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ABSTRACT 

Complex and spectrally efficient modulation schemes present a power-
efficiency challenge to base station power amplifiers due to the time-varying 
envelope and high peak-to-average power ratios involved. The envelope 
tracking architecture is one way to address this issue, where an envelope 
amplifier provides a dynamic, modulated supply to the power amplifier to 
reduce power consumption.  

While most research into envelope tracking focuses on the envelope 
amplifier, this work focuses on optimising the power amplifier design for 
envelope tracking using the waveform engineering approach. It studies the 
behaviour of a highly-efficient power amplifier mode of operation (class-F) 
using a relatively low-cost high voltage laterally diffused metal oxide 
semiconductor (HVLDMOS) technology in an envelope tracking environment. 
A systematic design process is formulated based on identifying the optimum 
amplifier load and the envelope shaping function, and then applied in the 
development of an actual class-F power amplifier. 

The fabricated power amplifier is integrated into an envelope tracking 
system and is able to produce one of the highest recorded efficiencies 
compared to current state-of-the-art envelope tracking amplifiers, which are 
mostly based on Gallium Nitride technology. The limitation of this design is its 
linearity performance, and the efficiency-linearity trade-off is analysed in detail 
in this work. 

The use of continuous mode power amplifiers in envelope tracking is 
also explored for high-bandwidth operation. The limitation of such a technique 
is posed by the device nonlinear output capacitance, and this is analysed 
through the use of a novel characterisation approach called voltage-pull, which 
is derived from an active load-pull system but uses voltage waveforms as the 
target instead of loads.  

This method is also used to investigate the possibility of exploiting the 
device nonlinear output capacitance as a 2nd harmonic injection source to 
improve power amplifier efficiency, as predicted in a novel mathematical 
analysis presented in this work.  
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KEY CONTRIBUTIONS 
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Chapter 1  
 
Introduction 

1.1    Research Motivation 

The mobile communication industry has seen a tremendous growth 

over the past decade, where mobile data traffic has grown 4000-fold [1].  In the 

first quarter of 2016, there were 7.4 billion mobile subscriptions worldwide with 

half of these broadband subscriptions.  Video streaming was the biggest 

contributor of smartphone mobile traffic at 43% followed by social networking 

at 20% [2].  The usage trend of mobile phones has moved towards heavy-data 

cases while the number of users keeps increasing at the same time.  It is 

expected that the number of mobile subscriptions will exceed 26 billion by 

2020 [3].    

The rapid growth and the demand for wider bandwidth to cater for the 

heavy-data traffic shown in Fig. 1.1 have driven the development of more 

complex modulation schemes to allow for more users within the limited 

available spectrum.  However, these spectrally-efficient modulation schemes 

present a power-efficiency challenge to the base-station power amplifier (PA) 

due to its time-varying envelope and high peak-to-average power ratio (PAPR).  

With the introduction of 4th generation mobile communication systems (4G), 

rise in energy cost, and the increasing demand in coverage, network operators 

are faced with high operating cost (OPEX) where approximately 30% is spent 

on base-station energy utilization with the RF power amplifier being the biggest 
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technique developed at Cardiff University utilising the waveform engineering 

system under multi-tone excitations [12].  This method has been proven to 

linearise a PA regardless of envelope shape and bandwidth but its effect on 

PA efficiency has not been tested.    

Finally the fifth objective is to investigate the feasibility of applying 

continuous mode PA design in an envelope tracking application, which is an 

extension of the first objective.  The continuous mode power amplifiers offer a 

high efficiency operation over a wider bandwidth but only at its peak power.  

The aim is to analyse the effect of nonlinear output capacitance on a 

continuous mode PA and how that affects the operation of a continuous mode 

amplifier in ET.   

 

Figure 1.2 - Research objectives. 

1.3    Thesis Organization  

This thesis is organized into eight chapters, summarized as follows: 

Chapter 2 provides an overview of high-efficiency power amplifier modes and 

architectures.  It discusses the challenges faced by the PA design community 

in dealing with signals with high PAPR.  State-of-the-art power amplifiers of 

different architecture are also summarized.   

Chapter 3 presents the behaviour of a high-efficiency PA mode in a variable 

drain bias setting, which is an environment that can emulate the envelope 
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tracking condition.  It investigates the impact of the nonlinear output 

capacitance on efficiency when class-F and class-AB Pas are optimised at 

different drain bias points.  The efficiency and linearity trade-off when using 

different envelope shaping functions is also analysed.  Through modulated 

signal simulations, this chapter also investigates the effectiveness of using ET 

as a baseband linearisation method for class-F compared to the previous work 

of class-AB.   

Chapter 4 describes the process of using waveform engineering to optimise a 

class-F PA design for envelope tracking applications based on the 

experimental results from Chapter 3.  A systematic design method is proposed 

and applied in designing an actual class-F PA using an LDMOS device 

operating at 900MHz.  The design goals, matching network design, and 

simulated results are described. 

Chapter 5 presents the initial standalone test results of the fabricated class-F 

PA followed by the integration of the PA into a full ET system used in the 

Opera-Net 2 project.  System level test results are then presented, highlighting 

the benefits and limitations of using a class-F PA mode in an ET system. 

Chapter 6 investigates the integration of a continuous mode PA, which is an 

extension of the high-efficiency PA mode to achieve a higher bandwidth, in an 

envelope tracking architecture.  Starting with a discussion on conventional 

continuous mode PA theory, simulated and measured results are then 

compared.  A novel investigation of the device nonlinear output capacitance 

(varactor) effect on continuous mode PAs is presented through mathematical 
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class-AB, which is typically used in ET power amplifiers.  As will be seen in the 

next section, there is an opportunity to address this gap in literature for ET 

applications.    

Secondly class-F is chosen instead of F-1 because of the limitation 

presented by the large output capacitance CDS of the LDMOS device used for 

this work preventing a proper 2nd harmonic open circuit termination at the 

current generator plane with the available active load-pull system.  Also as 

shown in a load-pull comparison between these 2 modes using LDMOS in [7], 

the class-F mode produced 4%-point higher peak drain efficiency compared to 

F-1 for the same bias point.  This was considered due to the increase in drain 

current during the off-state for the class- F-1 mode at high input drive as the 

output voltage approaches breakdown.  This peak drain efficiency is important 

for this work as it determines the highest achievable efficiency for a particular 

bias, and the strategy is then to use ET to maintain it over dynamic range 

through the use of an ET shaping function.  This design strategy is discussed 

in more detail in Chapter 4. 

