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A Study on Performance Improvement of GaN HEMT RF Power 

Amplifier Based on Electrothermal Co-Simulation Technique 

 

Abstract 

 

Gallium nitride (GaN) high-electron-mobility transistors (HEMTs) are used in various 

power amplifiers (PA) operating at radio frequency (RF). A self-heating effect in GaN 

HEMTs causes a transient variation of the electrical characteristics, which degrades the 

reliability of the PA circuit design. In this thesis, a methodology for designing accurate GaN 

HEMT PA circuits based on an electrothermal co-simulation technique is reported. As 

examples, this method was applied to a high-switching-speed power supply and an 

envelope-tracking PA design. 

In chapter 1, the background to this thesis is explained. The above-mentioned thermal 

effect affects the MHz-order temperature variation. Then, this thesis addresses the issue of 

building the electrothermal co-simulation environment for high-speed operation of MHz 

order. A basic flow diagram of the electrothermal co-simulation in previous works is 

referred. The novel points in this thesis are summarized as an increase in the accuracy of 

the electric model, simulation-model constructions for actual operation conditions, and the 

establishment of RF data extraction methods from the simulation results to estimate PA 

performances. 

In chapter 2, a switch-mode PA for a high-switching-speed power supply is analyzed. 

The switching loss in a very short time generates most of the heat in the PA and increases 

under higher-frequency operation. Thus, the accuracy of the electrothermal co-simulation 

must be improved. For this purpose, parameters of an Angelov large-signal transistor model 



 

 

including its temperature dependence were precisely extracted to emulate GaN HEMT 

behavior. The simulation results for a half-bridge inverter including the switch-mode PA 

showed a significant operation characteristic that cannot be estimated from an 

approximated mathematical analysis at MHz-order modulation frequencies. 

In chapter 3, a PA with dynamic drain voltage biasing for wireless high-speed 

communication systems is analyzed. Before the simulation, a theoretical analysis 

considering the temperature variation of the amplitude modulation (AM) AM and AM

phase modulation (PM) characteristics was carried out. From the results, it was predicted 

that the AM AM and AM PM hystereses during the rise and fall periods of the RF signal 

envelope were induced by the thermal effect. It was confirmed that the AM AM and AM

PM hystereses were precisely emulated by the electrothermal co-simulation. 

In chapter 4, a fabricated GaN HEMT PA is measured for AM signals. From the 

measured results, the accuracy of the GaN HEMT model was verified and the predicted 

AM PM hysteresis was observed. Consequently, it was confirmed that the proposed 

methodology based on the electrothermal co-simulation can be applied to various PA 

analyses related to transient thermal effects. 

In chapter 5, the conclusion and issues to be addressed in the future are described. 
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1.1. ─  

1.1.1. ◦Ⱶꜙ꜠כ◦ꜛfi─  

1980 ─ ─☻ⱦכ◘ ♃כ♦ │ ⅎ ↑≡⅔╡

↓↓ 10 ⌐⅔↑╢☻ⱴכ♩ⱨ◊fi─ ⌂ ⌐╟╡↕╠⌐∕─ │ ╕

∫≡™╢[1]⁹↓╣⌐ ∆╢√╘ ╛ LAN Local Area Network ⌂

≥─ ◦☻♥ⱶ│ ─ ≤ ─ ╩ ∫≡⅝√⁹

ⅎ┌ ─ │ ▪♫꜡◓ ─ 1 ⅛╠ ╕∫√ ⌐♦

☺♃ꜟ ⌐ ╦╡ LTE-Advanced Long Term Evolution-Advanced ≤ ┌

╣╢ 4 ╕≢ ↕╣ ≢│ 5 ╩ ∆╢ ╛ ⌐≈™

≡ ↕╣≡™╢⁹╕√ LAN ⌐⅔™≡╙ IEEE Institute of Electrical and 

Electronics Engineers802.11a / b / g / 11n / 11c / 11ac≤™∫√ ₁⌂ ⅜

↕╣≡⅝√⁹ ≤ LAN ─™∏╣⌐⅔™≡╙ ⌐ ╦╣≡™╢

│ OFDM Orthogonal Frequency Division 

Multiplexing ≢№╡ ∕─ ⌂ │ 20 MHz≢№╢⁹ ⅛╠

╠╣╢ ╩ ≢ ⌐ ∆╢√╘⌐│ ─ ™ ╩ ∆╢

⅜№╢⁹ ⅜ ⇔√ │ ─ ⅜ ∆╢∞↑≢⌂ↄ 20 MHz

─ ⌐ ∆╢♅ꜗⱠꜟ⌐╙ ⅜ ╣≡ ACLR ♅ꜗⱠꜟ

Adjacent Channel Leakage Ratio ⅜ ⇔ ─♅ꜗⱠꜟ─

⌐╙ ╩ ⅎ╢↓≤⌐⌂╢⁹ ♃כ♦ ─ ─√╘⌐ OFDM ─

╛ ─ ⌐ ∆╢ ⅜ ⇔ↄ⌂∫≡™ↄ↓≤ ─ ─ ⅛╠

ACLR╩ ⅝ↄ∆╢ ⅜№╢↓≤⅛╠ ─ │ ≢№╢⁹

─ ─ │ ⌐ ╩ ∆╢ RF Radio Frequency Ɽ꞉

⅜fiⱪ▪כ ≢№╢─≢ RFⱤ꞉כ▪fiⱪ─ ╩ ⌐ ⇔≡ ∆
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╢↓≤⅜ ╘╠╣╢⁹ 

OFDM ⌐⅔™≡│  1-1(a)─╟℮⌐ RF ─ ≢№╢◄fiⱬ꜡כ

ⱪ⅜ ⅝ↄ ∆╢⁹ ⅎ┌ ─ ⅛╠─ ─ PAPR

≤ ─ Peak to Average Power Ratio │ 7dB≢№╢⁹↓╣│

╛ ─ ╩ ∆╢ RFⱤ꞉כ▪fiⱪ─ ⅜ ─◄

fiⱬ꜡כⱪ⌐ ∂≡ ∆╢↓≤╩ ⇔≡™╢⁹ 

 

 

 1-1 RFⱤ꞉כ▪fiⱪ 

Fig. 1-1 RF power amplifier for high-speed wireless communication systems. (a) Envelope 

variation of RF signal. (b) Power efficiency of RF power amplifier with class AB biasing. 

 

RFⱤ꞉כ▪fiⱪ─ │  1-1(b)─╟℮⌐ ⌐ ∂≡ ⌂╢─≢[2]

⅜ ⌐ ∆╢↓≤≤⌂╡ ─ │ RFⱤ꞉כ▪fiⱪ─

⌐≈⌂⅜╢⁹RFⱤ꞉כ▪fiⱪ⌐ ╦╣≡™╢ RF ─ ♦Ᵽ▬☻│

⌐╟∫≡ ⌂≥─ RF ⅜ ╦╡ ─ ⌐ ∆╢

╙ ∆╢⁹⇔√⅜∫≡ RFⱤ꞉כ▪fiⱪ─ ╩ ⌐ ∆╢⌐│

╩ ∆╢ ⅜№╢⁹╕√ │ ♦Ᵽ▬☻─ ⅛╠ ╕╢
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╩ ∫≡⅔╡ RF─◄fiⱬ꜡כⱪ─ ≤│ ⇔⌂™⁹∕─√╘

⌐ RFⱤ꞉כ▪fiⱪ─ ⌐│ⱥ☻♥ꜞ◦☻⅜ ∆╢⁹↓─ⱥ☻♥ꜞ◦☻│

ⱷ⸗ꜞכ ≤ ┌╣ RFⱤ꞉כ▪fiⱪ─ ⌐ ╩ ⅎ╢[3]⁹∆⌂╦∟

╩ ⇔√ RFⱤ꞉כ▪fiⱪ─ ─√╘⌐│ ≤ ╩ ⇔

√◦Ⱶꜙ꜠כ◦ꜛfi⅜ ≢№╢⁹∕─ ⌐⅔™≡│ ╩

⇔≡ MHz─ ⌐ ∆╢↓≤⅜ ≢№╢⁹ 

 

1.1.2. GaN♦Ᵽ▬☻ 

RFⱤ꞉כ▪fiⱪ─ ♦Ᵽ▬☻≤⇔≡│ Si ◦ꜞ◖fi Silicon ≤

⅜ ╦╣≡™╢[4]⁹ ─ ─╟℮⌐ ⌐ ⅜ ⅝™

⌐│ 2GHz ≢ Si LDMOS MOS Laterally Diffused Metal 

Oxide Semiconductor  FET ♩ꜝfi☺☻♃ Field Effect Transistor [5]

∕╣ ─ ≢│GaN ●ꜞ►ⱶ Gallium Nitride HEMT 

♩ꜝfi☺☻♃ High Electron Mobility Transistor⅜ ╦╣╢↓≤⅜ ™⁹╕√

⅜ ™ ≢│ SiGe ◦ꜞ◖fi◕ꜟⱴ♬►ⱶ Silicon Germanium  

HBT Ⱬ♥꜡ Ᵽ▬ⱳכꜝ♩ꜝfi☺☻♃ Heterojunction Bipolar Transistor ╛

GaAs ●ꜞ►ⱶ Gallium Arsenide FET⅜ ╦╣╢⁹ ≢│ ♦

Ᵽ▬☻≤⇔≡ GaN HEMT╩ ⇔√⁹∕─ │ ⅛╠ ⌐ ↑≡─

♃כ♦ ─ ⅜ ╟╡╙ ™─≢ ╟╡╙ ⅜ ↕╣╢↓≤

╕√ ™ ≤™℮ GaN HEMT─ ╩ ⅛⇔≡ 2GHz ─ ≢╙

╦╣≡™╢ ─№╢↓≤[6] ↕╠⌐ 5 ─ ≢│ ╟╡╙ ™

⅜ ╦╣╢ ⅜№╢↓≤⅛╠ GaN HEMT⅜ ╦╣╢ ⅜ ⅎ╢≤

∆╢√╘≢№╢⁹ 

↕╠⌐ ─ ♪כ⸗♅♇▬☻─ RFⱤ꞉כ▪fiⱪ≢╙ GaN♦Ᵽ▬☻─
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⅜ ↕╣≡™╢[7]⁹☻▬♇♅fi◓ ─♦Ᵽ▬☻≤⇔≡│ Si ─♦Ᵽ▬

☻⅜ ↄ ™╠╣≡⅔╡ │ GaN╛ SiC ◔▬ Silicon Carbide ╩

≤∆╢ ⇔™♦Ᵽ▬☻⅜ ↕╣≡™╢[8]⁹GaN♦Ᵽ▬☻╩ ™╢≤ Si

♦Ᵽ▬☻≤ ═≡☻▬♇♅fi◓ ╩ ↄ∆╢↓≤⅜≢⅝[9] ⅜MHz

≢כ♄כ○ ∆╢╟℮⌂ ╩ ™ ≢ ≢⅝╢⁹↓╣│

ⅎ┌ ─ ╩ ∆╢ ╛

⌐ ↕╣╢[10], [11]⁹╕√ ™☻▬♇♅fi◓ │ ─ ⌐

≈⌂⅜╡ │ ⌐≈⌂⅜╢⁹ ─√╘⌐│ ⌐ ╩

∆╢ ⅜№╡[12]ī[14] ⅜ ∆╢─≢ GaN♦Ᵽ▬☻─ │

∆╢⁹ ♦Ᵽ▬☻│ ⅜ ↄ⌂╢≤ ⅜ ⅜╢─≢ ⌐

∆╢ ⅜№╢⁹⇔⅛⇔ GaN ♦Ᵽ▬☻─☻▬♇♅fi◓ ⅜ ↄ⌂╢≤

○fi ⌐╟╢ ─ ⅜ ⅎ≡ ─ ⅜ ⌐⌂╢⁹↕╠⌐

⅜ ≢ ∆╢ ⌐│ ─ │ ⇔ↄ⌂╡ ≢ ╙

╢≤ ╛ ⌐ ⅜ ∆╢⁹ ⅜ ↄ⌂╢↓≤≢

≢⅝╢≤™℮ ╩ ⅛∆⌐│ GaN ♦Ᵽ▬☻─ ╩ ⌐ ∆╢↓≤

⅜ ≢№╢⁹∕─√╘⌐│ GaN♦Ᵽ▬☻─ ⅜ ⌐╟∫≡ ∆╢

↓≤╩ ⇔≡ ≤ ╩ ⇔≡ ℮ ⅜№╢[15], [16]⁹ ≤

─ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╡ ⌂ ╩ ≢⅝ ≤ ─

⅜ ╣╢⁹∆⌂╦∟ 1.1.1 ≢ ═√ ∞↑≢⌂ↄ

⌐⅔™≡╙ ◦Ⱶꜙ꜠כ◦ꜛfi│ ≢№╢⁹ ≢╙ GaN

♦Ᵽ▬☻≤⇔≡ GaN HEMT⅜ ↕╣≡™╢─≢ ≢│ ≤⇔≡

│ GaN HEMT╩ ♪כ⸗♅♇▬☻√™ RFⱤ꞉כ▪fiⱪ[17]╩ ≤∆╢⁹ 

─ ⅛╠ ≢│ ◦☻♥ⱶ ⅔╟┘ ─ RFⱤ꞉כ▪

fiⱪ─ ─√╘ ◦Ⱶꜙ꜠כ◦ꜛfi⌐ ╡ ╪∞⁹ 
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1.2. ─  

