PAE is coming from in Figure 3.33.   

 Figure 3.35 below shows the voltage and current device waveforms for each of the 

branch amplifiers in the outphasing system. While the waveforms look reminiscent of an Inverse 

Class F amplifier, the non-symmetrical response once again is seen in the voltage at the output of 

the branch 1 amplifier where it leads the voltage of the branch 2 amplifier. This follows with the 

observation that the branch 1 amplifier sees an exceedingly large reactive load impedance, 

specifically an inductive reactance that is occurring at the higher phase values (lower power 

levels). With the problems occurring in the outphasing network with the power amplifier as well 

as the concerns over the input drive requirements for the amplifier, a redesign of the power 

amplifier was done, this time with a driver stage to assist with the drive requirements of the 

power stage.  

 

Figure 3.35 Chireix Outphasing with Inverse Class F PA Voltage and Current Waveforms. 
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3.4 Two-Stage PA Design 

Figure 3.36 below shows the complete amplifier with power stage and driver stage as 

well as complex conjugate matching at the input of the driver stage to match to 50 Ω. The driver 

was designed to be a simple Class AB amplifier to maintain decent efficiency while not 

sacrificing too much gain in the process, since the main purpose of the driver is to ensure the 

input drive required level is closer to 20 dBm instead of 30 dBm. The amplifier circuit was 

connected to ports and then a symbol was created for it to simplify the schematics for further 

simulation in more complicated test benches. 

 

Figure 3.36 Inverse Class F Full Amplifier Circuit Schematic 

 

 Parallel to what was done with the individual power stage amplifier previously, the full 

amplifier circuit was placed into the modified ADS load pull tool to utilize multiple bias lines for 

the driver and power stages. The schematic for the load pull setup is shown in Figure 3.37.  
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Figure 3.37 Inverse Class F Full Amplifier Load Pull Schematic 

 

 The corresponding load pull contours from Figure 48 are shown in Figure 3.38. While the 

maximum power out and PAE points are closer to the center of the Smith chart than the previous 

design, both maximums are still centered well on the real axis of the Smith chart as well as 

having an overall more symmetric gradient in terms of the traversing along the real axis of the 

Smith chart. This improved uniformity of the gradient for the load pull contours, when increasing 

in real impedance along the real axis of the Smith chart, should help reduce the non-uniform 

loading conditions that were being experienced by the individual power stage amplifier when it 

was being loaded into the Chireix power combining network.  
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Figure 3.38 Inverse Class F Full Amplifier Load Pull Contours 

 

 

 Next, the full amplifier was loaded into a power sweep test bench to ensure that the 

amplifier was being driven sufficiently hard to ensure its maximum operating point and to 

determine general performance specifications for the full amplifier. The schematic for this test 

bench is shown in Figure 3.39.  
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Figure 3.39 Inverse Class F Full Amplifier Test Bench Schematic 

 

 

 The results of the full amplifier were significantly improved compared to the individual 

power stage amplifier, with a maximum PAE of about 72% and almost twice the gain of the 

individual power stage. In addition, the overall PAE vs Pin response, which can be seen in 

Figure 3.40, is significantly improved over that of the one in Figure 3.39. 
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Figure 3.40 Inverse Class F Full Amplifier PAE vs Pin 

 

 

 Figure 3.41 shows the gain vs Pin for the full amplifier, which shows a significant 

improvement in the raw gain of the circuit and the required input drive levels. With a reasonable 

drive level of exactly 20 dBm, this full amplifier is a significant improvement over the original 

single stage amplifier that was shown in Figure 3.35.  
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Figure 3.41 Inverse Class F Full Amplifier Gain vs Pin 

 