Thirdly, even though class-F mode is narrowband in its operation, it can 

be built upon to produce a wideband design space through the use of the 

continuous class-F mode [8].  In [9] a continuous class-F mode PA has been 

realized using a 10W GaN HEMT and a 74% average drain efficiency was 

achieved over an octave bandwidth.  The topic of extending the bandwidth for 

this LDMOS class-F is described in Chapter 6. 

Fig. 2.1 shows the normalized voltage and current waveforms for class-

F compared to other linear amplifiers for 3-harmonic voltage components.  
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With 3-harmonic voltage components, the theoretical efficiency of class-F 

drops to 90.7% [10].   

  

Figure 2.1 - Normalized current and voltage waveforms for class-AB, B, C, F, J. 

2.2.2    Addressing Efficiency at Output Back-Off: PA Architectures 

While the high-efficiency PA modes described in the previous section 

produce promising efficiencies, they are only efficient near peak power when 

the device starts to go into compression.  However, when the PA operates 

below peak power under output back-off (OBO) conditions, the efficiency drops 

significantly.  Fig. 2.2 shows a simulation example of a class-F PA used with a 

7.5dB PAPR LTE signal.  Even though it has a 75% PAE at peak power, the 

PA spends most of its time at average power where it is approximately 35% 

efficient.  Therefore signals with high PAPR such as LTE and WCDMA present 

a challenge to a PA in maintaining efficient operation over dynamic range, as 

the PA spends most of its time in output back-off. 

Therefore, in this backed-off region of operation, a different solution is 

needed to maintain the same efficiency performance achieved at peak power.  

Typical architectures used are Doherty, envelope tracking (ET), envelope 
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be a source of distortion for the RF PA.  It therefore makes sense that much of 

the ET research focus is around the ET supply modulator, for example in [28-

37].   

   

Figure 2.5 - ET PA block diagram (left) and an example of measured efficiency 
plot of a class-F PA at different drain bias, or static-ET (right). 

For this research, the ET architecture is chosen instead of Doherty as 

the system level solution for a few reasons.  Firstly ET provides more flexibility 

for operation in a multi-band environment compared to Doherty since the main 

constraint is on the envelope bandwidth as opposed to the centre frequency 

[11].  Secondly, to take advantage of access to a high-efficiency, medium 

power ET modulator supplied by Arelis through the Opera Net 2 project.  The 

ET modulator is able to supply between 16V and 50V, which is well suited to 

the 50V LDMOS device used in this work.  Thirdly, the waveform engineering 

system at Cardiff University is well suited to exploring and optimising device 

operation under static ET conditions, while having the ability to set up the 

desired harmonic mode of operation. 

It is noted in literature that there are two different descriptions of how 

the RF PA operates to qualify as an ET PA.  Earlier literatures described the 

RF PA in ET as operating in a linear or nearly linear state at all times, 
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The first of these is [36] where a new technique was developed for the 

modulated drain supply utilising a sinking current.  Using this method on a 

class-AB PA at 889MHz, a 60% drain efficiency was achieved for a 6.5dB 

PAPR 10MHz LTE signal at 40.2dBm output power.  The results obtained here 

are under similar conditions used for this PhD work, namely the frequency, 

output power, and the signal PAPR.  Furthermore, one of the objectives of this 

PhD work is to compare the performance of the traditional class-AB 

implementation in ET with class-F, as described in Chapters 3 and 4.  

Therefore the work in [36] provides a good baseline, even though it uses a 

GaN device instead of LDMOS.   

The second relevant piece of work in this modulator topic is the work 

presented by Yusoff in [51, 52] where a simple and low-cost technique to 

generate the modulated drain supply called auxiliary envelope tracking (AET) 

was presented.  In this technique the DC and AC components of the 

modulated drain supply are generated separately and a broadband RF 

transformer is used to combine them and dynamically bias the device.  The 

magnitude and phase of the envelope amplifier output which amplifies the AC 

path can be varied to reduce IM3 distortion products.  The limitation in this 

technique, as published, is the limited flexibility in controlling the envelope 

shaping function and the limited dynamic range of the detector diode.  One of 

the objectives of this PhD work is to use ET as a linearising method using the 

envelope shaping function which would address the limitations described 

above, and shall be discussed in Chapters 4 and 5.    
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In [46] Kim et al. presented the use of a class-F-1 mode, fully integrated 

with an ET modulator for a 3G LTE base station design using a 60W peak 

power GaN device, achieving 44% drain efficiency at 3.54GHz.  However, it is 

observed that the class-F-1 GaN RF PA efficiency before ET was already below 

60%.  This PhD work aims to use the waveform engineering system [54] to 

systematically optimise the RF PA design for ET applications to achieve a 

higher baseline efficiency as demonstrated in [55] for a class-F-1, and this is 

described in Chapter 4. 

In [56] a class-F-1 PA in ET was developed using GaN MMIC at 10GHz.  

With the RF PA optimised for efficiency at average power and trading-off the 

efficiency at peak power, the average efficiency achieved with an ET 

modulator was 54.4% for a 6.6dB PAPR LTE signal.  The RF PA optimisation 

was done through fundamental load-pull while the harmonic terminations were 

determined from simulations.   

2.3.3    Use of LDMOS in ET 

In high-power ET applications outlined in the previous section, GaN 

devices are typically used in preference to LDMOS.  The large output 

capacitance (CDS) and on-resistance (RON) associated with LDMOS causes 

reduced efficiency in comparison to GaN.  However, the low cost of LDMOS 

makes it an attractive solution for <3GHz applications and as of 2014 it 

accounted for 95% of the base station market [26].  Previous ET PA 

realisations that utilised LDMOS devices as the RF PA obtained lower 

efficiency numbers compared to their GaN counterpart.  For example in [29] 

the achieved average PAE was 40% for a 7.6dB-PAPR 3.84MHz-bandwidth 

W-CDMA signal at 27W output power.  However, this was obtained with a 
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produce mixing products and depending on the magnitude and phase of the 

baseband signal, the mixing products have the potential to cancel out odd-

order intermodulation products of the PA.  It makes sense therefore to explore 

the idea of achieving such linearity improvement and efficiency enhancement 

simultaneously through the application of specific ET signals. 

The use of waveform engineering in investigating AM-AM linearisation 

methods for PAs was first shown in [61] using an active IF load-pull system 

where the linearising baseband signal was presented in the form of a negative 

impedance that lies outside the Smith chart.  This impedance, when presented 

to a drain of a 10W GaN device, was able to suppress the 3rd and 5th order 

intermodulation products under modulated excitations [62].  Further work in 

[63] developed a systematic formulation of the even-order baseband 

coefficients to suppress the intermodulation products of a class-AB mode PA 

operating in compression, which was shown to be independent of envelope 

complexity [64], envelope bandwidth [65], and FET device technology [66].  