GaN HEMT─ RF ─ ≤ ─ ⌐ ⇔≡│ ─╟℮⌂

⅜№╢⁹GaN HEMT─ ≤ ─ ⅜ ∆╢ ≤ ─ ⅜

⇔⌂™ ─ 2 ╡⌐ ↑≡ ⅎ╢⁹ 

╕∏ GaN HEMT─ ≤ ─ ⅜ ∆╢ │ 1.1.1 ≢ ═√

◦☻♥ⱶ RFⱤ꞉כ▪fiⱪ⌐ ∆╢⁹ ⌐ ∂≡GaN HEMT─

⅜ ╦╢ ≤⇔≡ ╛ ⅜ ∆╢↓≤╛ ⱷ⸗ꜞכ ⌐╟

╡ ⅜ ∆╢↓≤─ [3], [18]⅜№╢⁹↓╣╠─ ─ ↄ│ RFⱤ

꞉כ▪fiⱪ─ ─◄fiⱬ꜡כⱪ⅜ ⇔⌂™ ⌐⅔™≡ ≤

╩ ⇔ ∕─ ⅛╠◄fiⱬ꜡כⱪ⅜ ⇔√ ╩ ⇔≡™╢⁹◄

fiⱬ꜡כⱪ╩ ↕∑⌂⅜╠ ∆╢ ⌐⅔™≡│ ⅜ kHz○כ♄כ

─ ╩ ≤⇔≡⅔╡[19] ╕√ ≢№╡ ⌂◦Ⱶꜙ꜠כ◦ꜛfi

│ ╦╣≡™⌂™⁹ 

⌐ GaN HEMT ─ ≤ ─ ⅜ ⇔⌂™ ≤⇔≡│ ♄כ꜠

─Ɽꜟ☻ ⅜№╢⁹↓─ PRF Ɽꜟ☻ ╡ ⇔ Pulse Repetition 

Frequency │ RF ⌐ ⇔≡ ™⁹ ⅎ┌ ╛♄כ꜠ ⅔⌐♄כ꜠

™≡│ PRF│ kHz≢№╢⁹Ɽꜟ☻ ▫♥כꜙ♦╛ ≤ ─

╩ ╘ GaN HEMT─ ─ ⌐ ╦╣╢[20]⁹╕√ ─♄כ꜠

⌐ ∆╢ Ɽꜟ☻ ─ ≤ ─ ⅜ ↕╣≡™╢[21]⁹RF ─

№√╡─ │ ⇔⌂™─≢ Ɽꜟ☻ ▫♥כꜙ♦≥ ⅛╠

╩ ╙╢↓≤⅜≢⅝╢⁹ 

↕╠⌐ GaN HEMT─ ≤ ─ ⅜ ⇔⌂™ ≤⇔≡ ☻▬♇♅fi

◓ ⅜№╢⁹↓─ PRF│ RF ⌐ ⇔™⁹ ◦Ⱶꜙ꜠כ
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◦ꜛfi╩ ™≡ ∟ ⅜╡╛ ∟ ⅜╡─ ⅜ ↕╣≡™╢[22]⁹⇔⅛⇔

PRF╛♦ꜙכ♥▫ ─ ⌐ ∆╢ ⌐ ∆╢ │ √╠⌂™⁹ 

─ ≢│ ◦Ⱶꜙ꜠כ◦ꜛfi⌐≈™≡│ ⅜№╢╙──

MHz ─כ♄כ○ │ ™⁹GaN HEMT ╩ ™√ RFⱤ꞉כ▪fiⱪ╩ ≤⇔

≡ ₈MHz ─כ♄כ○ ⌐⅔↑╢ ≤ ─ ◦Ⱶꜙ꜠כ◦ꜛfi ╩

∆╢↓≤₉⅜ ≢№╢↓≤⅜ ⅛╢⁹ 

⌐⅔↑╢ ◦Ⱶꜙ꜠כ◦ꜛfi│ [15], [16]≢GaN HEMT

╩ ♪כ⸗♅♇▬☻√™ RFⱤ꞉כ▪fiⱪ╩ ≤⇔≡ ╡ ╕╣≡™╢⁹

≢│ ∕─ ⌂ ╩ ∆╢⁹ [15]─ │ ─ ╡≢№╢⁹ 

 1-2│ ◦Ⱶꜙ꜠כ◦ꜛfi─ ╣╩ ∆ ≢№╢⁹ ◦Ⱶꜙ

♃כ꜠ ⌐ RFⱤ꞉כ▪fiⱪ─ ╩ ⇔ ╛ ⌂≥

─ ╩ ⇔≡ ╛ ╩ ∆╢⁹ ⌐№╢ GaN 

HEMT─ ⸗♦ꜟ│ ╩ ≈Ɽꜝⱷכ♃╩ ╪≢™╢⁹GaN HEMT

─ │ ⸗♦ꜟ≢ ↕╣╢⁹ ─ ╩ ╘╢ ≤⇔≡│

FEM Finite Element Method ⅜№╢⁹ ╩ ─ ⅛⌂

⌐ ╡ ⌐ ╩ ╘╢ ≢№╡ ─ ⌂ ╩ ≢⅝

╢⁹⇔⅛⇔ ⌐ ⅜⅛⅛╢√╘ ⌂ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮ ⌐

│ ↕⌂™⁹∕↓≢ ⸗♦ꜟ│ ⌐╟╢ [23], [24]⌐╟∫≡

⇔≡™╢⁹↓─ │ ≤ ≢ ╩ ⇔ ╩

╩ ≤∆╢↓≤≢ ─ ≤ ⌐ ╩ ╘╢↓≤⅜≢⅝╢⁹

GaN HEMT≤Ɽ♇◔כ☺─ ⌂ ╩ ⌐⇔≡ FEM⌐╟╡ ╩

╘ ∕─ ⌐ⱨ▫♇♥▫fi◓∆╢╟℮⌐ ─Ɽꜝⱷכ♃╩ ╘≡™╢⁹

◦Ⱶꜙ꜠כ♃≤⇔≡│ Cadence ─ PSpice╩ ™ GaN HEMT─

⸗♦ꜟ│ Curtice⸗♦ꜟ╩ ™≡™╢⁹ ⸗♦ꜟ≢ ↕╣√ ╩ ⸗♦ꜟ─
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⌐ ⇔ ╩ ╡ ∆↓≤≢ ╩ ╢⁹ [15]≢│

─◦Ⱶꜙ꜠כ◦ꜛfi ⅜ ⸗♦ꜟ╩ ⇔⌂™⸗♦ꜟ≢ ⇔√ ≤ ⌂

╢↓≤⅛╠ RF ≢ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢ ⅜ ≢

№╢≤ ⇔√⁹ 

 

 

 1-2 GaN HEMT RFⱤ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠כ◦ꜛfiⱨ꜡כ 

Fig. 1-2 Electrothermal co-simulation flow of GaN HEMT RF power amplifier 

 

1.3. ─◦Ⱶꜙ꜠כ◦ꜛfi  

₈MHz ─כ♄כ○ ⌐⅔↑╢ ≤ ─ ◦Ⱶꜙ꜠כ◦ꜛfi ╩

∆╢₉≤™℮ ⌐ ⇔≡ ≢│ ─╟℮⌐ ⌐ ╡ ╗⁹ 

⌐ 1.2 ≢ ⇔√╟℮⌐ ≤ ╩ ∆╢◦Ⱶꜙ꜠כ◦ꜛfi │

⌐│↓╣╕≢─ ╩ ╕ⅎ ≤ ─ ≢

╩ ⇔ ∕─ ╩ ◦Ⱶꜙ꜠כ♃⌐ ╖ ╗↓≤⌐╟╡

Electrical circuit of RF power amplifier

Physical model of GaNHEMT and package

Thermal model of GaNHEMT and package

(Thermal equivalent circuit)

Extracting parameters of 

thermal equivalent circuit

Power efficiency, 

Output power

Operating conditions

Electrical circuit simulator

Electrical model of GaNHEMT

(including temperature dependent parameters)
Dissipated power

(function of time)
Temperature of GaNHEMT

(function of time)
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╩ ⌐ ⇔√ ╩◦Ⱶꜙ꜠כ♃ ≢ ∆╢ ≤∆╢⁹

♪כ⸗♅♇▬☻│≢[15] RF Ɽ꞉כ▪fiⱪ╩ ⌐⇔√◦Ⱶꜙ꜠כ◦ꜛfi≢№∫

√─⌐ ⇔≡ ≢│ ₁⌂ ─ RFⱤ꞉כ▪fiⱪ ⌐ ≢⅝╢

◦Ⱶꜙ꜠כ◦ꜛfi ─ ╩ ∆⁹∕─√╘⌐│ Ɽ꞉כ▪fiⱪ─ RF

≢─ ╩ ≢⅝╢◦Ⱶꜙ꜠כ♃╩ ⇔ ∕╣⌐ ╦∑≡ ⸗♦ꜟ╩

⇔ ◦Ⱶꜙ꜠כ◦ꜛfi ─ ╩ ⇔ RFⱤ꞉כ▪fiⱪ─ ⌐

≈ ╩ ∆╢↓≤⅜ ≢№╢⁹∕╣╠⌐ ∆╢ ⌂ ⅜ ⌐

⅔↑╢◦Ⱶꜙ꜠כ◦ꜛfi ─ ⇔™ ≢№╡ ∆⌂╦∟ ⇔√ ◦Ⱶꜙ꜠

≢♃כ ™╢ ⸗♦ꜟ─ ╩ ∆╢↓≤ RFⱤ꞉כ▪fiⱪ┼

ⅎ╢ ╛ ─ ╩ ⌐ ╦∑≡◦Ⱶꜙ꜠כ♃

⌐ ╡ ╗↓≤ ◦Ⱶꜙ꜠כ◦ꜛfi≢ ╩♃כ♦√╣╠ ⇔≡

⌐ ∆╢↓≤≢№╢⁹ 

─◦Ⱶꜙ꜠כ♃≤⇔≡ NI AWR ─ RF ◦Ⱶꜙ꜠כ♃ MWO

Microwave Office ─♩ꜝfi☺▼fi♩ ╩ ™ RF ╩ ∆╢ ⌐ HB

Ɫכ⸗♬♇◒Ᵽꜝfi☻ Harmonic Balance ╩ ∆╢⁹HB │

≢─ ≢№╡ RFⱤ꞉כ▪fiⱪ─ ─ ─ ⌐ ⇔√

≢№╢⁹⇔⅛⇔ ⌐⅔↑╢☻▬♇♅fi◓ ≢─ ─╟℮⌂

╩ ∆╢⌐│ ⌐ ─ ╕≢ ╘╢ ⅜№╡ ↕⌂™⁹

♩ꜝfi☺▼fi♩ │ ─ ≢№╡ ⌐ ∆╢⁹╕√

RFⱤ꞉כ▪fiⱪ─◄fiⱬ꜡כⱪ⅜ ⌐ ∆╢ ◄fiⱬ꜡כⱪ─

⌐╙ ≢⅝╢ ⅜№╢⁹ 

⸗♦ꜟ│ [25]─ ─Ɽꜝⱷכ♃╩ ™ ⸗♦ꜟ≤⇔≡│

Angelov⸗♦ꜟ╩ ∆╢[26]⁹RF ◦Ⱶꜙ꜠כ♃ MWO≢│♦Ᵽ▬☻⸗♦ꜟ

≤⇔≡ Curtice Angelov⅜№╢⅜ Angelov⸗♦ꜟ─ Ɽꜝⱷכ♃⌐│
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⅜ ↕╣≡⅔╡ ↑─ ⸗♦ꜟ≢ ↕╣√ ╩ ⸗♦ꜟ─

