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ABSTRACT 

High efficiency power amplifier (PA) is an integral part of an efficient radio frequency 

(RF) transmitting system design. To enable modern and future wireless communication systems, 

the quest for efficient, wideband, and linear PA design techniques is ongoing. To cope with the 

stringent and contrasting requirements of modern wireless communication systems, it is important 

to consider the practical impairments like device nonlinearity, mismatch, mutual coupling, and 

channel temperature for high efficiency PA modeling, design, and reliable performance. 

In this thesis, power amplifier design methodologies have been comprehensively 

investigated by exploring and exploiting the input and output nonlinearities of the device. In 

particular, the impact of input nonlinearity on the PA performance is addressed comprehensively, 

and the efficiency minima phenomenon due to the input and output nonlinearity is demystified. As 

such, PA design methodologies for high efficiency broadband applications are proposed and 

verified with low/high power, and/or micro-wave/mm-wave applications. In addition to high 

efficiency PA design, linearity and output power performance are also investigated. A new input 

second harmonic design space is proposed in this thesis identifying trade-offs between PA 

efficiency and linearity performance. This approach led to a new PA topology designated as 

Class iF-1. 

In addition, the behavior of a PA and its linearizability by digital pre-distortion (DPD) 

technique under output mismatch and/or mutual coupling in a modern 5G wireless communication 

system is studied in this thesis. It has been observed that the PA linearizability is severely impacted 

by the PA-Antenna interface due to mismatch and mutual coupling. In this context, a new 
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reflection aware unified PA behavioral modeling, and linearization approach is proposed under 

mismatch and mutual coupling. The proposed modeling technique and linearization approach is 

verified with a Class AB and a Doherty PA under wide range of output mismatch and/or mutual 

coupling conditions. Such robust linearization performance under diverse output mismatch and 

mutual coupling conditions is highly desirable for modern and future communication systems, 

which are subject to undergoing rapid fluctuations in antenna matching and cross-coupling 

conditions. 
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and is amenable to high thermal operation which makes it an ideal candidate for 5G BTS 

applications. As such, the 5G market rollout for GaN technology is expected to increase 

exponentially from 380 M$ to 1.3 B$ by 2023 as illustrated in Fig. 1.1. However, to achieve the 

maximum benefits of GaN power devices, power amplifiers (PAs), being the most power-hungry 

component in the RF front-end system, need especial attention and design strategy to improve 

overall system performance in terms of output power, efficiency, and linearity. Typically, PAs are 

required to meet different specifications in terms of output power, bandwidth, and linearity 

performance which depends on target system applications e.g. cellular, satellite, and radar system 

applications. For example, if we consider cellular base station application, output power 

requirements can be varied according to the type of cell being considered. Overall, the average 

transmitted output power varies from 24 to 47 dBm in cellular base station applications [6], [7]. 

The device technology can be chosen considering the cost, power density, frequency response, 

Fig. 1.1 Evolution of cellular base station to 5G [1], [3]. 
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under such dynamically variant load conditions which is crucial in 5G applications with mMIMO 

systems and to characterize the PA performance in a holistic approach. 

1.3 Research Contributions 

The objectives of the thesis have been accomplished and several contributions are achieved 

as follows: 

a. The generation of input nonlinearity due to the intrinsic nonlinearity gate to source 

capacitance is modeled and its variation with second harmonic source impedance 

(Z2S) terminations is analytically predicted. The theoretical analyses present a 

closed-form relationship between input nonlinearity and Z2S terminations for the 

first time, and provide a clear understanding of the impact of input nonlinearity on 

the PA performance. The theoretical findings are validated with experimental 

results and found in very close agreement. 

b. The simultaneous impact of input and output nonlinearity is investigated for TL 

and HT PAs, namely Class B, F, and F-1. Their performances are modeled by new 

time domain waveforms and Z2S design space is predicted for less sensitivity, 

maximum efficiency, and minimum efficiency. It has been identified that both 

Class B and Class F PAs show high sensitivity in performance with Z2S 

terminations. On the other hand, Class F-1 shows less sensitivity in terms of 

efficiency and output power performance. The theoretical predictions are validated 

with vector load pull (VLP) measurements and implemented to low power, high 

power, and high efficiency PA designs. 

c. Following up the input-output harmonic engineering for single frequency PA 

classes, the analyses are extended for CMPAs for broadband operation. Unlike 
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conventional design approach where Z2S is considered short circuit, the 

performance of the CMPAs are modeled by time domain waveforms with different 

Z2S terminations and a new impedance design space for broadband operation is 

identified. In addition, the Z2S terminations for high sensitivity, low sensitivity, 

maximum efficiency, and minimum efficiency are identified for broadband 

operation which are validated with VLP measurements and PA prototypes. 

d. The linearity performance of different PA classes of operation is investigated. 

Understanding the impact of simultaneous input and output harmonics, a new PA 

class of operation is proposed for high efficiency and better linearity performance, 

namely Class iF-1. 

e. A PA behavioral modeling and linearization technique is proposed to compensate 

for the dynamic load variation at the PA output due to antenna mutual coupling 

and/or mismatch. The proposed modeling and linearization technique is based on 

sensing the reflection at the PA-antenna interface and can predict the PA behavioral 

characteristics for digital predistortion (DPD) based linearization.         