 The full amplifier was finally placed in the outphasing test structure to see if any of the 

parasitic problems that were present with the individual power stage amplifier were solved. The 

schematic for the outphasing test was setup identical to the one shown in Figure 3.41. Since the 

load pull contours are centered closer to the center of the Smith chart than the previous single 

stage amplifier, the values of the Chireix outphasing system were tuned to shift the load 

impedance trajectories up the real axis of the Smith chart. This is achieved by tuning the two 

main control values within the Chireix power combining network. The first value is the 

impedance of the quarter wave line right before the two branches are combined, and the second 
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value is the shunt susceptance that is used to cancel out the reactive loading condition of the 

branch amplifiers. The values are directly proportional such that as one value is increased the 

other should be increased as well. This can also be used to widen or tighten the amount of power 

backoff the outphasing system covers with less area, leading to a better overall peak efficiency 

but worse power backoff efficiency and vice versa. The results of the outphasing test on the full 

amplifier are shown below. 

 

Figure 3.42 Chireix Outphasing Inverse Class F Full Amplifier Load Pull Contours 
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 Figure 3.42 shows the outphasing contours and the Chireix load impedance trajectories 

for the full amplifier in the outphasing system. Comparing Figure 3.42 to the similar 

measurement that was taken on the individual power stage, shown in Figure 3.42, it is obvious 

that the symmetry of the load impedance seen by the two branches is significantly improved. 

Also, the load impedance trajectories track through the power contours more linearly with the 

improved uniform gradient of the load pull.  

 

Figure 3.43 Chireix Outphasing with Inverse Class F Full Amplifier PAE vs Pout Param Pin 

 

Figure 3.43 above shows the PAE vs Pout with parameterized Pin. The parameterization of the 

Pin demonstrates a control knob that could be used in the future to show that if discrete control 
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of the input power exists, the manipulation of the input power could be used to extend the PAE 

into a larger power back off region without having to adjust anything within the circuit of the 

amplifier. In an RF-input outphasing system, drive amplitude modulation is incorporated into the 

input decomposition network, so that the overall trajectory can be designed to follow the tops of 

the efficiency curves in Figure 3.43. Another observation when comparing it to the results from 

the individual power stage amplifier is that there is almost no degradation of the PAE for the 

amplifier shown in Figures 3.43 and 3.44. Therefore, the full amplifier is much better optimized 

for an outphasing system setup. 

 

Figure 3.44 Chireix Outphasing with Inverse Class F Full Amplifier PAE vs Phase Param Pin 

 



 

62 

 

 

Figure 3.45 Chireix Outphasing with Inverse Class F Full Amplifier Pout vs Phase Param Pin 

 

 Figure 3.55 shows the power at the output of each of the branch power amplifiers and the 

power at the load of the Chireix power combining network with respect to phase. The two branch 

networks in the full amplifier are significantly better behaved. The power levels at the output at 

each of the branch PAs are almost identical and are very similar in phase. As a result, the power 

at the load of the combiner is very linear, essentially staying at 3 dB higher than either of the 

branch amplifiers. 

 Finally, Figure 3.56 shows the current and voltage waveforms for the full amplifier. It 

shows there is a phase shift in the voltage and current waveforms; however, it is not as 
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significant of a phase shift as shown in Figure 46. Part of the phase shift is due to the 

parameterized input power levels which causes a phase shift to occur as shown in Figure 3.55.  

Figure 3.46 Chireix Outphasing with Inverse Class F Full Amplifier Waveforms 

 

 Overall, the full amplifier with the driver and power stage amplifiers performs significantly 

better than its single-stage power amplifier from before. Now that the circuit design has been 

finalized, the layout design of the amplifier in the GaN MMIC process can be done. 



 

64 

CHAPTER 4 

AMPLIFIER LAYOUT DESIGN 

4.1 Amplifier Initial Layout 

The full amplifier circuit schematic shown in Figure 3.36 was converted to a layout 

schematic as the next step. This allows the circuit to be run through an EM simulation which 

would give significantly more accurate results than the circuit model, as well as allowing the 

amplifier to be fabricated. 

Figure 4.1 below shows the layout that was converted from the full amplifier circuit 

schematic shown in Figure 3.36: 

   

Figure 4.1 Layout Iteration 1 for Full Amplifier 
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 This layout was then EM simulated using ADS’s built in 2.5 D EM solver (Momentum). 