The engineered injected baseband signal linearises the device 

transconductance, which is derived from the relationship between the output 

drain current versus the input voltage [67].   

In terms of implementation, the previous work of baseband injection in 

[61-66] used arbitrary waveform generators (AWG) to independently generate 

the baseband signal and combine it with the DC bias through a diplexer at the 

drain for PA linearisation.  This is possible as long as the input envelope signal 

shape is repetitive, known and well-defined, as would be the case for example 

if the RF input excitation is constructed using discrete tones.  However when 

complex, continuous modulation schemes such as LTE and W-CDMA signals 
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Chapter 3  
 
Class-F Power Amplifier 
Behaviour in a Variable Drain 
Bias Setting 

3.1    Introduction 

In the previous chapter, the efficiency aspect of a power amplifier (PA) 

is discussed in two types of implementation, firstly improving the efficiency at 

peak power using high efficiency modes and secondly improving efficiency 

during output back-off (OBO) through the use of high-efficiency architectures.  

This research work focuses on integrating a high efficiency mode, namely 

class-F into a high-efficiency architecture, namely envelope tracking (ET).  

Such integration starts with analysing the behaviour of a class-F mode PA in a 

variable drain bias setting, which is the focus of this chapter. 

The first objective of this chapter is to analyse the requirements for 

maintaining a class-F PA mode in a variable drain setting which represents an 

envelope tracking environment, and to understand the impact of the variation 

in device output capacitance (CDS) with drain supply on efficiency when the 

class-F amplifier impedance environment is optimised at a single drain bias 

(VDS) setting. 

The second objective is to analyse the linearity performance of different 

PA modes in an ET environment, and the possible trade-offs with efficiency 
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Network Analyser (NVNA) as a receiver.  The load-pull system is run using the 

Mesuro software environment which enables 3-harmonic load search, multi-

parameter sweeps, and 3 layers of de-embedding.  No input matching was 

applied on the device input side in this research work, instead the input drive 

level was increased accordingly to overcome the mismatch losses to arrive at 

the desired delivered input power level.  The fundamental frequency for this 

work was set at 900MHz.   

  

Figure 3.1 - Active load-pull system and the device under test 

3.2.2    Device under Test and De-embedding  

The transistor device used in this work was a packaged 10W high 

voltage LDMOS (HVLDMOS) from Freescale (now NXP) with a gate width of 

5.2 mm.  As it was a test device made for this research work, it only had a 

single bond wire each at the gate and the drain.  The knee voltage was 

approximately 10V while its maximum operating drain voltage of 50V provided 

higher output impedance compared to a 30V device of the same power 

capacity.  To avoid the knee and breakdown regions, the ET drain bias range 

was defined to be from 16V to 48V in 4V steps.  Hence there were 9 static ET 
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bias points where the measurements were performed, namely: 16V, 20V, 24V, 

28V, 32V, 36V, 40, 44V, and 48V. 

The device model used in Keysight ADS simulation software was 

provided by Freescale.  The device static CDS values for different drain 

voltages was also provided, which therefore enabled a static de-embedding 

process from the device package to the device current generator plane for a 

particular bias.  The model was found to correlate well with the actual device 

and this verification process is described in more detail in Appendix A.   

For load-pull measurements that involved drain bias variation, a two-

layer de-embedding approach was used to obtain the waveform information at 

the device current generator plane.  The first layer was a fixed de-embedding 

that includes the test fixture and the device package.  The second layer was a 

bias-dependent de-embedding to cater for the changing CDS value with the 

applied drain bias.  For this work the feedback capacitance between the gate 

and the drain (CGD) was not considered as the value was too small and can be 

neglected.   

3.3    Maintaining Class-F in a Variable Drain Setting 

This section investigates the requirement in maintaining a class-F PA in 

a variable drain setting and the efficiency degradation when it is optimised at 

one bias point due to the device output capacitance (CDS). 

3.3.1    Methodology 

For this analysis, three scenarios were investigated in order to 

understand the impact of CDS on drain efficiency in an ET setting.  Firstly, when 

the class-F fundamental impedance environment was optimised at each drain 
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Figure 3.4 - Efficiency comparison between the 3 scenarios for class-F and AB. 

Optimising the class-F PA at 28V shifted the peak efficiency to 

approximately 4.5dB below peak power and the efficiency only degraded by 

6%-point at 9dB OBO instead of 18%-point as observed when optimised at 

48V.  Depending on the PAPR of the signal, the location of the peak efficiency 

can be adjusted by optimising the PA mode at the right drain bias.  The 

optimisation at 28V drain bias was observed to offer a good compromise 

between the higher and lower output region, which suits the typical case where 

the PA spends most of its time several dBs below peak power.  The impact on 

efficiency was observed to be less severe compared to when the device was 

optimised at 48V. 

A similar trend was also observed for class-AB, which had a peak 

efficiency of approximately 63%.  A drop of 10% and 4% from peak efficiency 
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was observed at 9dB OBO when it was optimised at 48V and 28V, 

respectively.   

3.4    Analysing the Linearity vs. Efficiency Trade-Off for 
Different PA Modes in an ET Architecture 

In an ET system, the selection of the drain bias supply for a particular 

input envelope voltage is accomplished through the definition of an envelope 

shaping function.  This shaping function can be formulated for example to 

target optimum efficiency by keeping the device in the right compression level 

at all times where possible, or it can also be used to target linearity by 

maintaining a constant gain [7].   

In this section, the linearity versus efficiency trade-off analysis was 

performed by examining the effects of these different shaping functions: the 

first was the max-PAE shaping function that targets maximum power added 

efficiency (PAE) and the second function referred to in this work as the flat-gain 

shaping function that targets a constant gain for linearity.  The primary 

objective of this analysis is to quantify the efficiency trade-off when the max-

PAE shaping function is used in a high-efficiency mode such as class-F.  

Waveform engineering was utilised in this analysis, revealing the intrinsic 

device behaviour under these different shaping functions in an ET 

environment.   

The second objective is to relate the findings on the ET shaping 

functions for linearity improvement from this work with the previous baseband 

injection work in [1, 8-12], and being able to finally understand its impact on 

efficiency, which was not analysed before.   
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3.4.3    Discussions 

The effects of using different shaping functions for maximum PAE and 

flat gain have been shown for both class-AB and class-F modes, operating in 

an ET environment.  Experimental results indicate that there was only a small 

efficiency trade-off when the flat-gain shaping function relating drain supply 

voltage signal to the input voltage magnitude was used within the compression 

region of the LDMOS device.   It is noted that while the absolute PAE number 

obtained from the max-PAE shaping function in Fig. 3.7 was determined by the 

fixed load presented to the device, the efficiency trade-off figure (the difference 

between the red and blue curves in Fig. 3.7) would vary with the selection of 

the constant gain value used in defining the flat-gain shaping function. 