The research and experiments in this thesis work, although mostly conducted with GaN 

technology, the concepts and the outcomes are generic in nature and can be applied to any other 

technologies following the step-by-step methodology. The results of the thesis are published in the 

peer reviewed journals and conferences listed in Table 1.3.  
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performance of a Class B PA is presented under the presence of input nonlinearity. The analyses 

are validated with on wafer load pull measurements and implemented to high power application. 

In Chapter 4, the input and output design space of high efficiency Class F-1 PA are proposed for 

broadband operation. The results are validated with a GaN 2mm device with VLP measurements. 

To implement the concepts in PA applications, a 10 W PA was designed, fabricated, and tested. 

The input-output waveform engineered PA provided higher than 75% efficiency performance over 

the band of 0.8-1.4 GHz. In Chapter 5 and Chapter 6, the analytical modeling of Class F PA 

performance with input nonlinearity is presented for both narrowband and wideband applications. 

Again, the input-output design space for Class F and continuous Class F PA is explored, and PA 

implementation results are presented for both single-ended and Doherty PA with both narrow band 

and wideband applications. In Chapter 7, a new PA topology namely, Class iF-1, is proposed, 

providing high efficiency and linearity performance. The performance of the PA is first modeled 

analytically and validated with large signal simulations and measurement results. The proposed 

PA topology shows better efficiency and linear performance compared to the existing ones in the 

literature. 

In Chapter 8, a reflection-aware PA behavioral modeling and digital predictor based 

linearization approach under antenna mismatch and/or mutual coupling is presented. The modeling 

and linearization performance are investigated for the antenna array mismatch and mutual coupling 

expected in a 5G massive MIMO antenna system. The proposed reflection-aware modeling and 

linearization approach presents a robust performance under a wide variety of output mismatch and 

mutual coupling for Class AB or Doherty PA, tested with a 20 MHz long-term-evolution (LTE) 

signal, and shows linearized adjacent channel power ratio (ACPR) lower than -45 dBc. Finally, 

conclusions and recommendations for future works are presented in Chapter 9.  
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3. The dissipated power across the device (Pdiss).  

Assuming steady-state conditions, the time domain drain current and voltage waveforms can be 

defined as 

From (2.3) and (2.4), the DC power, fundamental output power, and the dissipated power can be 

defined as 

and the DC power and the efficiency of a PA can be defined as 

 

Fig. 2.1 A simplified PA schematic. 
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As defined by (2.7), the dissipated power indicates the overlapping between drain current and 

voltage waveforms. It is worth noting here that for a DE of 100%, all the DC power must  be 

converted to fundamental output power. Thus, not only the power dissipation across the device 

needs to be minimized, the harmonic power generation must be reduced for better efficiency 

performance. For example, rectangular shaped drain current and voltage waveforms shown in Fig. 

2.2(a) have zero dissipated power (Pdiss = 0) due to no overlapping between drain current and 

voltage waveform, but the efficiency of a PA having such waveforms will not have an efficiency 

of 100% yet but 81.1% as found as 

since some of the DC power is wasted being generated at harmonic frequencies as shown in Fig. 

2.2(b). 

2.3 Bias Dependent or Tuned Load (TL) PA Classes 

The bias dependent PA classes are categorized as Class A, B, AB, and C. Based on the gate 

bias voltage the device conduction angle is altered and different PA classes of operation are 

achieved. The simplified bias dependent operation of a FET device is illustrated in Fig. 2.3 where 
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waveforms are identified, the DC power, output power, and efficiency of the TL PAs can be 

calculated as  

The variation of DC and output power and efficiency is shown in Fig. 2.5. The results are depicted 

by considering VK = 0. It can be seen that the Class B PA improves the efficiency from 50% to 

78.5% of Class A PA. In addition, it is interesting to observe that the output power in the Class 

AB region is increased ~7% compared to Class A or B. 

2.4 Harmonic Tuned (HT) PAs 

Unlike TL PAs, the load harmonics are not short circuited in the HT PAs. The HT PAs are 

namely classified as Class F, Class F-1, and Class J. The load harmonic terminations in HT PAs 

are manipulated such that the overlapping between the drain voltage and drain current waveforms, 

and the harmonic power generation are minimized (ideally zero). Such characteristics are mainly 

achieved by voltage or current waveform shaping utilizing the harmonic voltage or current 

components. 

2.4.1 Class F PAs 

In a Class F PA, the drain voltage is shaped from sinusoidal to a rectangular one by utilizing 

an odd harmonic drain voltage component. The ideal drain voltage and current waveforms for a 
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typically allows higher device breakdown voltage compared to LDMOS. Thus, GaN technology 

could be a better choice in terms of CM mode application. 

2.6 PA Design Flow 

In the previous sections in this chapter, different PA operating modes have been discussed. 