⌐ ∆╢↓≤≢ ╩ ⇔√ ╩ ∆╢↓≤⅜≢⅝╢[27]⁹

⸗♦ꜟ─Ɽꜝⱷכ♃│ ♪꜠▬fi ♪꜠▬fi ─ ≤ ╩ ⌐⇔

≡ ∆╢⁹ Ɽꜝⱷכ♃─ ⌐ ⇔≡│ [15]≢│ ⇔≡™⌂⅛∫√

╩ ∆╢↓≤≢ ⸗♦ꜟ─ ─ ╩ ╢⁹ 

─ ⸗♦ꜟ≤ ⸗♦ꜟ╩ ™≡ ♪כ⸗♅♇▬☻ RFⱤ꞉כ▪fi

ⱪ≤ RFⱤ꞉כ▪fiⱪ⌐≈™≡ ◦Ⱶꜙ꜠כ◦ꜛfi╩

∆╢⁹ 

≢│ ♪כ⸗♅♇▬☻ RFⱤ꞉כ▪fiⱪ╩ ⅜MHz○כ♄כ≢

∆╢ ─ ☻▬♇♅ ⌐ ™╢ ≤∆╢⁹ │☻▬♇

♅fi◓ 100 MHz ─ⱢכⱨⱩꜞ♇☺ PWM Ɽꜟ☻ Pulse Width 

Modulation ▬fiⱣכ♃ ≢ ⇔ Ɽꜟ☻ ▫♥כꜙ♦╛ ⅜ ∆╢

⌐≈™≡◦Ⱶꜙ꜠כ◦ꜛfi╩ ∆╢⁹RFⱤ꞉כ▪fiⱪ ≤⇔≡ GaN HEMT

─ ⌐ ⇔ ≤ ─ ╩ ╠⅛⌐∆╢⁹ ≢│

⌐╟╢ ─√╘⌐ ∂╢ ─ │☻▬♇♅fi◓─

≤ ∂≤⌂╢⁹∕─√╘ RFⱤ꞉כ▪fiⱪ─ ╙☻▬♇♅fi◓ ⌐ ╦∑≡

⅝ↄ ∆╢↓≤⅜ ↕╣≡™╢⁹☻▬♇♅fi◓ ⅜ ↄ⌂╢≤

─ ≤⇔≡ ○fi≤○ⱨ⅜ ╡ ╦╢ ™ ⌐ ∆╢☻▬♇♅fi◓

─ ╘╢ ⅜ ∆⁹∕─√╘ ≢─ GaN HEMT ╩ ╟ↄ

∆╢↓≤⅜ ≢№╢⁹☻▬♇♅fi◓ ⌐╟╢ ─ ⌐≈™≡

│ ╩ ⇔≡ ∆╢↓≤⅜≢⅝⌂™⁹∕↓≢ ☻▬♇♅fi◓ ⅜

∆╢ RFⱤ꞉כ▪fiⱪ─ ⅜ GHz ─ RFⱤ꞉כ▪fiⱪ─ ≤

∂≢№╢↓≤⌐ ⇔ RFⱤ꞉כ▪fiⱪ─ HB◦Ⱶꜙ꜠כ◦ꜛfi─ ≤

≢ ⇔√ ─ ╩ ⇔≡ ⌐ ≡╢↓≤≤∆╢⁹ 
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≢│ RFⱤ꞉כ▪fiⱪ⌐ ◦Ⱶꜙ꜠כ◦ꜛfi╩

∆╢⁹RFⱤ꞉כ▪fiⱪ─ ≤⇔≡ ⌐ ⇔≡ ≤ ─

╩ ╠⅛⌐∆╢⁹ RFⱤ꞉כ▪fiⱪ│ ⅜ ⌂ↄ⌂╡ ⌂

│ ∆╢⅜ ⌐│ ─╟℮⌂ ⅜№╢⁹RFⱤ꞉כ▪fiⱪ─

≤⇔≡│ [5], [28], [29]≤ [2], [30]⅜№╢⅜

≢│ ─◄fiⱬ꜡כⱪ♩ꜝ♇◐fi◓╩ ⇔√ ─ RFⱤ꞉כ▪fiⱪ

╩ ⇔√⁹◄fiⱬ꜡כⱪ♩ꜝ♇◐fi◓│ ─♪꜠▬fi ⅜ ─

◄fiⱬ꜡כⱪ⌐ ∫≡ ∆╢ ≢№╢⁹  1-3⌐ ─ RFⱤ꞉כ▪fiⱪ≤

◄fiⱬ꜡כⱪ♩ꜝ♇◐fi◓─ ─ ™╩ ∆⁹♪꜠▬fi ⅜ ─

RFⱤ꞉כ▪fiⱪ─ │ ꜠ⱬꜟ⅜ ↕™ │ ↄ ⅝™

│ ↄ⌂╡ RFⱤ꞉כ▪fiⱪ─ ⅜ ∆╢ ≢╒╓ ─ ≤

⌂╢⁹ ◄fiⱬ꜡כⱪ♩ꜝ♇◐fi◓≢│ ≥─ ꜠ⱬꜟ≢╙ ™

╩ ≈↓≤⅜≢⅝╢⁹ ╛ ─ ─◄fiⱬ꜡כⱪ│ ⅝ↄ

∆╢─≢ RFⱤ꞉כ▪fiⱪ─ ╙ ⅝ↄ ∆╢⁹↓╣│ ◄fiⱬ꜡כ

ⱪ♩ꜝ♇◐fi◓╩ ⇔√RFⱤ꞉כ▪fiⱪ ─GaN HEMT─ ⌂

│ ─ GaN HEMT─ ⌐ ═≡ ⅝™↓≤╩ ⇔≡™╢⁹⇔√⅜∫

≡ ⱷ⸗ꜞכ ⅜ ⅝ↄ⌂╡ RFⱤ꞉כ▪fiⱪ─ ⌐ ⅎ╢ ⅜ ⅝ↄ

⌂╢⁹◦Ⱶꜙ꜠כ◦ꜛfi─ ─√╘ RFⱤ꞉כ▪fiⱪ┼ ⅎ╢ ╛

─ ╩ ◄fiⱬ꜡כⱪ♩ꜝ♇◐fi◓ ⌐ ╦∑≡ ↕∑╢

╟℮⌐◦Ⱶꜙ꜠כ♃ ╩ ⇔√⁹╕√ ╩ ∆ ≤⇔≡│

RF ⅜MHz○כ♄כ≢ ∆╢ ─ AM AM ─

Amplitude Modulationī Amplitude Modulation ≤ AM PM ─

Amplitude Modulationī Phase Modulation [31]≤⇔√⁹♩ꜝfi☺▼fi♩

≢│ ─ ⇔√ ⌐⅔↑╢ ≤ ⌐≈™≡ ≢ ⌂
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╩♃כ♦ ╢─≢ ↓╣╠⌐ ⌐ ╩ ⇔≡ AM AM ≤ AM PM

⌐ ⇔ ∕─ ≢№╢ AM AM ≤ AM PM ╩ ∆╢⁹AM AM ≤

AM PM ⌐≈™≡│ RFⱤ꞉כ▪fiⱪ─ ╩ ™ ≤◦Ⱶꜙ꜠כ◦

ꜛfi ╩ ∆╢↓≤≢ ╩ ∆╢⁹ 

 

 

 1-3 Ɽ꞉כ▪fiⱪ─  

Fig. 1-3 Dissipated power of power amplifier. (a) Conventional power amplifier with 

constant VDD. (b) Envelope tracking power amplifier. 

 

1.4. ─  

│ ─ ≤∆╢⁹ 

2 ≢│ ♪כ⸗♅♇▬☻─ RFⱤ꞉כ▪fiⱪ─ ◦Ⱶ

╩fiꜛ◦כ꜠ꜙ ═╢⁹ ⌐ ◦Ⱶꜙ꜠כ◦ꜛfi≢ ∆╢ ⸗♦

ꜟ≤ ⸗♦ꜟ╩ ∆╢⁹∕─ GaN HEMT╩ ⇔√ⱢכⱨⱩꜞ♇☺

─fiⱪ▪כRFⱤ꞉♪כ⸗♅♇▬☻─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ™

VDD control circuit

Constant VDD

Time
0

RF output power (PRFout)

Power

Modulated VDD

DC input power (PDC)

Dissipated power (Pdis)

0
Time

Power

PDC

PRFout

Pdis
Pôdis>

Envelope of PRFin

PRFin

PDC

PRFout
PRFin

(a) (b)
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☻▬♇♅fi◓ ╩ ╘╢⁹↕╠⌐ ⱢכⱨⱩꜞ♇☺ PWM▬fiⱣכ♃ ⌐

⇔≡ ─ ≤ ⅜ ⌐ ∆╢ ─◦Ⱶꜙ꜠כ◦ꜛfi

╩ ∆╢⁹☻▬♇♅fi◓ ─ ⅛╠ ╠╣╢ ─ ≤◦Ⱶꜙ

fiꜛ◦כ꜠ ╩ ⇔ ∕─ ⅜ ⅝ↄ⌂╢ ⌐│ ╩ ⇔≡

─ ≤◦Ⱶꜙ꜠כ◦ꜛfi─ ╩ ∆⁹ 

3 ≢│ ─ RFⱤ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠

╩fiꜛ◦כ ═╢⁹╕∏ ⅜ ≢ ∆╢ ─ ╩

≢ ⇔ ⱥ☻♥ꜞ◦☻⅜ ∆╢↓≤╩ ∆⁹∕⇔≡ ◄fiⱬ꜡כⱪ─

⌐ ∂≡Ɽ꞉כ▪fiⱪ─ ≤ ⅜ ∆╢↓≤ ╕√∕─ │

◄fiⱬ꜡כⱪ─ ≤ ≢ⱥ☻♥ꜞ◦☻⅜ ∆╢↓≤╩ ∆╢⁹↕╠

⌐ ─ ≤ ─ ⅜ ╛ ⱥ☻♥ꜞ◦☻⌐≥─╟

℮ ∆╢⅛╩ ⌐ ╠⅛⌐∆╢⁹ ⌐ RFⱤ꞉כ▪fiⱪ─♁כ☻ⱪꜟ≤꜡

╡╟⌐fiꜛ◦כ꜠ꜙⱪꜟ◦Ⱶ♪כ ╩ ⇔≡ ⌂≥─ RF

╩ ∆⁹∕─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ∆╢⁹RFⱤ꞉כ▪fiⱪ

─ ≤⇔≡◄fiⱬ꜡כⱪ♩ꜝ♇◐fi◓╩ ∆╢⁹◄fiⱬ꜡כⱪ♩ꜝ

♇◐fi◓│ ♪꜠▬fi ⅜ ─◄fiⱬ꜡כⱪ⌐ ∆╢ ≤

2 ≢ ∆╢ ≤⇔ ─◦Ⱶꜙ꜠כ◦ꜛfi ⅜ ─ ⌐

≢⅝╢↓≤╩ ∆⁹ ≤⇔≡ AM AM ≤ AM PM ╩ ╘ ⌐

╟╢ ≤ ∆╢⁹ 

4 ≢│ ◦Ⱶꜙ꜠כ◦ꜛfi─ ─√╘ GaN HEMT≤

⇔≡ ─ C 4 GHz⅛╠ 8 GHz 25W TGI5867-25L╩ ™≡ RFⱤ꞉

─fiⱪ▪כ ╩ ™ AM AM AM PM ─ ╩ ∆⁹╕∏ ⌐

™╢ GaN HEMT╩ ⇔ ≤ ∂ ≢ RFⱤ꞉כ▪fiⱪ─ ≤

◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮⁹ ⌐ ─ ≤ ╩ ∆╢⁹
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⌐ ℮ ╩ ⇔≡ ─ ╩ ∆╢⁹∕─ ♃כ♦