The extracted flat-gain shaping function consisted of only even order 

terms and was shown to be effective in linearising the device 

transconductance in comparison to the maximum PAE case.  These results are 

consistent with the experimental work carried out in [1, 10-12], indicating a 

possibility of using ET drain bias as a linearising baseband signal without 

significantly impacting efficiency. 

In using the flat-gain shaping function for class-F, the output power 

range where this takes effect is determined by the constant gain value 

selected, as shown in Fig. 3.5.  The selection of the gain value therefore needs 

to consider the signal PAPR.  The other ET parameter that is dependent on 

this constant gain value is the minimum drain bias in the case of the class-F 

mode.   
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3.5.2    Baseband Injection Simulation Results: Class-AB 

Fig. 3.12 shows simulation results before and after applying the 

baseband injection on a class-AB mode PA while keeping IMAX and VMAX 

constant, as well as the resulting VDS-|VIN| relationship.  The resulting 

transconductance was more linear after injecting the baseband although some 

weakly nonlinear effect was still visible since only a second order baseband 

signal was applied.  The injected baseband transfer function is shown on the 

right plot in Fig. 3.12, where it resembled the ET shaping function that targets a 

constant gain from Fig. 3.6. 

 

Figure 3.12 - The comparison before (blue) and after (red) baseband injection on 
class-AB simulated transconductance (left) and drain bias (right). 

The simulated efficiency and intermodulation products are shown in 

Table 3.1.  Although in this case the maximum PAE was the same as with fixed 

bias, the average PAE did improve with the baseband injection, in this example 

by almost 6%.  The IM3 products in this example were suppressed by 7dB 

relative to fixed bias to be around -30dBc and this number can be further 

improved with higher order coefficients.  As a point of reference, the measured 

baseband injection work in [12] achieved -40dBc on a GaN device with a 4th 

order baseband signal coefficient for a 3-tone 20MHz signal bandwidth, and it 

was noted in [10] that the method was more effective on a GaN device 
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compared to LDMOS.  The IM5 products were reduced by 17dB to -50dBc in 

this simulation.   

Class-AB 
Before baseband 

injection 
After baseband 

injection 
Delta 

Maximum PAE (%) 65.6 65.6 0.0  

Average PAE (%) 47.7 53.6 +5.9  

IM3 L/H (dBc) -22.9/-22.9 -31.3 / -30.2 -8.4 / -7.3  

IM5 L/H (dBc) -33.6/-33.6 -51.8 / -50.1 -18.2 / -16.5  

Table 3.1 - The simulated effect of baseband injection on class-AB PA 

3.5.3    Baseband Injection Simulation Results: Class-F 

The same experiment was repeated for class-F and the results are 

shown in Fig. 3.13.  Once again, modulating the drain shows similar 

characteristics to the ET flat-gain shaping function.  Applying baseband 

injection for class-F linearised the top end of the transconductance curve in the 

compression region but was not able to linearise the soft turn-on region due to 

the device being biased at pinch-off.  This is the limitation of the class-F mode 

which sits on a class-B gate bias.  As a result, the IM3 products although 

improved relative to fixed bias, did not show the improvement seen on a class-

AB mode as shown in Table 3.2.  The suppressed IM3 product was -23dBc 

which indicated a 3.5dB improvement compared to fixed bias in this example.  

This number can potentially be further improved with higher-order baseband 

coefficients. 

However in terms of efficiency, the class-F mode PA showed a much 

higher improvement with baseband injection compared to class-AB.  The 68% 

average PAE with baseband injection was a 10%-point improvement 
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compared to fixed bias in this example, and also 14%-point higher than class-

AB with baseband injection.    

 

Figure 3.13 - The comparison before (blue) and after (red) baseband injection on 
class-F simulated transconductance and drain bias. 

Class-F 
Before baseband 

injection 
After baseband 

injection 
Delta 

Maximum PAE (%) 77.6 81.4 +3.8 

Average PAE (%) 57.8 68.0 +10.2 

IM3 L/H (dBc) -19.6 / -19.4 -23.6 / -22.9 -4.0 / -3.5 

IM5 L/H (dBc) -28.5 / -29.5 -45.9 / -44.1 -17.4 / -14.6 

Table 3.2 - The simulated effect of baseband injection on class-F PA 

3.5.4    Discussion on Baseband Injection Simulation Results 

From the baseband injection simulation above it is observed that the 

baseband transfer function has similar characteristics as the ET shaping 

function that targets a constant gain for linearity.  This is the common ground 

for these 2 approaches towards improving the linearity: the baseband injection 

method formulates the baseband coefficients in the envelope domain to 

achieve a linear transconductance, while the ET method searches for a 

constant gain condition in the RF domain and extracts a shaping function 

which also produces a linear transconductance plot.   
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signal PAPR.  However this may prove to be a challenge in terms of producing 

the required output power.  This challenge will be analysed in the next chapter, 

in formulating an optimum design flow for ET applications.   

It was also concluded that the device model used in this work has a 

good correlation with the actual device in terms of measurements at the current 

generator plane.  This provides a significant advantage in the next steps of 

research presented in the following chapters where experiments are carried 

out in simulations with high confidence and load-pull measurements are used 

primarily as a validation step. 

This chapter also described how different shaping functions affect the 

linearity and efficiency performance of class-AB and class-F mode power 

amplifiers.  It was shown that there is minimal trade-off in efficiency when the 

shaping function used targets a constant gain, or linear performance, both for 

class-AB and class-F as long as the PA is in compression.   

It was observed that an ET shaping function that targets a constant 

gain performance has a quadratic relationship between the supplied drain 

voltage and the magnitude of the input envelope voltage, while a shaping 

function that targets maximum efficiency has a linear relationship between 

these parameters.  This observation agrees with previous work in [1, 10-12] 

that an even-order baseband signal can be formulated to linearise and 

suppress IM3 and IM5 signals of a PA operating in a class-AB bias.  However 

it is suspected that the linearisation achieved from the shaping function is 

limited in class-F, due to the soft turn-on region at the lower part of the 

dynamic range. 
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In the next chapter a systematic method to optimise the RF PA design 

for ET is formulated using waveform engineering and a class-F PA design and 

fabrication is presented.   
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4.1.1    Design Goals 

As part of the Opera Net 2 project [3], the optimisation of the base 

station hardware was to be achieved through the use of a class-F PA in an ET 

architecture.  The design goals are shown in Table 4.1. 