Such knowledge of high efficiency PA performance provides flexibility in PA design, allowing 

enough room for trading-off other contrasting parameters like gain, output power, linearity, 

bandwidth. A typical PA design flow is shown in Fig. 2.11 and begins by identifying the 

specifications. Based on the required figures of merit, appropriate technology, and a PA 

architecture or topology is selected. At this stage, it is important to check if the active device large 

signal (LS) model is available, otherwise, device load pull (LP) data is extracted for the selected 

architecture or topology. If both LS model and LP data are not available, an alternate approach can 

be measuring the S-parameter data and identifying the maximum drain voltage and drain current 

limit. From this information, approximate terminations for high efficiency PA performance can be 

estimated from Table 2.1 for the desired PA topology. Thus, input and output PA design space or 

trajectory for broadband operation are extracted. Such extraction of input and output trajectory is 

interesting in that it in fact it converts a nonlinear device problem into a linear one. Then, linear 

simulation and optimization are performed to realize the input and output design space/trajectory 

for the desired PA topology. It is worth mentioning here, that matching input and output design 

space might be difficult for some cases depending on the device size, parasitics effects, and 

required specifications. In those cases, input and output design space are required to modify, so 

that it is more amenable to realize considering trade-offs among output power, efficiency, and 

gain. Typically, matching networks with passive components can only realize trajectories which 

rotates clockwise on the Smith chart with frequency (Foster network/impedance). As such, an input  
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maintain a fixed short circuit termination for a broadband frequency of operation. As such, 

understanding the impact of input nonlinearity, simultaneously, with device output nonlinearity, 

is crucial in practical waveform engineering because the input nonlinearity is unavoidable in 

practice. As a consequence, it is crucial to understand the optimum input-output design space for 

high efficiency PA design in broadband operation. 

2.8 Conclusions 

In this chapter, traditional high efficiency PA modes and their design techniques were 

discussed. The analysis has started from a TL PA and progressed to CM PA, from narrowband to 

broadband high efficiency PA design. The power balance in a PA is discussed and it has been 

observed that, to achieve high efficiency performance, the key idea is to reduce the overlapping 

between drain voltage and current waveforms, as well as, the generation of harmonic power. At 

this point, it is worth noting that generation of harmonic voltage or current does not imply the 

generation of harmonic power. To generate harmonic power, harmonic voltage and current 

components are required to be generated simultaneously. This is exactly what is applied in high 

efficiency Class F and F-1 PA where harmonic voltage and currents are utilized in either odd or 

even harmonics in an alternate fashion, such that no harmonic power is generated. In addition, it 

has been discussed that how harmonic tuning of a PA comes with fundamental load retuning in 

order to achieve high efficiency performance. With HT PA techniques, the theoretical efficiency 

of 50% of a Class A PA is improved to 91.1% for broadband operation in a Class F-1 PA with up 

to third harmonic load control. 

Moreover, a PA design flow is discussed in this chapter, explaining a typical process of 

high efficiency PA implementation. Further, the limitations, scopes, and challenges of the existing 

high efficiency PA topologies are discussed. In this thesis works, the performance of high 
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efficiency PA topologies in the presence of input nonlinearity were investigated with analytical 

modeling and validated with LP measurements. Further, the findings were implemented as applied 

to low power, high power, and high frequency PA design. In the following chapters, theoretical 

analyses, modeling, and the design of these high efficiency PAs will be discussed. 
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Chapter 3 Comprehensive Analysis of Input 
Waveform Shaping for Efficiency 
Enhancement in Class B Power Amplifiers 

Over the years, different high efficiency power amplifier (PA) design techniques have been proposed 
and implemented which eliminate input non-linearity considering its negative impact on PA output power and 
efficiency. This work rather exploits input non-linearity to improve PA efficiency. A generic analysis of a Class 
B PA under input non-linearity is presented opening the scope of input second harmonic manipulation to 
improve PA performances. This renders extended and new design space of second harmonic source termination 
to high efficiency PA design. Theoretical analyses are well supported with load-pull measurement results of 0.7 
mm and 24 mm GaN devices where about 4.5% drain efficiency improvement compared to conventional 
Class B PA is observed.1 

3.1 Introduction 

PAs are one of the most important building blocks in a radio frequency (RF) 

communication system. Being the most power-hungry device, efficiency is of utmost interest 

among the PA designers. Following the quest for high efficiency PA, designers reported different 

techniques starting from tuned load (TL) to harmonic tuned (HT) PAs and their continuous modes 

of operation [8], [16], [22]. These techniques mainly consider load harmonic terminations either 

at short/open or tuned near short/open. For proper understanding, a complete analysis of load 

harmonic sweep is necessary and can unveil reasoning behind well-observed phenomena of GaN 

PA [43], [44]. However, the techniques so far proposed avoid input non-linearity either by short 

terminations at harmonics [11], [12] or by introducing counteracting non-linearity [45]. If not 

eliminated, input non-linearity can cause significant performance variation [41]. In fact, the input 

non-linearity is considered to be detrimental to PA performances [9], [10]. Such conclusion is 

under the observation that the input second harmonic voltage flattens the gate voltage waveform 

 

1 This work is published in IEEE IMS 2019 Conference [42]. 
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and increases the conduction angle of the device which alternatively decreases efficiency. With 

that being said, all the afore-mentioned analyses have been performed considering a particular 

phase difference (180 degree) between input fundamental and second harmonic voltage 

components. Although, impact of input non-linearity other than second harmonic short condition 

has been investigated in [39], [46], a complete explanation and analysis are still missing. 

This work revisits the theory of a TL amplifier and presents a generalized methodology to 

exploit input second harmonic non-linearity to improve PA efficiency. A closed form drain current 

expression is derived as a function of source second harmonic voltage (both magnitude and phase). 