The results were used to create a data file that was put in a test bench to test the performance of 

the amplifier now that it was converted to a realistic layout and EM simulated. The results are 

shown below. 

 

Figure 4.2 Layout Iteration 1 for Full Amplifier PAE vs ZL with Parameterized Pin 
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 Figure 4.2 shows the PAE for the layout amplifier with respect to swept ZL and 

parameterized Pin. This graph is analogous to Figure 4.3 which swaps Pin and ZL such that it 

shows PAE with respect to Pin with parameterized ZL. These graphs show that the maximum 

PAE point of the circuit is 45.5%. This performance is significantly degraded from the circuit 

version that was shown in Figure 3.36. This significant loss in performance is due to parasitic 

EM interactions between adjacent structures in the design. On the other hand, there is not 

significant additional degradation in PAE over the 10:1 real impedance load range.  

 

Figure 4.3 Layout Iteration 1 for Full Amplifier PAE vs Pin with Parameterized ZL 
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 Figure 4.4 shows the gain vs Pin graph with a parameterized ZL. This shows that the gain 

is not very sensitive to a 10:1 load swing in real impedance values, with only a 4 dB variation at 

any given point. There is significantly increased gain in addition to the saturation point being lower 

than its circuit counterpart.   

 

Figure 4.4 Layout Iteration 1 for Full Amplifier Gain vs Pin with Parameterized ZL 

 

 Due to the large decrease in performance of the PAE for the layout amplifier, the circuit 

was tuned and partially redesigned to deal with performance problems and to start meeting the 

DRC rules for the layout that was provided by the foundry, so that the amplifier would be 

realizable. 



 

68 

4.2 Amplifier Final Layout 

After the amplifier was tuned, it was necessary to ensure the amplifier met the size 

requirements for the tape out. For this tape out there was an allotted space of 4 mm x 3 mm. The 

initial layout of the amplifier exceeded those dimensions largely due to the long shunt open 

stubs. These stubs would have become even longer if changed to shorted stubs. A serpentine 

pattern for the stubs was considered, but this solution still occupied too much area for the PA and 

additional circuitry to be taped out. Multiple test structures were incorporated into the MMIC, as 

well as a drop-out of the power stage itself to aid with testing and possible debugging of the 

amplifier once the die came back. The test structures were to consist of diode-connected 

transistors to test the gate leakage current and whether or not they could be used for the diodes in 

the analog RF decomposition network on the input side of the outphasing amplifier. Therefore, 

most of the stub resonators were replaced with MIM capacitors, as the stubs were calculated to 

look capacitive, to save space on the overall board. In addition, the bias networks were replaced 

with pads and all oriented the same way and utilized the air bridge process to traverse between 

the proper metal layers. All of this, however, was missing in the first layout iteration. After 

multiple rounds of tuning, the final layout of the amplifier is shown in Figure 4.5. 
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Figure 4.5 Final Layout for Full Amplifier 

 

 

 

Figure 4.6 Final Layout Outphasing Schematic 
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 The EM simulation file of the final amplifier layout was placed into the ideal Chireix 

power combining network to see how it performed. Overall, the performance was improved from 

the initial layout, and the final layout was completely realizable in that it passed 100% of all 

DRC requirements for the foundry. 

 

 

Figure 4.7 Final Layout Outphasing Contours 

 

 Figure4.7 shows the Chireix power combining contours for the final amplifier layout. It 

shows that while the load impedances of the branches are not as symmetrical as they were in the 

circuit simulation, they are still reasonable with only a small amount of phase distortion at the 

end of the outphasing region at higher real impedance values. This can be tuned out using an 

electrical length offset when designing the power combining network.  
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Figure 4.8 Final Layout Outphasing PAE vs Pout with Parameterized Pin 

 

 

Figure 4.9 Final Layout Outphasing PAE vs Phase with Parameterized Pin 
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 Figures 4.8-4.9 show the PAE results of the final amplifier layout. The efficiency was 

improved by several points and the rate of power back off was significantly improved from the 

initial amplifier layout. Part of the reason the efficiency was not improved more was that the 

amplifier was stabilized, which required some resistance on the drain of the power and driver 

amplifiers degrading the efficiency performance.  