─ ╩ ═≡ ╩ ∆⁹◦Ⱶꜙ꜠כ◦ꜛfi ≤ ╩ ⇔

◦Ⱶꜙ꜠כ◦ꜛfi─ ⌐≈™≡ ∆╢⁹╕√ ≤◦Ⱶꜙ꜠כ◦

ꜛfi─ ╩ ╦∑≡ ∆╢⁹ 

5 │╕≤╘≢№╡ ─ ╩ ⇔ ⌐ ≢ √ ╩

∆╢⁹╕√ ─ ≤⇔≡ ─ ┼─ ⌐≈™≡ ═

╢⁹ 
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2 ♪כ⸗♅♇▬☻  RF Ɽ꞉כ▪fiⱪ─

◦Ⱶꜙ꜠כ◦ꜛfi 

2.1. │∂╘⌐ 

≢│ ♪כ⸗♅♇▬☻─ RFⱤ꞉כ▪fiⱪ─ ◦Ⱶ

╩fiꜛ◦כ꜠ꜙ ═╢⁹RFⱤ꞉כ▪fiⱪ─ ≤⇔≡ GaN HEMT─ ─

⌐ ⇔ ≤ ─ ╩ ╠⅛⌐∆╢⁹ 

≢│ ⌐╟╢ ─√╘⌐ ⅜ ∂╢√╘

Ɽ꞉כ▪fiⱪ─ ╙☻▬♇♅fi◓ ⌐ ╦∑≡ ⅝ↄ ∆╢↓≤⅜ ↕

╣≡™╢⁹☻▬♇♅fi◓ ⅜ ↄ⌂╢≤ ─ ≤⇔≡ ○fi≤○

ⱨ⅜ ╡ ╦╢ ™ ⌐ ∆╢☻▬♇♅fi◓ ─ ╘╢ ⅜ ∆⁹∕─

√╘ ≢─GaN HEMT ╩ ╟ↄ ∆╢↓≤⅜ ≢№╢⁹ 

⌐ ◦Ⱶꜙ꜠כ◦ꜛfi≢ ∆╢ GaN HEMT─ ⸗♦ꜟ≤

⸗♦ꜟ╩ ∆╢⁹ ⸗♦ꜟ│ [25]≢ ↕╣√ ╕≢ ⌐

╩ ∆╢ ╩ ∆╢⁹ ⸗♦ꜟ│ ─ ≢─⸗

♦ꜟ ─ ⅜ ™ Angelov⸗♦ꜟ[26], [32]ī[36]╩ ⇔ Ɽꜝⱷכ♃─

≤ ╩ ∆╢↓≤⌐╟╡ ₁⌂ ≢─ ╩ ╢⁹

⸗♦ꜟ≤ ⸗♦ꜟ─ ◦Ⱶꜙ꜠כ◦ꜛfi│ NI AWR ─ RF ◦Ⱶꜙ꜠

♩MWO─♩ꜝfi☺▼fi♃כ ⌐╟╡ ∆╢⁹ 

⌐ GaN HEMT╩ ⇔√ⱢכⱨⱩꜞ♇☺ ♪כ⸗♅♇▬☻─ RF

Ɽ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ™ ☻▬♇♅fi◓ ╩ ╘

╢⁹∕─ ♪כ⸗♅♇▬☻ RFⱤ꞉כ▪fiⱪ╩ ☻▬♇♅ ⌐ ™√Ɫכⱨ

Ⱪꜞ♇☺▬fiⱣכ♃ ≢ ╩ ⇔ ─ ≤ ⅜

⌐ ∆╢ ─◦Ⱶꜙ꜠כ◦ꜛfi╩ ∆╢⁹◦Ⱶꜙ꜠כ◦ꜛfi ≤☻▬

♇♅fi◓ ─ ⅛╠ ╠╣╢ ─ ╩ ⇔ ∕─ ⅜ ⅝ↄ
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⌂╢ ⌐│ ╩ ⇔≡ ─ ≤◦Ⱶꜙ꜠כ◦ꜛfi─ ╩ ∆⁹

│ ☻▬♇♅fi◓ ⅜ ™ ⌐│ ⅜№╢⅜ ○fi○ⱨ

╡ ⅎ ─☻▬♇♅fi◓ │☻▬♇♅fi♦Ᵽ▬☻⅜ ⌂ ╩∆╢≤

⇔≡ ╘√╙─≢№╢⁹ 

⌂⅔ ☻▬♇♅fi◓ ⌐╟╢ ─ ⌐≈™≡│ ╩

⇔≡ ∆╢↓≤⅜≢⅝⌂™⁹∕↓≢ ☻▬♇♅fi◓ ⅜ ∆╢ RFⱤ꞉

─fiⱪ▪כ ⅜GHz ─RFⱤ꞉כ▪fiⱪ─ ≤ ∂≢№╢↓≤⌐

⇔ 4 ≢ ℮ RFⱤ꞉כ▪fiⱪ─ HB◦Ⱶꜙ꜠כ◦ꜛfi─ ≤ ─

╩ ⇔≡ ⌐ ≡╢⁹ 

 

2.2. GaN HEMT ─◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ 

2.2.1. ⸗♦ꜟ 

─ ≤⇔≡ ⌐╟╢ ╩ ™√⁹↓─

│ ≤ ≢ ╩ ⇔ ╩ ╩ ≤∆╢

↓≤≢ ─ ≤ ⌐ ╩ ╘╢↓≤⅜≢⅝╢⁹ ⸗♦ꜟ│

[25]≢ ⇔√ Foster ─ ╩ ™√⁹ [25]≢│  2-1 (a)[37]⌐

∆ X 8 GHz⅛╠ 12 GHz ─ GaN HEMT⌐≈™≡Ɽ♇◔כ☺ ⅔╟

┘ GaN HEMT♅♇ⱪ─ ≤ ╩ [37], [38]⅛╠ ⇔ ─ 3

⸗♦ꜟ≤⇔≡  2-1 (b)[25]╩ ⇔√⁹↓↓≢ GaN HEMT─ TCH│

GaN ─ ─ ≢№╢⁹ TA│Ɽ♇◔כ☺─ ≢№╡

≢│ 25 ≤∆╢⁹ 
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 2-1 Ɽ♇◔כ☺ ╡ X GaN HEMT─ ≤ FEM  

Fig. 2-1 X-band GaN HEMT with package. (a) Photograph of GaN HEMT and package 

[38]. (b) Cross section of thermal model for FEM analysis [25]. 

 

↓─ 3 ⸗♦ꜟ⌐≈™≡ ⌐⅔↑╢ TCH─ ╩ FEM⌐╟╡ ╘

 2-2 ⌐ ∆ ─Ɽꜝⱷכ♃╩ ⇔√[25]⁹↓─ Ɽꜝⱷכ

♃│ GaN HEMT─◕כ♩ 11.52 mm─ ─ ≢№╢⁹VT-A│ TA⌐

∆╢ ≢№╡ Pdis╩ ≤⇔≡ ⌐ ⅎ╢↓≤⌐╟╡ TCH

⌐ ∆╢ VT-CH╩ ╢⁹ 

 

  

11 mm
10 mm

GaNHEMT chip

(b)(a)

Au80-Sn20 solder

GaN

SiC

Cu package

Heat sources

TA

TCH

: Simulated point

Top view

Cross section
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 2-2 GaN HEMT─  

Fig. 2-2 Thermal equivalent circuit for GaN HEMT [25]. 

 

◦Ⱶꜙ꜠כ◦ꜛfi─ ≤⇔≡ 20 W ─ ╩ ⅎ√ ─ ╩  

2-3⌐ ∆⁹ 1 ns ⌐ │ 5.3 K ⇔≡⅔╡ │ ns

─כ♄כ○ ╩ ≢⅝≡™╢⁹⌂⅔ ⌐ ⇔√0.05 ɛs≤0.2 ms│

☻▬♇♅fi◓ 10 MHz≤ 2.5 MHz≢ GaN HEMT╩☻▬♇♅fi◓ ⇔√

─○fi ⌐ ∆╢⁹ 

Rth1 = 0.20

Unit: Rth (K/W), Cth (J/K)

Rth2 = 0.25 Rth3 = 0.28 Rth4 = 0.26

Cth1

= 7.40 10ī10
Cth2

= 1.59 10ī8
Cth3

= 1.43 10ī7
Cth4

= 3.85 10ī6

Rth5 = 0.56 Rth6 = 0.74 Rth7 =0.87

Cth5

= 6.60 10ī5
Cth6

= 5.30 10ī4
Cth7

= 3.75 10ī3

Pdis

VT-A

VT-CH

Thermal equivalent circuit
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 2-3 GaN HEMT─ ⌂  

Fig. 2-3 Transient thermal responses of GaN HEMT. 

 

2.2.2. ⸗♦ꜟ 

⸗♦ꜟ│NI AWR─RF ◦Ⱶꜙ꜠כ♃MWO─Angelov⸗♦ꜟ[26], [27]

╩ ™√⁹↓─⸗♦ꜟ⌐⅔™≡│ ╩╙≈ Ɽꜝⱷכ♃│♪꜠▬fi

IDS ♩כ◕ ☻כ♁ CGS ♩כ◕ ♪꜠▬fi CGD≢№╢⁹⌂⅔

Ⱶꜞ ╙╡╟כ♄כ○ ™ ╩ ≈ ♩ꜝ♇ⱪ⌐ ∆╢ │ ↓

↓≢│ ⇔⌂™⁹ 

IDS│ ♩כ◕ ☻כ♁ VGS⌐ ∆╢ ≤♪꜠▬fi ☻כ♁ VDS⌐

∆╢ ∕⇔≡ Ipk0─ ≢ ↕╣╢⁹VGS⌐ ∆╢ ⅜ Curtice⸗♦ꜟ⌂≥≤

═≡ Angelov⸗♦ꜟ─ ≢№╢⁹⌂⅔ Ipk0│ ◖fi♄◒♃fi☻ = ȹIDS / 

ȹVGS ⅜ ⌐⌂╢ ─ ≢№╢⁹ 

 ()[ ]( ) ( )DSDSpkDS VŬVɚII tanh1Ɋtanh10 ++=  (2-1) 

10,000

Time (ɛs)

T
C

H
ī
 T
A

(K
)

10010.010.0001
0

20

40

60

80

13.3 K at 0.05 ɛs

15.6 K at 0.2 ɛs

63.2K at 20,000 ɛs

Pdis=20 W
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↓↓≢ Ɋ│ VGS≤ ◖fi♄◒♃fi☻⅜ ⌐⌂╢ ─ VGS≢№╢ Vpkm≤─

─═⅝ ≢№╢⁹ 

 ( ) ( )221Ɋ pkmGSpkmGS VVPVVP -+-=   

               ( )33 pkmGS VVP -+  (2-2) 

 

 ( )DSSVPKSVPKSPKSpkm VDDVV atanh+-=  (2-3) 

 

Ŭ│ ≢№╢⁹ 

 ()[ ]Y+= tanhSR aaa  (2-4) 

Ŭ≤ɚ│ IDS VDS ─ ⅝⌐ ∆╢ ≢ ŬR│ IDS VDS─ ŬS│ IDS

VDS─ ɚ│ IDS VDS─ ─ ⅝╩ ∆⁹ ╩ ≈Ɽꜝⱷכ♃│

Ipk0≤ P1≢№╡ ─♅ꜗⱠꜟ TCH≤ ≤∆╢♅ꜗⱠꜟ Tnom≤

─ ╩ ∫≡ ─ ≢ ↕╣╢⁹ 

 ( )[ ]nomCHCIPKPKpk TTTII -+= 000 1   (2-5) 

 

 ( )[ ]nomCHCP TTTPP -+= 11 11  (2-6) 

≢│ Tnom = 25 ≤⇔√⁹TCIPK0≤ TCP1⅜ ≢№╢⁹ 

IDS─Ɽꜝⱷכ♃│ [37]─ IDS VDS ─ ╩ ⇔ ◦Ⱶꜙ꜠כ◦

ꜛfi ⅜ ⌐ⱨ▫♇♥▫fi◓∆╢╟℮⌐Ɽꜝⱷכ♃╩ ╘√⁹  2-4│

IDS VDS ─◦Ⱶꜙ꜠כ◦ꜛfi ≢№╢⁹ │ TCH = 25 ≢№╡

─ ╩ ⇔≡ IDS ≤ VDS╩ ╘╢⁹GaN HEMT─ Pdis│ IDS ≤

VDS─ ≤⌂╢⁹ ⌐ Pdis╩ ⅎ ⌐ ∆╢ VT-CH╩ ╢⁹

╘√ VT-CH╩ ≤⇔≡ Angelov⸗♦ꜟ─ ⌐ ⅎ╢⁹ ⅜ ∆

╣┌ ≤⇔ ☻♥♇ⱪ ⌐ ╩ ∆╢⁹♪꜠▬fi ─

VDD│Ɽꜟ☻ ⌐ ∆╢⁹VDD─Ɽꜟ☻ │ Ɽꜟ☻ Ton⅜ 0.5 ms Ɽꜟ☻
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╡ ⇔ TPRI⅜ 50 ms≤∆╢⁹↓─Ɽꜟ☻ ≢│Ɽꜟ☻○fi─ ⌐ ⇔