Measurement results show efficiency improvement about 4.5% with proper second harmonic 

source termination compared to a conventional Class B PA which is in excellent agreement with 

the theoretical prediction. 

3.2 Theory 

The gate voltage and drain current waveforms of a conventional PA under TL condition 

with Class B bias condition can be represented as [8] 

where, VGS0 is the gate bias voltage, and Imax is the maximum current limit of the device. As it is 

well-known, the harmonic terminations are considered to be short at the gate and drain nodes for 

3.1) and 3.2).  Such imposed conditions not only simplify the theoretical analysis of a TL PA but  
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also provide a simple solution to eliminate input non-linearity which has been reported to be 

detrimental to PA performance. 

In contrast, input second harmonic source is not limited to short termination in this work. 

Thus, the normalized gate node voltage can be represented as [10] 

where, 2 1/V V�J� , is defined as input non-linearity factor, and V2 is the second harmonic gate 

voltage component.  From 3.3), the drain current waveform is derived considering a constant trans-

conductance device for Class B bias condition as 

 

 

Fig. 3.1  Variation of effective conduction angle with input non-linearity. 
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source termination.  Fig. 3.7(a) shows the input in-package pre-matching network, where the bond 

wire component L2nd was varied to create various 2nd harmonic source terminations.  The entire 

packaged GaN device with IPDs was modelled in a full wave electromagnetic simulator 

accounting for bond wires and package parasitics to allow for the determination of the source 

harmonic termination.  Fig. 3.7 (b) shows the resulting source impedance for three cases of interest: 

short circuit (conventional Class B), maximum drain efficiency and minimum drain efficiency. 

The output pre-match IPD was designed to keep the output harmonic terminations near a short 

circuit condition. 

The three devices with the 2nd harmonic source termination verified as shown in Fig. 3.7(b) 

were manufactured and measured on a high-power passive load pull apparatus.  The loadpull test 

 

Fig. 3.8  High power loadpull fixture used for verification of 24mm packaged GaN device with input and output 
in-package prematch network. 

 

Fig. 3.9  Measured efficiency improvement at 2.2 GHz with 24mm GaN device due to 2nd harmonic input voltage. 



44 
 

fixture used for validation is shown in Fig. 3.8.  The resulting drain efficiency plots for the three 

devices are shown in Fig. 3.9.  Significant efficiency enhancement (about 4.5% compared to Class 

B case) and degradation are measured as the 2nd harmonic source termination moves away from 

the short circuit condition as predicted by theory presented in Section 3.2. 

3.4 Conclusions 

This work presents a new theory of designing high efficiency GaN PA exploiting input 

non-linearity. Apart from previous works, a complete analysis of source harmonic impact on PA 

efficiency is presented and shows new and extended design space of input second harmonic source 

termination. The proposed theory is validated with load pull measurements in which about 4.5% 

drain efficiency improvement is observed. 
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In this work, a comprehensive theoretical analysis of input and output waveform 

engineered continuous-mode inverse Class F PA is presented. This work expands on the related 

conference paper [63], which demonstrated the performance degradation of output-engineered 

continuous-mode inverse class F PAs due to variable knee voltage effect. Here, we present more 

generic analysis under input nonlinearity (both magnitude and phase) and perform a detailed 

investigation of the dynamic knee voltage behaviour of continuous-mode inverse class PAs in the 

presence of input nonlinearity. 

A functional block diagram of the PA is shown in Fig. 4.1. In this work, we leverage the 

combined benefits of input and output harmonic manipulation and develop a continuous-mode 

inverse Class F PA with high efficiency over a wide frequency range. A primary contribution of 

this work is in demonstrating that input harmonic tuning can help to alleviate the problem of 

variable knee voltage behaviour of typical continuous-mode inverse Class F PAs. Additionally, 

we demonstrate that input nonlinearity influences the drain current waveforms, consequently, the 

load design space. Following the analysis and load pull validation, a wideband PA is designed and 

implemented covering 0.8-1.4 GHz with small signal gain more than 12 dB, efficiency over 75%, 

and output power more than 38 dBm at constant 3 dB gain compression. 

The remainder of this work is organized as follows. In Section 4.2, the generalized theory 

of inverse Class F PA and its continuous mode of operation with input and output nonlinearity is 

presented. The load pull validation of the theory is presented in Section 4.2.1. In Section 4.3, PA 

implementation and measurement results are reported. 
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variation of drain efficiency and output power in a continuous-mode of operation is shown in Fig. 

4.9. Similar to inverse Class F PA, the efficiency performance remains almost constant with input 

nonlinearity compared to a Class B PA. Such behaviour allows second harmonic source 

termination other than a short circuit while maintains the PA efficiency performance. 