 

 

Figure 4.10 Final Layout Outphasing Pout vs Phase Parameterized Pin 

 

 Figure 4.10 shows the power at the output of the branch PAs and at the load with respect 

to phase. It shows that there is less uniformity than its circuit counterpart, however, that is mostly 

due to the slight phase difference at the edge of the outphasing region which, as stated earlier, 

can be tuned out with an electrical offset line at the input to the power combining network.  
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Figure 4.11 Final Layout Outphasing Voltage and Current Waveforms 

 

 Finally, Figure 4.11 shows the voltage and current waveforms for the final layout of the 

amplifier. The waveforms look very reminiscent of an Inverse Class F amplifier which is 

promising in regards to performance once fabricated. There does not appear to be a significant 

phase shift between the two branch signals either. 

 

4.3 Final Amplifier Stability 

With the layout of the amplifier finalized, it is important to test the stability of the 

amplifier to ensure oscillations are not occurring in band or out of band. This was run by testing 

stability between all the ports using the K value calculation. Given the K value is larger than 0 

dB at all points the amplifier should be stable. 
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Figure 4.12 Final Layout Input-Output Stability Test Schematic 

 

 Figure 4.12 shows the circuit schematic which was used to run the stability test, of the 

overall amplifier, testing between the input port and the output port. The results are shown below 

in Figure 70. The amplifier is extremely stable at lower frequencies, which is good, considering 

most out of band oscillations occur at lower frequencies. The lowest point is at 12 GHz with a K 

of 1.179 dB.   
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Figure 4.13 Final Layout Input-Output Stability Test K (dB) 

 

Figure 4.14 Final Layout Power Stage-Output Stability Test Schematic 
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 Figure 4.14 shows the circuit schematic which was used to run the stability test testing 

between the power stage input and the output of the amplifier. The results are shown in Figure 

4.15. The amplifier is again extremely stable at lower frequencies, and is stable throughout the 

operating band and above that with the lowest K value of 0.214 dB. This is the lowest point of 

any of the stability tests. On the test board, that will be used to test the dies, there will be places 

left to add series resistance in case stability becomes a problem, even though there is still plenty 

of margin for stability concerns.  

 

Figure 4.15 Final Layout Power Stage-Output Stability Test K (dB) 
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Figure 4.16 Final Layout Input-Driver Stage Stability Test Schematic 

 

 Figure 4.16 shows the circuit schematic which was used to run the stability test, testing 

between the input and the output of the driver stage amplifier. The results are shown in Figure 

4.17. The amplifier is again extremely stable at lower frequencies, and is stable throughout the 

operating band and above that with the lowest K value of 1.109 dB. This is the most stable of all 

the configurations, showing that the driver stage of the amplifier will cause the least problems 

with regards to stability. 
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Figure 4.17 Final Layout Input-Driver Stage Stability Test K (dB) 

 

 Since the final amplifier layout was performing within expectations and proved to be 

stable, the amplifier was then designed into the final complete board layout. 

4.4 Final MMIC Layout 

The final MMIC layout includes not only the full amplifier, but also the drop out of the 

power stage amplifier to perform testing on the individual power stage, in the case of having to 

debug a problem with the amplifier, or having to obtain more information for future use in a 
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redesign. In addition, multiple test structures of the diode-connected transistors of different sizes, 

with some being set up to be biased, were added to test the feasibility of using them for the 

diodes on the splitting network. The result is shown in Figure 4.18. 