Peak output power >39 dBm 
Average efficiency >60% (ET modulator + PA) 
Signal PAPR 7.5dB 
Bandwidth 40MHz 
Frequency range 880MHz to 920MHz 

Table 4.1 - Design goals 

4.2    Formulating the Design Flow of a Class-F PA for an 
ET Application 

 

Figure 4.1 - Formulated design flow 

With the observations from Chapter 3, a systematic approach can be 

formulated in designing an RF PA to be used in an ET architecture.  The 

design flow considers the factors that will influence the PA performance in 

terms of efficiency and linearity with the constraint on output power and signal 
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PAPR.  This is to be achieved through the design of an optimised output 

matching circuit based on an assumed signal PAPR and through the 

formulation of a shaping function that targets a constant gain performance.  

Fig. 4.1 shows the proposed design flow of the PA, achieved through 

waveform engineering.   

This section describes the design flow together with measurement 

results of a class-F PA to be used in an ET system.  The useable drain bias 

range for ET is from 16V to 48V to avoid the knee and breakdown regions. 

4.2.1    Finding the Optimum Fundamental Load 

The first step is to find the optimum fundamental load for the output 

matching circuit.  This selection is a critical step as it determines the maximum 

achievable efficiency and maximum output power, as described in Chapter 3.  

Since this is fixed throughout the operation of the PA and the device CDS will 

shift the optimum fundamental load at different drain bias, a compromise 

between maximum output power at 48V bias, and efficiency with ET at 

average power is needed.   

The optimum fundamental impedance (ROPT) is determined by 

performing a load sweep at the maximum drain bias of 48V.  To aid the 

process, an ET simulation template in ADS is developed to run a 3-dimension 

sweep: fundamental real load, drain bias, and input power.  The 3dB-

compression output power at peak VDS of 48V and the ET efficiency at 7.5dB 

OBO are recorded.  The ET efficiency is defined as the trajectory of maximum 

PAE curves of different drain bias within the ET drain supply range of 16V to 

48V. 
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Since the load was selected to balance output power and PAE, the efficiency 

did not peak at the average power; instead it peaked at around 3dB OBO.  

 

Figure 4.3 - Measured gain curves with locations of maximum PAE (blue dots) 
and flat 15.4dB gain (red dash lines), and the corresponding measured PAE. 

4.2.3    Extracting the Shaping Function 

From the previous step, the relationship between the output power, 

gain, delivered input power, drain supply voltage, input voltage, and output 

current that will yield a flat gain or maximum PAE performance can be 

determined from the waveform engineering process.  It is therefore possible to 

generate the shaping function that would produce a flat gain performance 

when ET is applied.  Fig. 4.4 shows the extracted ET shaping function from the 

previous step, which describes the relationship between the input voltage and 

the drain supply voltage.  The first shaping function (blue) targets maximum 

efficiency throughout the ET operating range while the second one (red) 

targets a flat gain performance and therefore linearity.  The quadratic feature of 

the flat-gain shaping function agrees with the observation from Chapter 3. 
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Figure 4.5 - Verifying the simulated linear performance from the 
transconductance plot. 

4.3    Designing the PA 

The design of the class-F PA needs to consider how it would be 

integrated into a larger ET system, especially in terms of dimension and drain 

bias connections.  The ET system that was used is a customized Arelis1 ET 

system with a proprietary ET modulator.  The class-F PA was connected 

through an adapter board and the drain bias was connected using a through-

hole pin that passed through the class-F PA, as shown in Fig. 4.6.  For this 

design, only one drain bias pin was needed that would connect the ET 

modulator signal to the drain of the device.  Therefore a through-hole path was 

needed in the output matching circuit design. 

The PA was designed on an aluminium-backed RT/duroid 5880 substrate from 

Rogers Corporation.  It has a dielectric thickness of 20 mil (508 µm) with a 

relative permittivity of 2.2 and loss tangent of 0.0004 [4].  The copper 

                                                
1 Formerly Thomson Broadcast, founder member of the Opera Net consortium. 
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Figure 4.9 - The resulting fundamental and harmonic loads at the device package 
plane (black), I-gen plane (purple), and the target I-gen plane loads (dots). 

The next step was to convert the ideal transmission lines (TLIN) into 

microstrip element (MLIN) in ADS using the substrate definition according to 

the 5880 RT/duroid specifications.  This was the intermediate step towards 

generating the layout of the network, and is shown in Fig. 4.10. 

 

Figure 4.10 - Output matching network using microstrip elements (MLIN) in ADS. 

The conversion from TLIN to MLIN added a lossy element to the 

network, and some small adjustment of the length of the transmission lines 

were required to bring back the loads to the right location on the Smith chart.   
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To understand the effect of transmission length inaccuracy, a quick 

analysis of the effect of length tolerance on the impedance seen by the current 

generator plane was performed using MLIN, as shown in Fig. 4.11.  This 

analysis was important as it provides a reference for troubleshooting the PA, in 

cases where the transmission line lengths needed to be modified after 

fabrication.  The magnitude and angle of the fundamental reflection coefficient, 

which was expected to impact the performance the most, was simulated to 

shift approximately by 0.005 and 0.66° respectively, for each 0.1mm change in 

transmission line length.   

 

Figure 4.11 - Simulating the tolerance due to transmission line lengths on the 
current generator plane impedances. 

4.3.3    Designing the Circuit Layout in ADS Momentum 

The final step was to design the layout using ADS Momentum, where 

the lengths of the transmission lines were initially constructed to match the 

lengths obtained from schematic.  However as Momentum adds a more 

realistic lossy element to the simulation, further fine tuning of the lengths were 
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The class-F PA performance was verified using a Momentum co-

simulation where the 2D-EM model of the output matching network was used 

in the schematic environment to run Harmonic Balance simulation.  Fig. 4.13 

shows the simulated PAE performance at different drain bias values from 16V 

to 48V in 4V steps, operating at 900MHz.  The simulated output power peaked 

at 40.6dBm while the PAE peaked at approximately 3dB OBO from peak 

power.  At 7.5dB OBO, the simulated PAE was 71%.   

 

 

Figure 4.13 - ADS Momentum co-simulation of the class-F PA (above) and the 
simulated PAE performance in static ET. 