4.2.3 Impact of Dynamic Knee Voltage in Continuous Inverse Class F Operation 

So far, the analyses are carried out considering constant knee voltage. In reality, the device 

knee voltage shows a dynamic behaviour [64] with maximum device drain current. Thus, the knee 

voltage changes and demonstrate a dynamic behavior during the continuous inverse Class F 

operation due to current peaking [63]. The device knee voltage can be represented as 

where, ids,cont(max) is the maximum drain current and RON is the ON resistance of the device which 

is mainly dependent on the mobility of the charge carriers and considered to be constant. Since the 

effective knee voltage of the device is increased due to current peaking of continuous inverse Class 

F operation, the efficiency is degraded, which is quantitatively estimated and validated with load 

pull measurements in [63]. However, to get a complete understanding of continuous inverse Class 

 
(a)  

(b) 
Fig. 4.10 (a) Variation of efficiency and efficiency degradation factor (EDF) without input nonlinearity, and (b) 
Variation of EDFmax with input nonlinearity in continuous mode inverse Class F operation. 
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characteristics which enhances measurement accuracy. The VLP measurement setup is shown in 

Fig. 4.11. The setup mainly consists of a load tuner MPT 1808, a source tuner MPT Lite 1808 and 

a phase reference unit Mesuro PR-50 from Focus Microwaves Group, VNA ZVA67 and its 

extension unit ZVAX-TRM40 from Rohde & Schwarz, a spectrum analyzer MS2840A from  

Anritsu, and DC power supplies E3634A from Agilent. The load tuner can tune the fundamental 

(Z1L), second (Z2L) and third (Z3L) harmonic loads from 0.8 GHz to 18 GHz. The source tuner 

does the same for fundamental (Z1S) and second (Z2S) harmonic source impedances. To 

communicate, control and for synchronized measurements, Focus Device Characterization Suite 

(FDCS) [65] software is used. The setup mainly consists of two calibration steps. Firstly, tuner 

calibration and then wave calibration. The tuners are calibrated with the FDCS software using 

VNA ZVA67. For wave calibration, Mesuro calibration software is used along with the Mesuro 

phase reference unit PR-50 and a power meter NRP2 with power sensor NRP Z57 from Rohde & 

Schwarz. For wave measurements, both wave power and phase calibration are performed by 

Mesuro calibration software for A1, B1, A2, B2 as shown in Fig. 4.11 and utilized in the FDCS 

wave load-pull measurement software. 

For inverse Class F PA, device compression level plays a vital role in performance metrics number. 

Thus, an inverse Class F PA is most often evaluated at constant compression level ensured by 

power sweep measurement at every load point. If continuous wave power sweeps are performed 

in such repetitive fashion for load pull measurements, GaN device performance are degraded due 

to thermal effect. To alleviate device heating and to avoid temperature effect, a pulsed wave load-

pull measurement system is facilitated with a pulse modulator comes with the ZVAX-TRM40 

extension unit. Such pulsed VLP measurement ensures accurate and repeatable measurements in 

a quasi-isothermal environment. 
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4.3.2 Load Pull Measurements and Validation 

To validate the theoretical framework presented in the previous section, pulsed VLP 

measurements are performed with a Cree GaN device, CG2H40010F, at 1 GHz. However, to 

perform accurate load pull measurements and to probe intrinsic parameters, package and device 

parasitics, especially the drain to source capacitance (CDS) is needed to be extracted accurately. 

To do so, efficiency minima phenomenon presented in [43], [66] is utilized. Thus, the device  

 
(a) 

 
(b) 

Fig. 4.12 (a) Device parasitic network, and (b) fundamental load pull at the current generator plane with inverse 
Class F termination. 
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4.4 PA Design and Measurement Results 

The theoretical framework and the validation with VLP measurements presented in the previous 

sections open a new design space for high-efficiency continuous inverse Class F PAs exploiting 

input nonlinearity by second harmonic source terminations other than the short. The PA design 

steps with input non-linearity remains same as a traditional continuous inverse Class F but with an 

additional harmonic source pull to select flexible clockwise Z2S terminations. This eliminates the 

complexities in realizing fixed short termination for broadband operation. To deploy the presented 

theoretical analyses, a broadband PA is designed with a Cree CG2H40010F GaN HEMT device. 

The fabricated prototype is shown in Fig. 4.15(a).  The PA is designed for the operating frequency 

of 0.8-1.4 GHz. The intrinsic trajectories of the source and load MN are shown in Fig. 4.15(b) and 

Fig. 4.15(c), respectively. The second harmonic source terminations are placed in the optimum  

 
(a) 

Fundamental

2nd Harmonics

 
(b) 

Fundamental

2nd Harmonics

3rd Harmonics

 
(c) 

Fig. 4.15 (a) Fabricated PA prototype, (b) intrinsic trajectory of the source MN, (c) intrinsic trajectory of the load 
MN. 
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regions as shown in Fig. 4.13(a-c) instead of a fixed short circuit. This not only helps to maintain 

efficiency performance of a continuous inverse Class F PA under input-output nonlinearity and 

dynamic knee voltage characteristics, also reduces complexities in input MN design. A fixed 

second harmonic short circuit condition is no more needed. 

The setup for the PA measurement is shown in Fig. 4.16(a). The same setup is used for 

both continuous and modulated signal measurements. The setup consists of a driver, isolator, a 

signal generator MXG N5182A from Agilent Technologies to generate the both continuous and 

modulated input excitation, a vector signal analyzer 89600 VSA along with Infiniium MS09404A  

Spectrum 
Analyzer

DC Supply

PA

DriverMXG

Mixed Signal 
Oscilloscope

PC

Isolator

 
(a) 

Gain

Pout

DE

 
(b) 

 
(c) 

 
(d) 

Fig. 4.16 (a) PA measurement setup for CW and modulated signals, (b) measured power sweep over the band of 
operation, (c) measured and simulated efficiency at constant 3 dB gain compression, and (d) measured and 
simulated output power at constant 3 dB gain compression. 
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Mixed Signal Oscilloscope to record time domain response, and a spectrum analyzer Agilent 

E4405B which is used to capture continuous wave (CW) response of the PA. For accurate and 

repeatable measurements, an in-house automated CW measurement software is used. 