√ TCH│Ɽꜟ☻○ⱨ─ ⌐ ⅜╡ ─Ɽꜟ☻ VDD─ ⌐│ TCH│ 25 

≢№∫√─≢ │ 2≈╘─Ɽꜟ☻ ╕≢≤⇔√⁹ 

⌂⅔ ↓─ ─ ⸗♦ꜟ│ [37]⌐ ╦∑√Ɽꜝⱷ⁹√⇔≥♃כGaN HEMT

─ │  2-1 ≢│ⱴꜟ♅ⱨ▫fi●כ≢№╡ [37]≢│◦fi◓ꜟⱨ▫fi●

⁹╢№≢כ [37]─ │  2-2⌐ ═≡ ™ ≤⌂∫√[39], [40]⁹ 

 2-5─ │ [37]─ IDS VDS ─ ♩כ◕╩ 11.52 mm⌐

⇔√╙─≢№╡ │ⱨ▫♇♥▫fi◓⇔≡Ɽꜝⱷכ♃╩ ╘√ ─◦Ⱶꜙ꜠כ

◦ꜛfi ♩כ◕⁹╢№≢ VGG│ī3 V ⅛╠+1 V ╕≢ 1 V ╖≢ ⅎ≡

™╢⁹  2-5(a)│ ⸗♦ꜟ╩ ⇔⌂™  2-5(b)│ ⸗♦ꜟ╩ ⇔√

≢№╢⁹VDS⅜ ↄ⌂╢≤ ⅜ ⅎ≡ TCH⅜ ↄ⌂╢─≢ │ IDS⅜

╢⁹ ⸗♦ꜟ╩ ∆╢≤∕─ ╩ ≢⅝≡⅔╡ GaN HEMT⅜○fi

≢№╢ VGG⅜ 1 V─ VDS⅜ 4 V⅛╠ 40 V─ ≢─ ≤◦Ⱶꜙ꜠כ◦ꜛfi

─ │ 5.0%≢№╢⁹ 

 

 2-4 GaN HEMT─ IDS VDS ╩ ╘╢ ◦Ⱶꜙ꜠כ◦ꜛfi  

Fig. 2-4 Electrothermal co-simulation circuit for IDS VDS of GaN HEMT. (a) Simulation 

circuit. (b) VDD vs. time. 
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 2-5 GaN HEMT─ IDS VDS ─ ≤◦Ⱶꜙ꜠כ◦ꜛfi  

Fig. 2-5 Measured [37] and simulated IDS VDS. (a) GaN HEMT without thermal model. (b) 

GaN HEMT with thermal model. 
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NI AWR─ RF ◦Ⱶꜙ꜠כ♃MWO─ Angelov⸗♦ꜟ⌐⅔™≡│ CGS│

─╟℮⌐ ↕╣╢⁹ 

 ( )[ ] ( )[ ]210 Ɋtanh1Ɋtanh1 +++= gsGSPIGS CCC  (2-7) 

↓↓≢ɍ1⅔╟┘│ɍ2  

 GSVPP 11101Ɋ +=  (2-8) 

 DSVPP 21202 +=Y  
(2-9) 

≢№╢⁹ 

CGD│ ─╟℮⌐ ↕╣╢⁹ 

 ( )[ ] ( )[ ]430 Ɋtanh1Ɋtanh1 +++= gdGDPIGD CCC  (2-10) 

↓↓≢ɍ3⅔╟┘│ɍ4  

 DSVPP 31303Ɋ +=  (2-11) 

 GDVPP 41404Ɋ +=  
(2-12) 

≢№╢⁹ ╩ ≈Ɽꜝⱷכ♃│ Cgs0≤ Cgd0≢№╡ ♅ꜗⱠꜟ TCH─

│∕╣∙╣ ─ ≢ ↕╣╢⁹ 

 ( )[ ]nomCHCGSGSgs TTTCC -+= 000 1  (2-13) 

 ( )[ ]nomCHCGDGDgd TTTCC -+= 000 1  (2-14) 

 

⌐≈™≡│ ⅜♃כ♦ ™─≢ ╩ ⌐⇔≡♅♇ⱪ◘▬☼⅛╠

⌂ ╩ ⇔√⁹VDS = 20 V VGS = 0 V ≢─ CGS CGD ♪꜠▬fiה♁

☻כ CDS─ ╩ [15]≤ ⌐ ∕╣∙╣ 10.5 pF 1.2 pF 2.6 pF≤

⇔√⁹∕⇔≡ ─Ɽꜝⱷכ♃≤ ─Ɽꜝⱷכ♃│ [41]╩ ≤

⇔≡ ╘√⁹  2-6≤  2-7⌐ CGS≤ CGD─ ≤ ╩ ∆⁹ 
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 2-6 CGS⸗♦ꜟ─ ≤  

Fig. 2-6 Modeled CGS. (a) Voltage dependency. (b) Temperature dependency. 
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 2-7 CGD⸗♦ꜟ─ ≤  

Fig. 2-7 Modeled CGD. (a) Voltage dependency. (b) Temperature dependency. 
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2.3. ☻▬♇♅fi◓ ─  

♪כ⸗♅♇▬☻ .2.3.1 RFⱤ꞉כ▪fiⱪ─  

♪כ⸗♅♇▬☻│2-8   RFⱤ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠כ◦ꜛfi

≢№╢⁹GaN HEMT╩ ⌐ ⇔≡ⱢכⱨⱩꜞ♇☺ ≤⇔√⁹ Q1≤ Q2

│ ∕╣∙╣Ɫ▬◘▬♪ ♪▬◘כ꜡≥ ─ GaN HEMT≢№╢⁹Q1─♪꜠▬fi

⌐♪꜠▬fi VDD╩ ⇔ Q1≤ Q2─◕כ♩ ☻כ♁ ⌐│∕╣∙

╣ Vin,H≤ Vin,L╩ ∆╢⁹Q1≤ Q2─♪꜠▬fi ☻כ♁ ─ │∕╣∙╣

VDS,H≤ VDS,L≢№╡ ♪꜠▬fiכ♁ה☻ ⌐ ╣╢ │∕╣∙╣ IDS,H≤ IDS,L

≢№╢⁹ 

 

♪כ⸗♅♇▬☻ 2-8  RFⱤ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠כ◦ꜛfi  

Fig. 2-8 Electrothermal co-simulation circuit of switch-mode RF power amplifier. 

 

♪כ⸗♅♇▬☻⌐2-9  RFⱤ꞉כ▪fiⱪ─ ╩ ∆⁹GaN 

HEMT─○fi≤○ⱨ│ Vin,H≤ Vin,L⅜+1 V≤ī6 V⌐ ∆╢⁹○fi≤○ⱨ─♃▬

Ⱶfi◓│  2-9(a)≤(b)─ ╡≢№╡ Q1≤ Q2│○fi≤○ⱨ╩ ⌐ ╡ ∆⁹

VDD

DC supply

Load

Vin,H

Pdis,L

Q2: Low-side GaNHEMT

IDS,H

=(VDS,L IDS,L)

Thermal equivalent circuit

VT-CH,L
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TS│☻▬♇♅fi◓ ≢№╡ ☻▬♇♅fi◓ fS─ ⌐ ⇔™⁹Vin,H⌐⅔

™≡ Ton│○fi Tr│ ∟ ╡ Tf│ ∟ ╡ ≢№╡ ▫♥כꜙ♦

D│ Ton / Ts≢ ∆╢⁹  2-9 (c) ⌐ VDS,H≤ IDS,H╩ ⇔  2-9(d)⌐ IDS,H×

VDS,H╩ ⇔√⁹ ∟ ╡≤ ∟ ╡─ ⌐⅔™≡│ VDS,H≤ IDS,H⅜ ⇔≡

☻▬♇♅fi◓ Psw⅜ ∂ ○fi─ ⌐⅔™≡│ GaN HEMT─○fi

Ron⅜ ≢ Pcon⅜ ∂╢⁹↕╠⌐ ⇔≡™⌂™⅜ GaN HEMT─

Co⌐ ↕╣╢◐ꜗⱤ◦♃ Pc⅜ ∆╢⁹ 

 

 

♪כ⸗♅♇▬☻ 2-9  RFⱤ꞉כ▪fiⱪ─ ≤ ─  

Fig. 2-9 Voltage and current waveforms of switch-mode RF power amplifier. (a) Vin,H vs. 

time. (b) Vin,L vs. time. (c) VDS,H and IDS,H vs. time. (d) IDS,H × VDS,H vs. time. 

 

(d)

Vin,H

(b)

VDS,H
IDS,H

Ton

Ts

VDD

0 V 0 A

Ip

ī6 V

+1 V

ī6 V

+1 V

Conductor loss

Switching loss

Tr Tf

Time

(a)

Vin,L

(c)

IDS,H VDS,H

Increase in fs



2 ♪כ⸗♅♇▬☻  RFⱤ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠כ◦ꜛfi 

27 

♪כ⸗♅♇▬☻ RFⱤ꞉כ▪fiⱪ─ Eff Pout GaN HEMT─

TCH─ │ ─╟℮⌐ ╘╢⁹2.3 2.4 ─ ⌐⅔™≡│

Q2╟╡╙ Q1─ ⅜ ™─≢ TCH│Q1─ ╩ ∆╙─≤∆╢⁹ 

Eff│ 

 
DC

out
ff

P

P
E =  (2-15) 

≤ ∆╢⁹↓↓≢ PDC│ ≢№╡ Pout Pdis,H Pdis,L ─ ≢№╢⁹

Q1⅜○fi─ ─ Ip│  

 
Lon

DD

p
RR

V
I

+
=  (2-16) 

≢№╡ Q2⌐│ ⅜ ╣⌂™─≢ Pout Pdis,H Pdis,L│  2-1≤⌂╢⁹↓↓≢

Co│ Q1─ CDS≤ CGD─ ≢№╢⁹TCH│  2-2⅛╠ ↕╣╢ ─

3.16 K/W ≤ Pdis,H─ ≢ ╘╢⁹ 

 

♪כ⸗♅♇▬☻ 2-1  RF Ɽ꞉כ▪fiⱪ─ ⸗♦ꜟ⅛╠ ⇔√ ≤

─  

Table 2-1 Output power and dissipation power derived from simplified ideal model of 

switch-mode RF power amplifier. 