 

Figure 4.18 Final MMIC Layout 

 

 The full amplifier can be seen in the top half of the MMIC, with the power stage drop out 

at the bottom left corner of the board. The rest of the diode test structures were filled around in 

the open space to minimize EM interference with the main amplifier components. The final 

dimensions are 4 mm x 3 mm (X by Y). 
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CHAPTER 5 

CONCLUSION 

5.1 Conclusion 

The work presented in this thesis showed the step-by-step design process that was 

completed to produce an amplifier GaN MMIC layout for an X-Band Inverse Class F power 

amplifier designed to maximize performance in an active load pull situation such as an 

outphasing network. The design process covers the load pull of the device through the 

conversion of the circuit schematic to the layout of the complete MMIC. The MMIC layout was 

sent to the CREE (Wolfspeed) foundry on July 1, 2016 to be fabricated and will be packaged and 

tested upon return. In addition to the work described here, a test fixture consisting of a milled 

carrier and PCB was also designed. This work covered the concerns when addressing an 

amplifier that needs to be able to handle large swings in load impedance and design tricks that 

can be used to utilize the load pull contours to the designer’s advantage. 

5.2 Future Work 

Future research for this work will continue with the overall project that was set by the 

ONR (Office of Naval Research). The next stage of the project will be to receive and measure 

the amplifiers. Using the measured results, an output power combining network will be designed 

to optimize the measured performance of the amplifier even further. The device will be load 

pulled to determine the optimum input impedance trajectory for the combining network. As well 

as running linearity characterization tests to determine the transfer function of the amplifier in an 

attempt to utilize the combiner to linearize the amplifier further. The results of the diode-
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connected transistors will be utilized to design the analog signal separation network to achieve 

maximum system linearity. The entire system will then be measured. 

Using the measured results from the system, as a whole, a new amplifier, splitter, and 

power combining network will be designed following a similar design timeline. The new system 

will be again measured and then compared to the original system with regards to system linearity 

and efficiency. After that, the possibility of DPD (Digital Pre Distortion) will be evaluated to try 

and achieve maximum system linearity for the 2-way Chireix outphasing system. 

 

Figure 5.1 Final MMIC Dye. 

Figure 5.1 shows an image of the fabricated MMIC that will be measured as discussed 
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earlier in the future work section. The MMIC will be placed onto a machined copper heat sink 

and attached using silver epoxy. The RF input and output pads of the amplifier will be wire-

bonded to the RF input and output lines on the test board shown in figure 5.2. The DC lines for 

the amplifier will be wire-bonded to a bare-die capacitor which will have the ground terminal of 

the cap soldered to the heat sink (to act as a bypass capacitor). The top of the cap will be wire-

bonded again to the DC lines on the test board for the transistor biases.  



 

83 

 

Figure 5.1 Final MMIC Test Board



 

 

REFERENCES 

[1] T. W. Barton, “Phase Manipulation for Efficient Radio Frequency Transmission” Ph.D 

dissertation, Dept. EECS, MIT, MA, 2012 

 

[2] N. Hammler.(2016, August 24). Murmann Mixed-Signal Group [Online]. Available: 

https://web.stanford.edu/group/murmann_group/cgi-

bin/mediawiki/index.php/Nikolaus_Hammler 

 

[3] J. Lorincz, T. Garma, G. Petrovic.(2012, March 28). Measurments and Modeling of Base 

 Station Power Consumption under Real Traffic Loads [Online]. Available: 

 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3355411/ 

 

[4] I. J. Bahl, Fundamentals of RF and Microwave Transistor Amplifiers, New Jersey: John 

& Wiley Sons, 2009 

 

[5] P. Federenko, “Phase Distortion In Envelope Elimination and Restoration Radio 

 Frequency Power Amplifiers,” Ph.D dissertation, School of Electrical and Computer 

 Engineering, Georgia Institute of Technology, August 2009 

 

[6] E. W. Weisstein.(2016). Fourier Series—Square Wave [Online]. Available: 

 http://mathworld.wolfram.com/FourierSeriesSquareWave.html 

 

[7] S. Y. Mortazavi, “Integrated Inverse Class-F Silicon Power Amplifiers for High Power 

Efficiency at Microwave and mm-Wave,” IEEE J. Solid-State Circuits, vol. 51, no. 10, 

pp. 2420-2434, Oct 2016 

 

[8]  F. Raab, “Efficiency of outphasing RF power-amplifier systems,” IEEE Trans. Commun., 

 vol. 33, no. 10, pp. 1094– 1099, Oct. 1985. 