 The CW measurements are performed from 0.6-1.55 GHz. The transistor is biased in deep 

Class AB with VDS = 28 V and quiescent current of IDS = 20 mA. The power sweep results at 

different frequency points are shown in Fig. 4.16(b). The power added efficiency (PAE), drain 

efficiency (DE), and output power at constant 3 dB gain compression level are shown in Fig. 

4.16(c) and Fig. 4.16(d), respectively, along with the simulated results. From the measurement 

results, it can be seen that PAE and DE are achieved more than 73% and 75%, respectively, over 

the frequency range 0.8-1.4 GHz. The feasible bandwidth of the PA with 70% DE is 0.75-1.45 

GHz, which provides 64% fractional bandwidth. The measured output power of the PA is achieved 

more than 38 dBm over the band of operation. The performances of this work are summarized in 

Table 4.1 along with the state-of-the-art continuous-mode PA designs. 

 

Fig. 4.17 Spectrum of the input, output and linearized response of the PA. 
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To assess the linearity performance of the PA, modulated signal measurements are 

performed with a 20 MHz, four carrier WCDMA signal centered at 1 GHz with a sampling rate of 

92.16 MHz and with a peak to average power ratio (PAPR) of 11.25 dB. The input and output 

spectrum of the PA is shown in Fig. 4.17. The adjacent channel power ratio (ACPR) of the output 

spectrum of the PA is about -27.3 dBc and -28.1 dBc for the upper and lower adjacent channels, 

respectively. The output of the PA is modeled and linearized by digital predistortion (DPD) with 

a memory polynomial model having nonlinearity order of 7 and memory depth of 5. The linearized 

output spectrum is shown in Fig. 4.17. The ACPR of the linearized output spectrum is found to be 

-52.2 dBc and -52.4 dBc for the upper and lower adjacent channels, respectively. 

Table 4.1 Performance comparison with the state-of-the-art high efficiency continuous-mode PAs 

Ref F (GHz) FB 
(%) Pout (dBm) DE (%) Class Year 

[37] 1.4-2.6 60 39.5-40.6 60-70 J 2009 

[51] 1.45-2.45 51 40.4-42.3 70-81 CCF 2012 

[57] 0.70-1.25 56 39-42 75-85 CCF 2013 

[55] 0.50-0.90 57 40-41 75-84 2HT 2016 
[59] 1.3-2.4 59 40.1-41.2 63-72 J 2017 
[60] 0.5-0.95 62 38-40 73-79 ECCF-1 2017 
[61] 0.5-2.3 128 39.2-41.2 60-81 ECCF 2018 
[33] 1.24-2.42 64 37-39.9 70-86 X 2018 

This Work 0.8-1.4 55 38-42.3 75-93 ICCF-1 2019 

F: frequency, FB: fractional bandwidth, Pout: output power, DE: drain efficiency, CCF: continuous class F, 2HT: 
second harmonic tuned, ECCF: Extended continuous Class F, ECCF-1: Extended continuous inverse Class F, ICCF-1: 
Input controlled continuous inverse Class F. 

4.5 Conclusions 

This work presents a comprehensive analysis under the presence of input-output non-

linearity and dynamic knee behavior of a practical FET device of a broadband inverse Class F PA 

design. Theoretical analysis shows new second harmonic source design space for continuous 

inverse Class F PA by exploiting input nonlinearity. This work introduces a flexible source 
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harmonic termination for broadband PA operation compared to a fixed short circuit termination in 

traditional continuous inverse Class F PAs. Thus, the proposed PA design space reduces input MN 

design complexities for broadband operation. The theoretical analyses are validated with VLP 

measurements and the application is demonstrated with a broadband PA design exhibiting high 

efficiency over a wide frequency range. 
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Chapter 5 Modeling of Input Nonlinearity and 
Waveform Engineered High Efficiency 
Class-F Power Amplifiers  

A comprehensive time-domain modeling and a generalized design methodology for input and output 
waveform engineered Class-F power amplifiers (PAs) are presented in this paper. A closed-form relationship 
between input nonlinearity and second harmonic source impedance (Z2S) termination is presented from which 
efficiency and output power performance are predicted for Class-F PAs. The maximum, minimum, and safe 
Z2S design space for a Class-F PA are identified. Moreover, the derived design equations show that the typical 
fundamental load of a Class-F PA operation must be re-engineered in the presence of input nonlinearity to 
achieve optimum efficiency performance. The theoretical analyses are first validated with pulsed vector load-
pull measurements (VLP) with a Gallium Nitride (GaN) 2 mm device. Then, high-power (210 W) GaN 24 mm 
devices with in-package Z2S terminations are implemented. Measurement results with the new source and load 
design space show efficiency improvement of 4.4% compared to the nominal Class-F PA.3 