Chapter 4       Using Waveform Engineering to Optimise PA Design for ET Applications 

77 
 

4.3.4    Completing the Layout 

The next addition to the layout was the connection for the drain bias 

input via the ET modulator.  This was achieved by adding a hole near the 3rd 

harmonic matching stub, and following the de-coupling capacitor as shown in 

Fig. 4.14.  The connection to the ET modulator was done by way of a through-

hole pin that comes from the ET adapter as shown in Fig.4.6.  In case the 

fundamental and 2nd harmonic open circuit stubs need to be extended after 

fabrication, some copper rectangles of the same width as the stubs were 

added during fabrication.  Additionally, a small series resistor and some low-

frequency filtering capacitors were added to the gate bias network for stability 

purpose.  The class-F PA was fabricated in-house using a milling machine.  

Fig. 4.14 shows the final layout and the fabricated class-F PA.  

4.4    Conclusions 

Working with modulated signal of a known PAPR, a design method has 

been formulated using the waveform engineering approach to achieve an 

optimum efficiency-linearity performance of an RF PA for ET applications.  The 

method utilizes the waveform engineering capability to determine the optimum 

load and a linearising shaping function. 

The formulated design method has been used to design an actual 

class-F PA that will be integrated it into to a real ET system.  The PA uses a 

10W device from Freescale with a defined ET drain bias range of 16V to 48V.  

From simulation the RF PA efficiency at 900MHz at 7.5dB OBO was 71%, 

constrained by the output power requirement at peak power, while CW load-

pull measurement data of the device predicted it to be 67%. 
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Figure 4.14 - The final layout (top) and the fabricated class-F PA (bottom). 

The flat-gain shaping function is expected to produce a linear 

performance but its input range is limited on the low input level side, due to the 

defined minimum drain bias.   

For this PA, the input matching circuit was not a priority and hence was 

not optimised for maximum gain.  Therefore for the subsequent PA 
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performance analysis, the drain efficiency (DE) measurement was used 

instead of power-added efficiency (PAE).   

In the next chapter, the PA performance is tested as a standalone 

amplifier using a CW signal to verify its performance before being paired up 

with an ET modulator in a full ET setup for a system level performance test 

with an LTE signal of 7.5dB PAPR. 
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Chapter 5  
 
Envelope Tracking System Level 
Integration and Testing 

5.1    Introduction 

In the previous chapter, the design flow of an RF PA for ET applications 

utilising waveform engineering has been demonstrated.  A 10W class-F RF PA 

has been fabricated using this formulation.   

In this chapter, the test method and results of the fabricated class-F PA 

are presented, first as a standalone PA and then integrated into a real ET 

system at Arelis, France.  Due to the test setup limitation at Arelis, the ET 

system level test was performed at 885MHz, which was found to still be within 

the capability of the class-F PA.  The advantages and limitations of using a 

class-F PA in an ET system are explained together with simulation results that 

replicate the ET system level test.   

5.2    Initial PA Standalone Performance Test  

5.2.1    Efficiency & Output Power using CW Signal 

The fabricated class-F PA was first tested as a standalone amplifier in a 

static-ET setting using a CW signal at 900MHz to verify its performance.  For 

this CW test the drain was biased through a wire soldered onto the drain bias 

terminal and connected to a DC supply.  Replicating the static ET procedures 
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from the load-pull testing stage, the drain bias was stepped from 16V to 48V in 

4V steps and for each drain bias a power sweep was performed.  Fig. 5.1 

shows the drain efficiency and gain curves for each VDS from 16V to 48V in 4V 

steps at 900MHz.   

The drain efficiency peaked at 73% at approximately 3dB from peak 

power, which was the trend predicted by the ADS Momentum co-simulation in 

Fig. 4.13, although the simulated peak efficiency was higher by 3%.  At 7.5dB 

output back-off the drain efficiency from this CW measurement was 68%.  It 

was observed that the location of the de-coupling capacitor at the output 

matching network along the 3rd harmonic matching stub had a significant 

impact on drain efficiency, as this effectively alters the load termination of the 

3rd harmonic and the fundamental.  This was further confirmed through 

Momentum co-simulation where the location of the de-coupling capacitor was 

varied by 3mm on the layout and the drain efficiency dropped by approximately 

5%-point. 

The measured trade-off in efficiency was approximately 2% if the 

applied ET shaping function targeted a constant gain operation.  This was also 

consistent with the load-pull characterisation results in Fig. 4.3.  However the 

optimum gain value was now lower (14dB) because the input was not properly 

matched. 

In preparing for the ET system level test, the PA efficiency performance 

was also measured at 885MHz.  As shown in Fig. 5.1, this caused the peak 

efficiency to drop by approximately 2%-point but it also moves the peak 

efficiency region much closer to the average power.   
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Figure 5.1 - Measured PA gain characteristics and efficiency. 

5.3    Integrating the Class-F PA into the ET System 

5.3.1    The Arelis ET System 

The integration of the class-F PA into an ET system was performed at 

Arelis, France, one of the Opera Net 2 project partners who developed the 

prototype system as part of the project deliverables.  The heart of the FPGA-

based system is a proprietary ET drain modulator which has a bandwidth of 

40MHz and efficiency of 93%.  It is designed to work with a 50V device and 

capable of providing an output voltage from 16V to 50V.   

The ET drain modulator is connected to the class-F PA via an adapter 

board which provides 2 drain bias feed points from the modulator via through 

holes.  The class-F PA has a through-hole connection to accommodate one of 

the drain bias feeds.  Suitable bypass capacitors that are small enough not to 

significantly load the baseband signal components need to be placed on the 

class-F PA drain bias path to prevent the RF power from going into the ET 

drain modulator and also to prevent ringing in the bias signal.   
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The ET system is controlled using software developed by Arelis, which 

generates a 5MHz LTE signal from a pseudo-random bit sequence (PRBS) 

baseband and has a signal PAPR of 7.5dB.  The power level is adjusted using 

an intermediate-frequency (IF) gain control panel to ensure the PA reaches a 

suitable compression level.  The envelope shaping function is entered 

manually by the user through a graphical user interface which shows a plot of 

the drain supply versus the input envelope, as shown in Fig. 5.2.  The interface 

allows the user to set 7 points on the graph to alter the shaping function of the 

ET modulator.  The system also has digital pre-distortion (DPD) capability to 

perform nonlinear correction on the PA and improve the adjacent channel 

power ratio (ACPR) performance. 

 

Figure 5.2 - ET shaping function entry. 

5.3.2    Integrating the Class-F PA into the ET System: Hardware 

Connections 

The class-F PA was mechanically attached to the ET adapter board to 

allow for the drain feed pin to be inserted through the hole that was designed 
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(48VDC) and the measured incremental DC current when the ET modulator 

was turned on.  The power consumption of the control board, which had been 

characterised to be 90% efficient, was not taken into account in this case.  It 

was not possible to measure the efficiency of the class-F PA alone from the 

combined efficiency of the ET modulator and the class-F PA, but it can be 

estimated since the efficiency of the modulator was previously characterised to 

be 93%. 