 

[9] J. Moon, S. Jee, J. Kim, J. Kim, B. Kim, “Behaviors of Class-F and Class-F-1 

 Amplifiers,” IEEE Trans. Microw. Theory and Tech., vol. 60, no. 6, June 2012 

 

[10] T. W. Barton, “Not Just a Phase,” IEEE Microwave Magazine, pp. 18-31, Feb 2016 

 

[11] T. W. Barton, “Theory and Implementation of RF-Input Outphasing Power 

 Amplification,” IEEE Trans. Microw. Theory Tech., vol. 63, no. 12, pp. 4273-4283, Dec 

 2015 

 

[12] W. Doherty, “A new high efficiency power amplifier for modulated waves,” Proc. IRE, 

 pp. 1163 – 1182, Sept. 1936. 

 

 



 

 

[13] P. Pednekar, L. Deng, T. Barton, “Experimental Characterization and Control of Four-

 Way Non-Isolating Power Combiner,” IEEE PAWR, pp. 8-10, 2016 

 

[14] D. J. Perreault, “A New Power Combining and Outphasing Modulation 

 System for High-Efficiency Power Amplification,” IEEE Trans. on Circuits and Sys., 

 vol. 58, no. 8, pp. 1713-1726, Aug 2011 

 

[15] R. Wesson, M. Van Der Heijden, Switch-Mode RF PAs Using Chireix Outphasing. 

 Netherlands NXP Semiconductors N.V May 2013 

 

[16] T. W. Barton, “Four-Way Microstrip-Based Power Combining for 

 Microwave Outphasing Power Amplifiers,” IEEE Trans. on Circuits and Sys., I-Regular 

 Papers 

 

[17] A. Grebennikov, RF and Microwave Power Amplifier Design 2nd ed., New York: 

McGraw Hill Education, 2015 

 

[18] T. Barton, A. Jurkov, P. Pednekar, and D. Perreault, “Transmission-line-based multi-way 

 lossless power combining and outphasing power amplifier system,” Proc. IEEE MTT-S 

 Int. Microwave Symp. Dig., pp. 1-4, June 2014 

 

[19]      R. A. Betran, “Class-F and Inverse Class-F Power Amplifer Loading Networks 

Design Based upon Transmission Zeros,” IEEE Skyworks Solutions Inc., 2014 

 

[20] S. C. Cripps, Advanced Techniques in RF Power Amplifier Design. Norwood, MA: 

 Artech House, 2002 

 

[21] A. Grebennikov, “Load Network Design Technique for Class F and Inverse Class F 

PAs,” High Frequeny Electectronics,  pp. 58-76, 2011 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

VITA 

Daniel Martin was born to Maria and Tim Martin on May 1, 1994 in Plano, TX. He started his 

undergraduate career at the University of Texas at Dallas in the fall of 2012. During his 

undergraduate career at the University of Texas at Dallas he worked and researched under Dr. 

Steven Yurkovic studying and characterizing lithium-ion battery pack control circuits. He later 

joined Dr. Taylor Barton’s High Frequency Power Lab and researched RF power amplifiers 

alongside Dr. Barton. Daniel graduated magna cum laude with his Bachelor of Science in 

Electrical engineering in December 2015. He started his graduate studies in August of 2014, and 

in January of 2016 started full time as a research assistant in Dr. Taylor Barton’s lab working on 

an ONR (Office of Naval Research) grant open research project. Daniel has thus far designed the 

nonlinear branch power amplifiers that will be used in the complete X-Band 2-way outphasing 

amplifier for the open research project. The grant will carry Daniel through his Ph.D studies 

which will be completed at Colorado University at Boulder. Daniel is a member of IEEE and his 

research interests include millimeter wave and RF high efficiency power amplifiers, controls, 

and solid state device physics. 