5.1 Introduction 

The quest for high-efficiency power amplifier (PA) design is long-run. To enhance the PA 

efficiency performance, typically, harmonic drain voltage and/or current are manipulated which 

are examined as early as in 1920s [67]. Since then the output load networks are explored 

extensively from the tuned load (TL- all load harmonics are short-circuited) to bi-harmonic, poly-

harmonic or in general to harmonic tuned (HT) ones [8]. In the HT PAs [16], [48], [17], [26], [29], 

[49], [66], [68], [69], efficiency is improved by harmonic load terminations which minimizes the 

overlapping between voltage and current waveforms. Although specific load harmonic termination 

increases the design complexity of PA load networks, they significantly enhance the PA efficiency 

performance compared to the TL ones [19]. That being said, a PA load network with inappropriate 

harmonic terminations could severely affect PA performance [43], [66]. Apart from load, source 

harmonics also play a vital role in PA efficiency performance. As such, it is important to model 

 

3 This work is accepted in Transactions on Microwave Theory and Techniques (TMTT), 2020 (ID: TMTT-2020-03-
0298.R1). 
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Besides, the analyses show that a distinct design strategy for Class-F HT PAs is required 

in the presence of input nonlinearities. We demonstrate that, due to the current waveform shaping 

by the input nonlinearity, the fundamental load termination must be readjusted in order to recover 

and maintain optimum Class-F PA performance. Thus, input nonlinearity is exploited to leverage 

the combined benefits of input-output harmonic manipulation and to develop a high-efficiency 

Class-F PA. 

The rest of the paper is organized as follows. In Section 5.2, the input nonlinearity is 

modeled in relation to second harmonic source terminations. The generalized theory of input-

 

 
 

Fig. 5.1 Characterization, modeling, and functional block diagram of a Class F PA with input-output waveform 
engineering. 
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output harmonic tuned Class-F PA performance is presented in Section 5.3. The practical 

validations of the theoretical analysis are discussed in Section 5.4. 

5.2 Input Nonlinearity and Source Terminations 

The input nonlinearity of an active device is a result of the nonlinear gate to source capacitance 

(CGS) profile with respect to the gate voltage (vGS). Such nonlinearity shapes the input voltage 

waveform depending on the source termination as depicted in Fig. 5.1 and impacts the PA 

performance significantly [42]. To analyze the nonlinear CGS versus vGS profile and its impact, a 

simplified input circuit is considered as shown in Fig. 5.2(a). The total input gate-source 

capacitance (CGST) and conductance (GGST) are defined by the Miller theorem [71] as 

where CGD and GGD are the gate-drain capacitance and conductance, respectively, and -Av is the 

voltage gain of the device. Although GGST is comparatively small, it is still considered for sake of 

completeness of the analysis. The nonlinear gate-source capacitance and conductance profile of a 

Z1S

ZnS+
-

vIN

vGS

GGST CGST

VGS

DC Cap

 
(a) 

VP

 
(b) 

VP

 
(c) 

Fig. 5.2 (a) Simplified nonlinear gate equivalent circuit with source harmonic terminations, (b) normalized gate-
source capacitance profile with vGS, and (c) normalized gate-source conductance profile with vGS of a typical 
GaN device. 
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GaN device with gate-source voltage are shown in Fig. 5.2(b) and Fig. 5.2(c), respectively. It can 

be observed that the onset of CGST and GGST nonlinearity is due to vGS swings higher than the device  

pinch-off voltage (VP) when charge inversion mechanism starts over. This implies that the input 

nonlinearity is also triggered way before the saturation point of the PA and can influence both the 

small and large signal PA behavior. 

A polynomial model is considered to represent the nonlinear profile of the CGST and GGST 

as 

where C0, C1, C2, Cn and G0, G1, G2, Gn are the polynomial coefficients for capacitance and 

conductance, respectively. The polynomial coefficients are evaluated by curve fitting method. The 

second and fourth order fits are illustrated in Fig. 5.2(b) and Fig. 5.2(c).  It is worth noting here 

that, although, fourth or higher order fits or a tan-hyperbolic function would predict closer 

nonlinear behavior, second order polynomials are considered in this analysis for simplicity without 

much compromise to the generality and accuracy of the end results. Due to such nonlinear profile 

and based on the source termination, the intrinsic gate voltage (vGS) is distorted from the input 

sinusoidal voltage (VIN). With second harmonic input non-linearity, the gate voltage waveform can 

be expressed as 
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is not always real; rather, it can be complex and differed from the typical Class-F optimum load 

impedance which is purely resistive. This is due to the current waveform shaping by the input 

nonlinearity. These variations suggest that the fundamental impedance termination must be 

readjusted with input nonlinearity so that optimum Class-F PA performance is achieved. The 

reconstructed current waveforms with the Fourier components are illustrated in Fig. 5.6(b). It can 

be seen that the conduction angle of the drain current is reduced at the maximum efficiency point 

and increased at the minimum efficiency point as expected compared to the short one. To keep the 

drain voltage as square shaped as shown in Fig. 5.6(b), the optimum fundamental load terminations 

 
(a) 

 
(b) 

 
(c) 

Fig. 5.6  Class-F: (a) variation of optimum fundamental load terminations for different Z2S terminations, (b) drain 
voltage and current waveforms, and (c) load lines for the Z2S terminations at short, minimum efficiency, and 
maximum efficiency. The drain voltage and drain current are normalized to VDD and Imax, respectively. 
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have been adjusted. The corresponding load lines are illustrated in Fig. 5.6(c). It is worth noting 

that the load line excursion at the minimum efficiency point hits the higher stress area of the device 

which affects device lifetime and compromises device reliability. 