 

  

Pout

Pdis,H

Pcon

Psw

Pc

Pdis,L

Pcon, Psw

Pc
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2.3.2. ◦Ⱶꜙ꜠כ◦ꜛfi ≤ ─  

 ◦Ⱶꜙ꜠כ◦ꜛfi│  2-8─ ≢ ∫√⁹◦Ⱶꜙ꜠כ◦ꜛfiⱨ꜡כ│ 2.2.2

≤ ∂≢№╢⅜ │ TCH⅜ ∆╢╕≢≤⇔√⁹Pout⅔╟┘ PDC│

─╟℮⌐ ⇔√⁹ 

 ñ-=
2

2

2
)(

1 T

T L

L

out
dttV

TR
P  (2-17) 

 

 ñ-=
2

2

, )(

T

T
HDS

DD
DC dttI

T

V
P  (2-18) 

 

↓↓≢ T│☻▬♇♅fi◓ Ts≢№╢⁹(2-15) (2-17) (2-18)⅛╠ Eff╩ ╢⁹ 

 2-10⌐ fs╩ ⅎ√ ─ ♪כ⸗♅♇▬☻ RFⱤ꞉כ▪fiⱪ─◦Ⱶꜙ꜠כ◦ꜛ

fi ≤ ╩ ∆⁹(a)│ Eff≤ Pout≢№╡ (b)│ TCH ī TA≢№╢⁹Tr≤

Tf│ Ts─ 2% D│ 40%⌐ ⇔√⁹VDD│ 40 V RL│ 6 ɋ≢№╢⁹ ─

Ron│  2-5(b)⌐⅔™≡ VGG = 1 V IDS = 8 A─ ─ 0.7 ɋ≤⇔√⁹◦Ⱶꜙ꜠כ◦

ꜛfi─ TCH ī TA│ Ɽꜟ☻─○fi○ⱨ≢ ∆╢─≢ ≤ ╩ ⇔√⁹ 
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♪כ⸗♅♇▬☻ 2-10  RFⱤ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠כ◦ꜛfi ≤

⸗♦ꜟ  

Fig. 2-10 Simulated results for electrothermal co-simulation circuit and calculated results 

for simplified ideal model of switch-mode RF power amplifier. (a) Eff and Pout vs. fs. (b) 

TCH ī TA vs. fs. 
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Ɽꜟ☻─○fi○ⱨ≢─ TCH ī TA─ ⌐≈™≡ 2.2.1 ─ ⸗♦ꜟ╩ ™≡

ⅎ╢⁹ 

 2-10 (b)≢│ fs = 10 MHz⌐⅔™≡│ ≤ ─ │ 18 K≢№╢⁹

 2-10 (a)⌐⅔™≡ fs = 10 MHz─ ─ Pout│ 83 W Eff│ 86%≢№╢↓≤⅛╠

Pdis,H│ 13.5 W≢№╢⁹D│ 50%⌂─≢○fi ≢─ Pdis,H│ 27 W≤⌂╢⁹  2-3

⌐ ⇔√ fs = 10 MHz ─ 13.3 K│ Pdis,H = 20 W─ ≢№╢─≢ ◦Ⱶꜙ꜠כ◦

ꜛfi ≤⇔≡ ╠╣√ Pdis,H = 27 W─ ─ 18 K│ ⸗♦ꜟ⅛╠ ⅎ≡ ≢

№╢≤ ⅎ╢⁹ 

 2-10(a) (b)≢│ ☻▬♇♅fi◓ ⅜ 100 MHz ≢│◦Ⱶꜙ꜠כ◦ꜛfi

≤ │╒╓ ∂≢№╢⅜ 1,000 MHz ╩ ⅎ╢≤∕─ ⅜ ⅝ↄ⌂∫≡™

╢⁹ │ ─╟℮⌐ ⅎ╢⁹ 

Q1 ⅜○ⱨ─ ⌐ CDS⌐ ↕╣√ │ Q1 ⅜○fi┼ ╡ ╦╢ ⌐

CDSRL≢ ↕╣╢⁹ 

ᵑ  2-9ᶏ⌐ ⇔√ │ fs⅜ ↄ⌂╢⌐⇔√⅜™ Ton⅜ ↄ⌂╡ CDSRL > 

0.02Ts≤⌂∫√ ─ VDS,H≤ IDS,H╩ ⇔≡™╢⁹↓─ ⌐│ D⅜ ∆╢─

≢  2-1⅛╠ Pout⅜ ∆╢⁹ 

ᵒ ᵑ≢ ⇔√ CDSRL >0.02Ts─ │  2-9 ᶏ─ ─╟℮⌐ Tr≤ Tf⅜ ⅝

ↄ⌂╢⁹⇔√⅜∫≡  2-1⅛╠ Psw⅜ ⅎ Eff│ ∆╢⁹ 

ᵓ Angelov⸗♦ꜟ≢│ ⅜ ∆╢≤ IDS⅜ ∆╢⁹ ≤⇔≡(2-16)

⅛╠ Ron⅜ ⅝ↄ⌂╢⁹ ⅎ┌↓─◦Ⱶꜙ꜠כ◦ꜛfi⌐⅔™≡│ fs⅜ 2,000 

MHz─ TCH│ 125 ≢№╢⁹◦Ⱶꜙ꜠כ◦ꜛfi≢ √ Ron│ 75ϴ≢ 0.7 

ɋ 125 ≢ 1.9 ɋ≢№∫√─≢ (2-16)≤  2-1⅛╠ Pcon│ 2 ⌐⌂╡

Eff│ ∆╢⁹ 

─ᵑ≤ᵒ│ ⅜ ↄ⌂╢≤ GaN HEMT─ ─ ⅜ ╣ ╘
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╢↓≤╩ ⇔≡™╢⁹╕√ ᵓ│ ⅜ ⅎ╢≤ ⸗♦ꜟ─Ɽꜝⱷכ♃─

⅜ ≢⅝⌂ↄ⌂╢─≢ ◦Ⱶꜙ꜠כ◦ꜛfi⅜ ≢№╢↓≤╩

⇔≡™╢⁹ ─ ⅛╠ ↓╣ ─ ⌐⅔™≡│ fs╩ 100 MHz≤∆╢⁹

↓─ ≢│ GaN HEMT─ ─ │ ↕™⁹╟∫≡ ☻▬♇♅fi◓

─ ⌐ ╩ ⅎ╢ │ ≤⌂╡ ◦Ⱶꜙ꜠כ◦ꜛfi ≤ ╩

∆╢↓≤≢ ◦Ⱶꜙ꜠כ◦ꜛfi─ ╩ ∆╢↓≤⅜ ≤⌂╢⁹ 

 

2.4. ☻▬♇♅fi◓ ─  

2.4.1. ⱢכⱨⱩꜞ♇☺ PWM ▬fiⱣכ♃ ─  

 ⌐ ╩ ≢⅝╢ ☻▬♇♅fi◓ ╩ ⅎ╢⁹  2-11│ 2.3 ─

♪כ⸗♅♇▬☻ RFⱤ꞉כ▪fiⱪ╩ ™√ⱢכⱨⱩꜞ♇☺ PWM ▬fiⱣכ♃─Ⱪ

꜡♇◒ ≢№╢⁹PWM│☻▬♇♅⸗כ♪ RFⱤ꞉כ▪fiⱪ─ fs╩ ≤⇔

⇔√ ≤ D⅜ ⇔ↄ⌂╢╟℮⌂ ≢№╢⁹PWM ─ │

≤─↓⅞╡ ╩◖fiⱤ꜠כ♃≢ ⇔≡ ℮⁹ ⅜─↓⅞╡

╟╡╙ ⅝™ ⌐ Q1╩○fi⇔≡ Q2╩○ⱨ⇔ ─ │Q1╩○ⱨ⇔≡

Q2╩○fi∆╢⁹☻▬♇♅⸗כ♪ RFⱤ꞉כ▪fiⱪ─ │ 2 LC כ꜡─

Ɽ☻ⱨ▫ꜟ♃⌐╟╡ ↕╣╢⁹ ⌐ ⌐ ╣╢ │ ꜞ♇ⱪꜟ─⌂™

─ ≤∆╢⁹⌂⅔ │♃כⱤ☻ⱨ▫ꜟ♃─Ɽꜝⱷכ꜡ ⅜ 20 MHz≢

3 dB 100 MHz≢ 50 dB ≤⌂╢╟℮⌐ ⇔√⁹ ⅎ┌ RL⅜ 8ɋ─

L1=49 nH L2=120 nH C1=1.8 nF C2=0.76 nF≢№╢⁹ ─ ⌐⅔™≡│ VDD

│ 40 V fs│ 100 MHz  Tr≤ Tf│ Ts─ 5%≤⇔√⁹╕√ ─ Ron│ 2.3

≤ ⌐ 0.7 ɋ≤⇔√⁹ 
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 2-11 ⱢכⱨⱩꜞ♇☺ PWM▬fiⱣכ♃─Ⱪ꜡♇◒  

Fig. 2-11 Block diagram of half-bridge PWM inverter including switch-mode RF power 

amplifier. 

 

 2-12╩ ™≡  2-11─ ╩ ∆╢⁹  2-12(a)│ Vin,H (b)│ Vin,L≢№

╢⁹╕√  2-12(c)≤(d)│ Q1≤ Q2─ ≤ ≢№╢⁹ ⌐ ╣

╢ IL│ Q1⅜○fi ─ ─ ⌐ ⇔™─≢ VL│ 

 ( )onLDDL RIVDV -=
 

(2-19) 

≢№╡ IL│ ≤⌂╢⁹ 

 
onL
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DRR
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+
=  (2-20) 

IDS,H│○fi ⌐ Imax⅛╠ Imin╕≢ ⇔  

 
on

LLonLDD
T

L

RIRIV
II

--
=- minmax  (2-21) 

≢ ╘╠╣╢⁹Pout Pdis,H Pdis,L│  2-2≤⌂╢⁹↓↓≢ L ♃ꜟ▫Ɽ☻ⱨכ꜡│
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─▬fi♄◒♃ ≢№╢⁹ 

 

 2-12 PWM▬fiⱣכ♃─ ≤ ─  

Fig. 2-12 Voltage and current waveforms of PWM inverter. (a) Vin,H vs. time. (b) Vin,L vs. 

time. (c) VDS,H and IDS,H vs. time. (d) VDS,L and IDS,L vs. time. 
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 2-2 PWM ▬fiⱣכ♃─ ⸗♦ꜟ⅛╠ ⇔√ ≤ ─

 

Table 2-2 Output power and dissipation power derived from simplified ideal model of 

PWM inverter. 

 

 

2.4.2. ─  

  2-11 ─ ╩ ≤⇔≡ ⅜ ─ ⌐≈™≡◦Ⱶꜙ꜠כ

◦ꜛfi≤ ╩ ⇔√⁹◦Ⱶꜙ꜠כ◦ꜛfi≢│ⱨ꜡כ≤ ─

│ 2.2 ≤ ∂≢№╡ (2-17)≤(2-18)─ T╩ Ts≤⇔≡ Pout≤ Pdc╩ ╘√⁹

 2-13(a) (b) │ D╩ 0.1⅛╠ 0.9╕≢ ⅎ√ ─ Eff Pout TCH ī TA ─◦Ⱶꜙ

≥fiꜛ◦כ꜠ ─ ≢№╢⁹ 

  

Pout

Pdis,H

Pcon

Psw
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 2-13 ─PWM▬fiⱣכ♃─ ◦Ⱶꜙ꜠כ◦ꜛfi ≤

⸗♦ꜟ  

Fig. 2-13 Simulated results for electrothermal co-simulation circuit and calculated results 

for simplified ideal model of PWM inverter with constant VL. (a) Eff and Pout vs. duty factor. 

(b) TCH ī TA vs. duty factor. 
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D ⅜ ↕™╒≥ Eff ─◦Ⱶꜙ꜠כ◦ꜛfi≤ ─ ⅜ ⅝ↄ⌂∫≡™╢─

│ Tr≤ Tf─ ⅜ ⌐ ⅝ↄ⌂╢√╘≢№╢⁹D⅜ ↕ↄ⌂╢≤ Q1⅜○

fi∆╢ ⅜ ↄ⌂╢⅜ Tr≤ Tf│ ╦╠⌂™√╘ ○fi ⅜ ↄ⌂╢ ⅜

∆⁹∕─ Pout⅜ ⇔≡ Eff⅜ ∆╢⁹ ≢│↓─ ╩ ⇔

≡™⌂™⁹√∞⇔ Pout⅜ ↄ ╙ ⌂™─≢ ─ ⌐│ ╣≡™

⌂™⁹⇔√⅜∫≡ D⅜ 0.5 ─ │ ⌐ ⅎ╢ ⅜ ⌂™≤ ⅎ≡

↓─ ─ ⅜ ∆╢ ─ ≢│↓─ ╩ ∆╢⁹ 

 

2.4.3. ⅜ ∆╢  

  2-11 ─ ⅜ ⌐ ∆╢ ⌐≈™≡◦Ⱶꜙ꜠כ◦ꜛfi≤

╩ ⇔√⁹  2-14 │ ─↓⅞╡ Vin,H Vin,L─ ≢№╢⁹

│ ∕─ ⅜ 0.1⅛╠ 0.9╕≢ ∆╢◘▬fi ≢№╢⁹ fM

│ 10 MHz≢ TM│ 1 / fM⌐ ⇔ↄ 0.1 ɛs≢№╢⁹  2-15⌐ VL≤ TCH ī TA

─◦Ⱶꜙ꜠כ◦ꜛfi ╩ ∆⁹VL─ ⌐ ∂≡ TCH│ ⇔≡™╢⁹VL≤ TCH

─ │ⱨ▫ꜟ♃─ ─ ≢№╢⁹ 
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 2-14 ⅜ ↕╣√ PWM▬fiⱣכ♃┼─  

Fig. 2-14 Input voltage waveform to PWM inverter with modulated VL. (a) Amplitude 

signal and saw signal. (b) Vin,H and Vin,L. 

