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Main challenges in PA design 

2 

• Challenge 1: efficiency drops as 
output power drops 

• Challenge 2: efficient PAs are 
nonlinear 

• Challenge 3: load can vary 
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Outline 

• Overview of approaches for improving efficiency at 
power back-off 

• Supply modulation 
• GaN PA design (10GHz carrier) 
• Supply modulator (100MHz switching) 
• Integration and modeling 

• Outphasing 
• Quasi-MMIC isolated and non-isolated 
• Measurements of load modulation internal to the PA 
• Outphasing with supply modulation 

• Discussion and some other challenges 
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Transmitter architectures  
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Need second amplifier of 
some sort, complexity 
increases 

 Is the added complexity 
worth it?  

• Doherty PAs 
– Main and peaking 

RFPAs 
– Digital drive 
– Combined with supply 

modulation 
• Supply modulation (ET…) 

– Various methods 
– One RFPA, lower 

frequency PA, dc-dc 
converter(s) 

• Outphasing (LINC, 
Chireix) 
– Two saturated RFPAs 
– Digital pre-processing 
– Combined with supply 

modulation 
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Doherty PAs 
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• Limitations: broadband signals; efficiency in back-off limited (class AB-B) 
• Non-ideal peaking amplifier current turn-on characteristics 
• Needs linearization although carrier PA is in principal linear 
• Currently ~60% peak, 40% average for WCDMA and LTE, 2GHz 

From B. Kim et al, 2010 
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Outphasing (LINC) PAs 
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• Amplitude modulation converted to additional phase modulation 
• High-efficiency PAs driven with constant envelope 
• Combiner reconstructs envelope through vector addition 
• Combiner can be isolated or non-isolated 
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Supply Modulation (ET) 
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• Various names used in the 
literature: EER, ET, polar, 
PDM, WBET, HQPM, HEER, 
DDVB… 

• PAs designed as AB, E, F, F-
1, C, J… 

Need: 
- Efficient RFPA 
- Efficient supply 

modulator 
- Linearization  
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PAs with Supply Modulation 
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Challenges: 
• High-efficiency PA design over large range of drain bias 
• High-efficiency envelope-bandwidth supply modulator design 
• Dynamic loading between PA and supply modulator  
• Various forms of distortion 
Benefit: heat distributed between PA and SM 
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High-efficiency PA design  

• Transistor power dissipation dominates 
– Reduced conduction angle 
– Avoids vds-ids overlap, power dissipation 

• Waveform shaping (e.g. class F) 
– Voltage squaring, current peaking 
– 2nd harmonic short allows 2fo current  
– 3rd harmonic open allows 3fo voltage 

Ideal class-B drain waveforms 

Ideal class F drain waveforms with only 3 harmonics 

Ideal class-A drain waveforms 

“virtual drain” 
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Effects of 2nd and 3rd harmonic 
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Consistent small-signal gain 
contours indicate that correct 
S-parameters were correctly 
de-embedded from load pull 
data after each cut.   

2nd harmonic and 2nd/3rd harmonic load pull for the TGF2023-
10 GaN HEMT in chip/wire configuration biased at 28V drain 

voltage and with 300mA quiescent current. 

2nd Harmonic 2nd/3rd Harmonic 

Output Power 31.6W 31.6W 

Drain Efficiency 77% 85% 

Power Consumed 41.0W 37.2W 

Power Dissipated 9.4W 5.6W 
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Outline 

• Overview of approaches for improving efficiency at 
power back-off 

• Supply modulation 
• GaN PA design (10GHz carrier) 
• Supply modulator (100MHz switching) 
• Integration and modeling 

• Outphasing 
• Quasi-MMIC isolated and non-isolated 
• Measurements of load modulation internal to the PA 
• Outphasing with supply modulation 

• Discussion and some other challenges 
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Supply-Modulated Transmitters 
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