 

5.4 Load Pull Measurements and Practical Validation 

In this work, vector load pull (VLP) measurements are performed to validate the theoretical 

analyses presented. A VLP setup and measurement provide useful information about device input 

characteristics which enhances measurement accuracy. The vector network analyzer (VNA) based 

VLP measurement setup is shown in Fig. 5.1. The setup consists of a load tuner MPT 1808, a 

source tuner MPT Lite 1808 and a phase reference unit Mesuro PR-50 from Focus Microwaves 

Group, VNA ZVA67 and its extension unit ZVAX-TRM40 from Rohde & Schwarz, a spectrum 

analyzer MS2840A from Anritsu, and DC power supplies E3634A from Agilent. The load tuner 

can tune the fundamental (Z1L), second (Z2L) and third (Z3L) harmonic loads from 0.8 GHz to 

18 GHz. The source tuner does the same for fundamental (Z1S) and second (Z2S) harmonic source 

impedances. To communicate, control and for synchronized measurements, Focus Device 

Characterization Suite (FDCS) [65] software is used. The setup mainly consists of two calibration 

steps. Firstly, tuner calibration and then wave calibration. The tuners are calibrated with the FDCS 

software using VNA ZVA67. For wave calibration, Mesuro calibration software is used along with 

the Mesuro phase reference unit PR-50 and a power meter NRP2 with power sensor NRP Z57 

from Rohde & Schwarz. For wave measurements, both wave power and phase calibration are 

performed by Mesuro calibration software. 
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mode of operation at 2.2 GHz. The entire packaged GaN device with IPDs was modelled in a full 

wave electromagnetic simulator accounting for bond wires and package parasitics to allow for the  

determination of the source harmonic termination. Fig. 5.9(b) shows the resulting source 

impedance for three cases of interest: short circuit (A-typical Class-F), maximum drain efficiency 

(B), and minimum drain efficiency (C). Three GaN 24 mm devices are implemented for these three 

Z2S terminations. The output pre-match IPD was designed to keep the output second harmonic 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 5.10  Efficiency and output power contours of the GaN 24 mm device for different Z2S terminations: (a, d) 
short, (b, e) maximum efficiency, and (c, f) minimum efficiency. 
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favourable as well as the adverse regions for second harmonic source terminations are identified. 

The analyses are first validated with VLP measurements using a low power GaN 2 mm device. 

Further, a high power GaN 24 mm PA with in-package second harmonic source terminations are 

implemented as a proof of concept operating at 2.2 GHz. An efficiency improvement of 4.4% is 

measured by exploiting optimum second harmonic source and load terminations. 
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Chapter 6 Input Harmonic Controlled Broadband 
Continuous Class-F Power Amplifiers for 
Sub-6 GHz 5G Applications 

A comprehensive analysis is presented for investigating the effects of input nonlinearity on 
performance and broadband design of continuous mode class-F power amplifiers (PAs). New time-domain 
waveforms are derived considering input and output harmonic terminations for continuous mode class-F 
operation. The derived design equations show that the typical fundamental load design space of a continuous 
class-F PA must be re-engineered in presence of second harmonic input nonlinearity to a new design space in 
order to achieve optimum class-F PA performance versus varying second harmonic load impedance. For the 
practical validation, the impacts of input nonlinearity on the performance of continuous-mode class-F PAs are 
first confirmed with pulsed vector load pull (VLP) measurements on a low power GaN 2 mm device. Second, a 
broadband high power GaN 24 mm part is designed following the proposed theory with in-package input 
second harmonic terminations targeting 1.75-2.3 GHz frequency band for sub-6 GHz 5G high-power 
applications. Efficiency higher than 65% with peak power more than 53.2 dBm was maintained over the target 
frequency band, with excellent flatness. Third, a Doherty PA is implemented based on the designed GaN 24 
mm part to evaluate the broadband performance with modulated stimuli. Using a multi-carrier signal having 
an instantaneous bandwidth of 395 MHz, the average drain efficiency of the Doherty PA at 8 dB output back-
off is higher than 44% and the linearized adjacent channel power ratio (ACPR) is better than -52 dBc.4 

6.1 Introduction 

Power amplifiers (PAs) play a crucial role in overall radio frequency (RF) front-end system 

efficiency performance. Being the most power-hungry device in the system, high efficiency PA 

not only reduces the power consumption, also lowers the cooling system requirements. 

Consequently, the pursuit of high efficiency PAs and their design techniques has been ongoing. 

The fundamental understanding of high efficiency PA design techniques can be trailed down to 

the 1920s [67] and in this century long journey, not only the power devices have been evolved 

from vacuum tube to high power density solid state ones, output load networks are also explored 

extensively from tuned load (TL) to bi-harmonic, poly-harmonic or in general to harmonic tuned 

(HT) ones [8].  

 

4 This work is published in Transactions on Microwave Theory and Techniques (TMTT), 2020 [70]. 


































































































































