 

 

 2-15 ⅜ ↕╣√PWM▬fiⱣכ♃─ ◦Ⱶꜙ꜠כ◦ꜛfi

 

Fig. 2-15 Simulated results for electrothermal co-simulation circuit of PWM inverter with 

modulated VL. (a) VL vs. time. (b) TCH ī TA vs. time. 
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⌐⅔™≡│ 2.4.1 ≢ ╘√ ─ D╩(1+0.8cos(2pt/TM))/2≤⇔

1 ╩ ⇔√⁹╕√◦Ⱶꜙ꜠כ◦ꜛfi⌐⅔™≡│ (2-17)≤(2-18)─ T

╩ TM≤⇔≡ Pout≤ PDC╩ ╘√⁹ 

 2-16(a)│ fM╩ 10 MHz≤⇔≡ RL╩ 6 ɋ⅛╠ 30 ɋ╕≢ ↕∑√ ─ Eff

Pout TCH ī TA≢№╢⁹RL⅜ 20 W ─ │ ⅜ ⌂ↄ ◦Ⱶꜙ꜠כ◦ꜛfi

≤ │ ∆╢⁹╕√ RL⅜ ↕ↄ⌂╡ ⅜ ⅎ╢≤ ∕─ │

⅝ↄ⌂╢⁹ ⅎ┌ RL ⅜ 6 ɋ─ ─ Pout─ │◦Ⱶꜙ꜠כ◦ꜛfi ╟╡╙

24% ⅝™⁹ 

 2-16(b) │ RL╩ 8 ɋ⌐ ⇔ fM╩ 10 MHz 5 M Hz 2.5 MHz≤ ↕∑

√ ─ Eff≤ TCH ī TA≢№╢⁹TCH─ DTCH│ fM⅜ 10 MHz 5 MHz

2.5 MHz─ ∕╣∙╣ 5.8 K 8.3 K 9.8 K≢№∫√⁹TCH ī TA─ ⌐ ∆╢

DTCH ─ ╩ ∆╢≤ fM⅜ 10 MHz 5 MHz 2.5 MHz⌐ ⇔≡∕╣∙╣ 26%

37% 44%≢№╢⁹ 
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 2-16 ⅜ ↕╣√PWM▬fiⱣכ♃─ ◦Ⱶꜙ꜠כ◦ꜛfi

≤ ⸗♦ꜟ  

Fig. 2-16 Simulated results for electrothermal co-simulation circuit and calculated results 

for simplified ideal model of PWM inverter with modulated VL. (a) Pout, Eff and TCH ī TA 

vs. RL. (b) Eff and TCH ī TA vs. fM. 
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⌐≈™≡ ≤ 2.2.1 ─ ⸗♦ꜟ≢ ⅎ╢⁹  2-16─ ⌐⅔

™≡│ D⅜ 0.1─ ⌐ Pdis,H│ 0.7 W D⅜ 0.9─ ⌐ Pdis,H│ 14.7 W≢№∫√⁹

∕─ 14.0 W⅜ ≢ ⸗♦ꜟ⌐ ↕╣╢≤ ⅎ╢⁹  2-3≢│ 20 W

─ 0.05 ɛs ( = 0.5/10 MHz)≤ 0.2 ɛs ( = 0.5/2.5 MHz)─ │ 13.3 K ≤

15.6 K≢№∫√⁹⇔√⅜∫≡ 14.0 W fM⅜ 10 MHz≤ 2.5 MHz─DTCH │

9.3 K≤ 10.9 K≤ ≢⅝╢⁹TCH ī TA─ │  2-16⅛╠ 23.3 K≢№╢⁹TCH 

ī TA─ ⌐ ∆╢DTCH ─ │ fM⅜ 10 MHz─ 40% 2.5 MHz─ 47%≤

⌂╢⁹◦Ⱶꜙ꜠כ◦ꜛfi≢│∕╣∙╣ 26 %≤ 44%≢№∫√─≢ ◦Ⱶꜙ꜠כ◦ꜛ

fi─ ⅜ ─ ⅜ ⅝™⁹◦Ⱶꜙ꜠כ◦ꜛfi─ │

Pdis,H─ ╩ ╘≡™╢√╘≢№╢⁹ ⌐≈™≡ ≢ ⌂

│ ∞⅜ ⅜ ↄ⌂╢╒≥ ≤◦Ⱶꜙ꜠כ◦ꜛfi ─ │

⅝ↄ⌂╡ ◦Ⱶꜙ꜠כ◦ꜛfi≢ ╘╢ ─№╢↓≤⅜╦⅛╢⁹ 

 2-16 (a)⌐⅔™≡│ RL ─◦Ⱶꜙ꜠כ◦ꜛfi │ 20 ≢№∫√⁹

│ ⌂ ─ⱡכ♩ PC╩ ⇔√⁹CPU─◒꜡♇◒ │ 1.7 GHz

ⱷ⸗ꜞכ│ 4 GB≢№╢⁹ ☻♥♇ⱪ │ 0.1 ns⌐ ⇔√⁹⌂⅔

╩ ∆╢√╘ TCH⅜ ↄ ⌂ ≤⌂╢╟℮⌐◦Ⱶꜙ꜠כ◦ꜛfi─

╩ ⇔√⁹ 

 

2.5. ╕≤╘ 

 GaN HEMT─ ⌂ ⸗♦ꜟ≤ ⸗♦ꜟ╩ ⇔√⁹ ⸗♦ꜟ│ns○כ♄כ

─ ╩ ≢⅝≡⅔╡ ⸗♦ꜟ│IDS VDS ⅜ 5.0% ≢№

╢⁹↓╣╠─⸗♦ꜟ╩ ™√ ◦Ⱶꜙ꜠כ◦ꜛfi≤ ☻▬♇♅fi◓

─ ⅛╠ ╠╣╢ ↕╣√ ╩ ⇔√⁹ 

ⱢכⱨⱩꜞ♇☺ ≡™⅔⌐fiⱪ▪כRFⱤ꞉♪כ⸗♅♇▬☻ ▫♥כꜙ♦
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╩ ⇔≡☻▬♇♅fi◓ ⌐ ∆╢ ─ ─

╩ ╘√⁹☻▬♇♅fi◓ ⅜100 MHz╩ ⅎ╢≤ ≤─ ⅜ ⅝ↄ⌂

╢ ≤⌂∫√⁹∕─ │ ⅜ ↄ⌂╢≤GaN HEMT─♪꜠▬fi ☻כ♁

─ ⅜ ≢⅝⌂ↄ⌂╢√╘≤ ⌐╟╢♪꜠▬fi ─√

╘≢№╢⁹ 

╩fiⱪ▪כRFⱤ꞉♪כ⸗♅♇▬☻ ™√PWM▬fiⱣכ♃⌐⅔™≡

─ ≤ ∆╢ ─ ╩ ⇔√⁹ ╩ ⅎ≡ ⅜

ⅎ√ ⌐│◦Ⱶꜙ꜠כ◦ꜛfi ≤ ─ ⅜ ⅝ↄ⌂╡ ⅎ┌6Ɏ

≢│ ─ │20% ≢№∫√⁹╕√ ⅜ 10 MHz

⅛╠2.5 MHz≢ ∆╢ ─ │ ⅛╠─ ⌐ ⇔≡26%

⅛╠44%≢№╢↓≤╩◦Ⱶꜙ꜠כ◦ꜛfi≢ ⇔√⁹↓─ ⌐≈™≡│

≢ ⌂ │≢⅝╢╙── ◦Ⱶꜙ꜠כ◦ꜛfi≤─ │ ⅝™ 

─fiⱪ▪כRFⱤ꞉♪כ⸗♅♇▬☻ ⌐⅔™≡ ⅜ ⅝™ ⌐│

◦Ⱶꜙ꜠כ◦ꜛfi⅜ ≢№╢↓≤╩ ╠⅛⌐⇔√⁹⌂⅔ ─

│☻▬♇♅fi◓ ╩100 MHz≤⇔√⅜ 100 MHz ─ ⌐│☻▬♇♅fi

◓ ⅜ ⌐⌂╡ ◦Ⱶꜙ꜠כ◦ꜛfi─ ⅜ ∆≤ ⅎ╢⁹ 
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3  RF Ɽ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠

 fiꜛ◦כ

3.1. │∂╘⌐ 

≢│ RFⱤ꞉כ▪fiⱪ⌐ ◦Ⱶꜙ꜠כ◦ꜛfi╩

∆╢⁹RFⱤ꞉כ▪fiⱪ─ ≤⇔≡ ⌐ ⇔≡ ≤ ─ ╩

╠⅛⌐∆╢⁹ 

RFⱤ꞉כ▪fiⱪ─ ╩ ↕∑╢ ≤⇔≡ ⱷ⸗ꜞכ ⅜№╢⁹ⱷ

כꜞ⸗ ╩ ⅝ ↓∆ │ ♦Ᵽ▬☻⌐ ∆╢ ♩ꜝ♇ⱪ[42] [45]

Ᵽ▬▪☻ ⌐ ∆╢ [46] ♦Ᵽ▬☻─ ⌐ ∆╢ ⱷ⸗

כꜞ ≢№╢↓≤⅜ ╠╣≡™╢⁹ ♩ꜝ♇ⱪ│Ⱶꜞ ╙╡╟כ♄כ○ ™

≢№╢─≢ MHz○כ♄כ─ ⌐│ ⇔⌂™⁹╕√ ⌐≈™

≡│ ─ ⌐ ∂√ ╩ ∆╢↓≤⌐╟╡ ◦Ⱶꜙ꜠כ◦ꜛfi⌐

╟╢ ⌂ ⅜ ≢№╢─≢ ↓↓≢│ ⱷ⸗ꜞכ ⌐ ⇔√⁹ 

⅜ ⇔√ AM AM ≤ AM PM ┼─ │ ─╟℮⌐ ⅎ╢⁹

2.2.2 ─GaN HEMT─ ⸗♦ꜟ≢│ ╩╙≈ Ɽꜝⱷכ♃│ IDS  

CGS CGD≢№∫√⁹ ⅜ ↄ⌂╢≤ IDS│ ∆╢─≢ AM AM ⌐≈™≡

│ ⅜ ∆╢ ⌐ ∆╢≤ ∆╢⁹AM PM ⅜ ∆╢ │ CGS

≤ CGD─ ⌐╟∫≡ ↓╢ ▬fiⱧכ♄fi☻⅔╟┘ ▬fiⱧכ♄fi

☻≤─▬fiⱧכ♄fi☻ ─ ╛ ⌐ ⇔≡ ∆╢ ─ ⌂

≥≢№╢ [47]⁹ ⅜ ↄ⌂╢↓≤⌐╟∫≡ CGS≤ CGD│≤╙⌐ ∆╢ ≢

№╡ ⌐ ∆╢↓≤│ ╠⅛≢№╢⅜ ▬fiⱧכ♄fi☻ ─

⌐ ∆╢ AM PM ─ ╩ ⌐ ╘╢↓≤│≢⅝⌂™⁹ 

◦☻♥ⱶ⌐⅔™≡│ RF ─◄fiⱬ꜡כⱪ─ ⅝⌂ ⅜ RFⱤ꞉

fiⱪ▪כ ─ ─ ╩ ⅝ ↓⇔ ∕─√╘⌐ GaN HEMT─
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⅜ ⇔≡ ⱷ⸗ꜞכ ⅜ ∆╢⁹ ≢│ RFⱤ꞉כ▪fiⱪ─