Due to the frequency limitation of the ET system, the centre frequency 

of the input signal was limited to 885MHz instead of 900MHz, which was still 

within the operating frequency range of the PA, as shown in Fig. 5.1.  In fact 

with the lower frequency the PA efficiency profile changed such that it peaked 

around the average power, but the peak power was now reduced by 0.5dB to 

39.2dBm. 

The system IF gain was used to adjust the average output power to 

approximately 32dBm, which was the estimated average power based on CW 

characterisation.  The effect of the IF gain adjustment was also characterised 

by sweeping its value and observing the effect on efficiency and linearity.   

Several changes were made to the shaping function to observe its 

effect on the performance.  The shaping functions that would replicate the 

max-PAE and flat-gain shaping functions were also applied.   

The Arelis control software also has the capability to perform nonlinear 

correction to provide DPD capability.  The non-linear correction was applied in 

this measurement to observe the improvement in measured ACPR.  The input 
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signal had a 5MHz bandwidth and the adjacent channel power was measured 

at a 5MHz offset.  Fig. 5.4 shows the Arelis ET system test setup.   

5.4    ET Measurement Results & Discussions 

5.4.1    De-coupling Capacitor Change 

Initial observation showed ringing effect in the ET modulated drain bias 

signal.  To reduce this effect, two 2.7nF bypass capacitors at the 3rd harmonic 

short circuit stub were removed and lower values were tested.  It was found 

that empirically a 470pF capacitor was able to remove the ringing effect.  It was 

observed that the peak drain efficiency at a single bias without ET was close to 

70%, indicating that the original performance was still maintained after the 

changes made to the de-coupling capacitor.   

 

Figure 5.5 - Oscilloscope display of RF input and drain bias. 

Fig. 5.5 shows the ET modulated drain bias signal and the LTE RF 

input signal measured on the oscilloscope display, indicating that the ET 

operation was behaving as expected.   

RF input

Drain bias
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5.4.2    Adjusting the IF Gain 

The IF gain is a variable gain control parameter during the up-

conversion stage of the LTE input signal.  The effect of IF gain adjustment on 

the ET PA system performance was characterised by performing a sweep over 

its range, as shown in Fig. 5.6.  The average power was observed to reach 

32dBm when the IF gain was set to -9dB and the PA started to go deeper into 

compression as the IF gain was increased further.   

The average drain efficiency of the PA + ET modulator combination 

was initially just below 40% at 32dBm average output power and the ACPR at 

5MHz offset was -23dBc.  The low efficiency performance at this point was due 

to an un-optimised shaping function.   

 

Figure 5.6 - Characterizing the effect of IF gain. 

5.4.3    Applying the Shaping Functions 

Finally the shaping function was modified using the FPGA-based 

controller.  In this ET system level test, two different shaping functions were 

applied in an attempt to replicate the shaping functions formulated in Chapter 
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3.  The minimum drain bias was clipped to 16V as this was the ET modulator 

lower limit.  However since the shaping function entry works in the digital 

domain and uses DAC values, only an estimate of the shaping function was 

used (Fig. 5.7).  The IF gain was re-adjusted to bring the average power to 

approximately 32dBm.  Table 5.3 shows the comparison of average drain 

efficiency and ACPR results when these 2 shaping functions were used. 

The measured average efficiency for the class-F PA + ET modulator 

combination was 64% using the max-PAE shaping function.  With the 

efficiency of the modulator previously characterised to be 93%, the calculated 

PA-only average efficiency was 69% which was slightly lower than the 

measured efficiency at CW.  This is expected and the difference between them 

depends on the time-domain profile of the signal.  The 64% combined 

efficiency obtained with a 10W LDMOS device was relatively high compared to 

the work done in [1] where a 10W GaN device operating in ET at 889MHz 

achieving 60% drain efficiency when excited using a 5MHz LTE signal with a 

6.5dB PAPR.   

 Average 
efficiency 
(PA + ET 

Modulator) 

Average 
efficiency 
(PA only) 

Average 
output 
power 

ACPR 
@5MHz 

offset 
without 
DPD 

ACPR 
@5MHz 

offset 
with 
DPD 

Replicating max 
PAE shaping 
function 

64% 69% 32.2 
dBm -27 dBc -32 dBc 

Replicating flat 
gain shaping 
function 

61% 66% 32.0 
dBm -27 dBc -32 dBc 

Table 5.1 - ET performance results. 

It was found that using the quadratic-shape shaping function to 

replicate the flat-gain shaping function the average efficiency did drop by 
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approximately 3%-point but the ACPR performance did not improve.  The 

ACPR performance in this case did not vary from the ACPR performance when 

using the first shaping function, which targeted maximum efficiency.  This could 

be due to a few reasons.  Firstly the shaping function entry in the ET system 

level was done in the digital domain interface using DAC values as shown in 

Fig. 5.7.  This factor, accompanied by the limited resolution in the shaping 

function curve only allowed for an estimation of the desired shaping function 

and there could be room for further optimisation in the shaping function used.  

The correlation between the PA gain characteristics against the load-pull 

results where the shaping function was formulated could have also contributed 

to this uncertainty.  However, the DPD correction that was applied in these 

measurements would have corrected the AM-AM response that resulted from a 

non-optimised flat-gain shaping function.   

 

Figure 5.7 - Shaping function to replicate optimisation for efficiency (above) and 
linearity (bottom). 
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The main contributor to the linearity performance in this case was 

suspected to be the soft turn-on characteristic of the class-F PA 

transconductance as a result of a class-B bias.  This effectively means that the 

flat-gain shaping function can only linearise the upper half of the output power 

range but will not be able to correct for the nonlinearities of the lower half of the 

dynamic range, as seen in section 4.2.   

The DPD used in this system was designed to work with class-AB type 

of amplifiers where they are biased at a distance away from the pinch-off 

region, avoiding the nonlinearity from the soft turn-on effect at very low drive 

levels.  Therefore the use of DPD in this setup was not able to correct for the 

nonlinearity at the very low drive level but was more effective at the 

compressive region of the transconductance curve at the top end.  Fig. 5.8 

shows the spectral plot before and after applying the DPD from the Arelis ET 

system. 

  

 

Figure 5.8 - Spectral display of the output signal before (left) and after (right) 
applying DPD. 
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The input signal is a 5MHz LTE that is read from a signal source 

dataset, and the adjustable parameters are the gain and centre frequency.  An 

IQ_DemodTuned element which has a high input impedance is used to sample 

the input signal and demodulate it into in-phase (I) and quadrature (Q) 

components whose squared values are summed up by an SDD3P element.  

This summation produces the squared envelope signal and therefore the 

envelope value can be calculated to retrieve the corresponding drain voltage 

from a DataAccessComponent (DAC) element. 

 

Figure 5.10 - System level ET simulation setup using  ideal ET drain modulator. 

The flat-gain and max-PAE shaping functions are applied in this 

envelope simulation.  The device is presented with the same class-F 

fundamental and harmonic loads at the current generator plane that were used 

for the PA design.  The input power, which is controlled by the gain parameter 
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Several observations can be made about the simulation results.  Firstly, 

the average efficiency was 1.5%-point higher for the flat-gain shaping function 

for this 5MHz LTE input signal.  This was initially indicated from Fig. 5.9 where 

not only the trade-off in PAE was observed to be minimal when the flat-gain 

shaping function was in use, but also, below the average power the PAE for 

the flat-gain shaping function started to go higher than the max-PAE shaping 

function.   

Secondly, the output signal PAPR varied with the shaping function used 

because of the gain variation at different drain voltages.  The max-PAE 

shaping function has a relatively higher overall gain than the flat-gain shaping 

function.  In this simulation in order to get the same average power of 

33.5dBm, the signal PAPR was 7.1dB and 6.0dB for the max-PAE and flat-

gain shaping functions, respectively.  If the PAPR was used as a normalizing 

factor the resulting average power would be different.   

Thirdly, in this simulation the flat-gain shaping was formulated to obtain 

a constant 14.5dB gain as shown in Fig. 5.9, which takes effect from peak 

power to 10dB output back-off.  Although its resulting ACPR performance was 

found to be approximately 3dB better than the max-PAE shaping function, it 

was only able to reach -32dBc at best.  This number was very close to the 

measured ACPR performance with DPD applied in Table 5.1, where the DPD 

takes on the role of flattening the gain profile across the output power range.  

Fig. 5.13 shows the simulated spectral plots for the 2 shaping functions. 

A closer look into the simulated transconductance plot in Fig. 5.13 

shows that the flat-gain shaping function produces a linear relationship 
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Chapter 6  
 
Utilising Continuous Mode Power 
Amplifiers in Envelope Tracking 
& the Varactor Effect 

6.1    Introduction 

High-efficiency mode power amplifiers such as class-F provide a high-

efficiency performance but only over narrow bandwidth because the 

optimisation of the output matching network is done at a single frequency.  To 

mitigate this limitation and maintain a high efficiency performance over wider 

bandwidth, a concept of extending the design space for the PA modes was 

introduced by Cripps and Tasker in [1].  In that work, a new design space was 

presented identifying a continuum between class-B and class-J, enabling a 

design that maintains a class-B performance in terms of power and efficiency, 

and that as a result paves the way for high-efficiency mode design over 

considerable bandwidth.  In [2] the continuous mode theory was extended to 

class-F, validating a new design space using an active load-pull measurement 

setup that led to the realization of a continuous class-F PA in [3] which 

produced a class-F level efficiency of 74% over an octave bandwidth using a 

10W GaN device, with only a small variation in output power.   

For the same periphery, an LDMOS device however has a relatively 

large output capacitance compared to GaN [4] and its operation in a 
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continuous class-F mode of operation has not been experimentally 

investigated before in literature at the time of writing.   

The first objective of this chapter is to fill this gap and investigate how 

far the class-F power amplifier performance obtained with an LDMOS device in 

Chapter 4 can be maintained over bandwidth, which is represented by the 

continuous class-F mode of operation. 

The second objective is to explore the application of a continuous mode 

PA in an envelope tracking (ET) setting.  A theoretical analysis of integrating a 

continuous class-F amplifier in ET was first presented in [5], but in this case the 

analysis was limited to simulation and did not include an experimental 

validation.  This chapter aims to extend that analysis for both simulation and 

load-pull measurements, in a variable drain bias environment which represents 

an ET application.   

The third objective of this chapter is to identify and analyse in detail the 

limitations presented by the nonlinear output capacitance CDS to the continuous 

mode of operation.   

This chapter begins with an overview of the continuous mode theory of 

class-BJ and continuous class-F, followed by the experimental investigation of 

applying continuous class-F to an LDMOS device in fixed and variable drain 

bias settings.  The results obtained from simulation and measurements 

suggest some difficulty of maintaining a continuous mode of operation due to 

the variation of the device CDS as a function of output voltage, or the varactor 

effect.  The final section of this chapter presents a novel mathematical analysis 















Chapter 6                               Utilising Continuous Mode PA in ET & the Varactor Effect 

109 
 

next analysis of continuous class-F in a variable drain setting, this constant IMAX 

scenario was used.   

 

 

Figure 6.5 - Measured and simulated PAE and output power for the 2 scenarios. 

6.4    Investigating the Continuous Class-F Mode of an 
LDMOS Device at a Variable Drain Setting 

In an ET system, the drain bias is changed according to the shaping 

function used, regardless of the input signal bandwidth.  Therefore, to observe 

the behaviour of a continuous class-F PA in an ET environment, the previous 

experiment is repeated over the full ET bias range, from 16V to 48V.   
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6.5.5    Comparison with Previous 2nd Harmonic Injection Works 

It is useful to revisit previous works where 2nd harmonic injection has 

been used for the same purpose and review their results as well as their 

methods of implementation.   

The proof-of-concept of efficiency enhancement using 2nd harmonic 

injection is presented in [9] where an additional source is directly connected at 

the input to inject a 2nd harmonic signal.  By adjusting the externally injected 2nd 

harmonic power, the PAE can be improved by 15% for a 4W GaN HEMT 

operating in a class-B mode at 2GHz.  In [10] a source pull approach is used to 

inject the 2nd harmonic to shape the input waveform, enhancing the PAE of a 

pHEMT operating in class-B by 5.9% at 9GHz.  In [11] the 2nd harmonic 

injection is obtained through a feedback loop with an added auxiliary class-E 

mode amplifier, enhancing the main amplifier PAE by 16%-point.  An auxiliary 

PA is also used in [12] to inject a 2nd harmonic into a main PA operating in 

inverse class-F mode at 1GHz.  For this particular example the improvement 

was not in terms of a higher PAE but in terms of the extended bandwidth of the 

high-efficiency (>80%) region, going from 60MHz to 180MHz. 

However in these previous works an external circuit is required to 

supply the 2nd harmonic signal.  The mathematical analysis in this chapter 

suggests that the varactor itself can be exploited to generate the 2nd harmonic 

injection to improve PA efficiency.  In the next chapter the experimental 

investigation is performed to explore this possibility. 
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