╩ ∆╢√╘⌐◄fiⱬ꜡כⱪ♩ꜝ♇◐fi◓ ⅜ ↕╣╢↓≤╩ ⇔≡

⅜ RF ⌐ ∂≡ ∆╢ RFⱤ꞉כ▪fiⱪ⌐≈™≡ ╩

℮⁹ 

╕∏ GaN HEMT─ ╩ ≢ ∆╢⁹◄fiⱬ꜡כⱪ─ ≤ RF

Ɽ꞉כ▪fiⱪ─ ≤ ─ ╩ ∆╢⁹∕─ ⌐ ◦Ⱶ

╩fiꜛ◦כ꜠ꜙ ℮⁹GaN HEMT─ ⸗♦ꜟ≤ ⸗♦ꜟ│ 2 ≤ ∂╙─╩

™╢⁹RFⱤ꞉כ▪fiⱪ─ │ NI AWR─ RF ◦Ⱶꜙ꜠כ♃

MWO─ HB ╩ ∫≡GaN HEMT─♁כ☻ⱪꜟ≤꜡כ♪ⱪꜟ◦Ⱶꜙ꜠כ◦ꜛ

fi╩ ⇔≡ ╩ ╘≡ ≢ ∆╢⁹∕─ ⌐ RFⱤ꞉כ▪

fiⱪ⌐ ╩ ⇔≡ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮⁹ ♪꜠▬fi

│ ─ ≤ ─◄fiⱬ꜡כⱪ⌐ ∂√ ─ ≤⇔ ◄fi

ⱬ꜡כⱪ♩ꜝ♇◐fi◓ ─ ╩ ∆╢⁹ ╩ ═╢√╘

⌐ ◦Ⱶꜙ꜠כ◦ꜛfi≢ ╩♃כ♦√╣╠ AM AM ≤ AM APM ⌐

∆╢⁹ ⌐ ◦Ⱶꜙ꜠כ◦ꜛfi ≤ ⅛╠ ⇔√ ╩ ∆╢⁹

◦Ⱶꜙ꜠כ◦ꜛfi ─ ⌐≈™≡│ 4 ─ ⌐≡ ╩ ℮⁹ 

 

3.2. ◦Ⱶꜙ꜠כ◦ꜛfi─  

 3-1 │ ◦Ⱶꜙ꜠כ◦ꜛfi─√╘─ RF Ɽ꞉כ▪fiⱪ ╩

⇔≡™╢⁹GaN HEMT─ ⸗♦ꜟ│ ⸗♦ꜟ ⸗♦ꜟ│ Angelov⸗

♦ꜟ≢№╡ ∕╣∙╣─Ɽꜝⱷכ♃│ 2 ≢ ═√╙─≤ ∂≢№╢⁹  3-1

│ ⸗♦ꜟ─Ɽꜝⱷכ♃≢№╡ ₁─ RC ─ ≤≤

╙⌐ ⇔≡™╢⁹RF │ 10 GHz─ ╩ ∆

╢⁹ ─ fM│ 10 MHz, 5MHz, 2.5 MHz─ 3≈─ ⌐≈™≡◦Ⱶ
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╩fiꜛ◦כ꜠ꜙ ℮⁹VRFin ≤ VRFout │ ∕╣∙╣ RFⱤ꞉כ▪fiⱪ┼─

≤ RFⱤ꞉כ▪fiⱪ⅛╠─ ≢№╢⁹VGG ≤ VDD │ ∕╣∙╣ RFⱤ꞉כ

▪fiⱪ⌐ ♩כ◕╢╣↕ ≤♪꜠▬fi ≢№╢⁹VDD─ │ VRFin─◄

fiⱬ꜡כⱪ⌐ ⇔≡ ∆╢╟℮⌐ ≢ ↕╣╢⁹ ◦Ⱶꜙ꜠

│≡⇔≥♃כ NI AWR─ RF ◦Ⱶꜙ꜠כ♃MWO─♩ꜝfi☺▼fi♩ ╩

™╢⁹↓╣│ ₁⌂ ─◄fiⱬ꜡כⱪ ⌐ ∆╢↓≤⅜≢⅝╢⁹

≤ ─ │ ∕╣∙╣ GaN HEMT─♁כ☻ⱪꜟ≤꜡כ♪ⱪ

ꜟ◦Ⱶꜙ꜠כ◦ꜛfi⅛╠ ↕╣╢⁹VGG≤ VDD─Ᵽ▬▪☻ │

⅜ 10 GHz ≤⌂╢▬fi♄◒♃≤◐ꜗⱤ◦♃─ ≢ ↕╣╢⁹VDS≤

IDS│ ∕╣∙╣ GaN HEMT─♪꜠▬fi ☻כ♁ ≤♪꜠▬fi ≢№╢⁹

GaN HEMT─ Pdis│ VDS≤ IDS─ ≢ ╘╠╣╢⁹Pdis╩ ≤

─ N ⅛╠⌂╢ Foster ⌐ ⇔ ∕─ ≤⇔≡ ⌐

∆╢ VT-CH⅜ ↕╣ VT-CH╩ GaN HEMT─ ⱳכ♩⌐ ∆╢↓≤≢ ≤

─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮⁹⌂⅔ VT-A │ ⌐ ∆╢ ≢№╢⁹ 

╕√ Eff│ 2 ≤ ∂ ≢№╡ ↓↓≢│ RF ─ TRF╩

∫≡ ≢ ╘╢⁹ 
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 3-1 ♪꜠▬fi ⅜ ∆╢ RF Ɽ꞉כ▪fiⱪ─ ◦Ⱶꜙ

fiꜛ◦כ꜠  

Fig. 3-1 Circuit schematic of RF power amplifier with dynamic drain voltage for 

electrothermal co-simulation. 

 

 3-1 ─Ɽꜝⱷכ♃≤  

Table 3-1 Parameters of thermal resistance and capacitance. [25] 

 

  

(RF input)

Pdis

VDD

(RF output)

Input matching 
circuit

Angelovmodel of GaNHEMT

Bias circuit

Output matching 
circuit

VDS

IDS

=(VDS IDS)

Thermal equivalent circuit

VT-CH

Thermal port 

Bias circuit

VRFin

VRFout

VT-A

VT-CH

RF signal generator

Amplitude
modulator

10GHz

Voltage-modulation circuit

DC supplyDC supply

VGG

Load

RF Power amplifier

(Modulation signal)

R1

C1

Ri

Ci

VT1 VTi

RN

CN

VTN

R1C1ÒéÒ RiCiÒéÒ RNCN

(i=1, 2, é, N-1, N)

IDD

RL

Symbol R1 R2 R3 R4 R5 R6 R7

(K/W) 0.20 0.25 0.28 0.26 0.56 0.74 0.87

Symbol C1 C2 C3 C4 C5 C6 C7

(J/K)
7.40

10-10

1.59

10-8

1.43

10-7

3.85

10-6

6.60

10-5

5.30

10-4

3.75

10-3

1 / (2 ŔiCi)

(MHz)

1.08

103

4.00

10

3.97 1.59

10-1

4.31

10-3

4.06

10-4

8.70

10-5
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3.3. ⌐╟╢ ─  

VRFin─◄fiⱬ꜡כⱪ│ ≢ ↕╣≡⅔╡ fM M

≤ ∆╢⁹ ≤⇔≡◄fiⱬ꜡כⱪ♩ꜝ♇◐fi◓⅜ RFⱤ꞉כ▪fi

ⱪ⌐ ↕╣╢ Pdis│ ─ ≢ ↕╣╢⁹ 

 ( )[ ]tfMPP Mdis p2cos10 += 10 ¢¢M  (3-2) 

↓↓≢ P0│ Pdis─ ≢№╢⁹  

GaN HEMT ─ │ ─╟℮⌐ ╘╠╣╢⁹  3-1─ ⌐⅔™

≡ (3-2)─ 1 ⅜ ∆ ≤(3-2)─ 2 ⅜ ∆ ╩ ↑≡

ⅎ╢⁹ 

─╖─ ◐ꜗⱤ◦♃⌐│ ⅜ ╣⌂™─≢ Ri⌐ ╣╢ │ P0≢

№╢⁹ 

─╖─ ╩ ⅎ╢⁹ │ P0M≢№╡ 0⌂─≢ⱨ▼כ◙

│ P0M≢№╢⁹Ri⌐ ╣╢ ITi─ⱨ▼כ◙ ITi│ 
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(3-3) 

≢№╢⁹∆⌂╦∟ Ri⌐ ╣╢ ITi, AC│  
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+

= 2cos

1

2

0
,  

(3-4) 

≤⌂╢⁹ 

─╖─ ≤ ─╖─ ─ ╩ ⌡ ╦∑≡Ri⌐ ╣╢ ╩ ╘╢

≤ GaN HEMT─ │ ≤⌂╢⁹ 

 ä=
=-

N

i
TiACH tVTtT

1
)()(  (3-5) 
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ù

ú

ø

é
é

ê

è

+

-
+=

2
0

1

2cos
1)(

iM
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iTi

ff

tfM
RPtV

qp
 (3-6) 

 

 ( )iMi ffarctan=q  (3-7) 

 

↓↓≢  fi = 1/(2pRiCi)≢№╡ fi │ i ─ RC ⌐ ∆╢ ≢№

╢⁹ 

(3-5)⅛╠(3-7)╩ ⌐ ⅎ╢≤ ⅜ ⅛╢⁹ 

ה ⅜ RC ─ ⌐ ═≡ ™ ∆⌂╦∟ fM << fi─ │

qi │ 0 ≤ ≢⅝╢─≢ VTi│ ≤⌂╢⁹ 

 ( )[ ]tfMRPV MiTi p2cos10 +º  (3-8) 
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ה ⅜ RC ─ ⌐ ═≡ ™ ∆⌂╦∟ fM >> fi─ │

qi │ 90 ≤ ≢⅝╢─≢ VTi│ ≤⌂╢⁹ 

 iTi RPV 0º  (3-9) 

╣⧵ה ─ │ TCH ─ ≤ ─ ≢№╢ │ fM⅜ ↄ⌂

╢≤ ∆╢⁹ 

TCH─ⱥ☻♥ꜞ◦☻╩ VRFin─◄fiⱬ꜡כⱪ─ ≤ ─ ≤ ∆╢≤

─╟℮⌐ ╘╢↓≤⅜≢⅝╢⁹ 
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(3-11)╟╡ t = 0 ⅛╠ 0.5 / fM╕≢─ ─ TCH─ⱥ☻♥ꜞ◦☻│ t = 0.25 / fM ─

⌐ ╩≤╢↓≤⅜ ⅛╢⁹↕╠⌐  (3-12)╩ fM ≢ ∆╢⁹ ⌐№√∫≡

│ 2
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(3-12)≤(3-14)⅛╠ K ─ RC ⌐╟∫≡ ⅝ ↓↕╣╢ TCH─ⱥ☻♥

ꜞ◦☻─ │ fM = fK─ ≢№╡ ∕─ │ P0MRK≤⌂╢⁹ 

 ⅜ ⇔√ ⌐│ 3.1 ≢ ═√╟℮⌐ AM AM  ≤ AM PM │

╦╢⁹⇔√⅜∫≡ ─ⱥ☻♥ꜞ◦☻⅜ AM AM  ≤ AM PM ─ⱥ☻♥

ꜞ◦☻╩ ↕∑╢≤ ≢⅝╢⁹ 

 

3.4. RFⱤ꞉כ▪fiⱪ─  

╩ 10 GHz≤⇔≡ ╩ ∆╢⁹ ꜟⱪ☻כ♁│3-2 

╩fiꜛ◦כ꜠ꜙⱪꜟ◦Ⱶ♪כ꜡≥ ℮◦Ⱶꜙ꜠כ◦ꜛfi ≢№╢⁹ ⌐

≥כ♫כꜙ♅ꜟⱪ☻כ♁√⇔ ⌐ ╩כ♫כꜙ♅ꜟⱪ♪כ꜡√⇔ ∫≡

∕╣∙╣ GaN HEMT─ ⅛╠ ☻fi♄כfiⱧ▬☻כ♁√ ZST≤ ⅛╠

☻fi♄כfiⱧ▬♪כ꜡√ ZLT╩ ☻▪▬Ᵽ│כ♫כꜙ♅⁹╢∆ ╩ ⇔

≡⅔╡ GaN HEMT ≤ ⱳכ♩ ⅛╠ √▬fiⱧכ♄fi☻⌐│Ᵽ▬▪☻ⱳ

─♩כ │ fiꜛ◦כ꜠ꜙⱪꜟ◦Ⱶ♪כ꜡⁹╢™≡∫⌂⌐℮╟™⌂╣ │ ZST 

╩ ≤ ╦╣╢▬fiⱧכ♄fi☻⌐ ⇔ fiꜛ◦כ꜠ꜙⱪꜟ◦Ⱶ☻כ♁ │ ZLT 

╩ ≤ ╦╣╢▬fiⱧכ♄fi☻⌐ ∆╢⁹ ╩ ≤⇔≡ HB◦Ⱶꜙ

╩fiꜛ◦כ꜠ ™ PRFout≤ Eff╩ ╘≡ ☻Ⱶ☻♅ꜗכ♩ ⌐

≤⇔≡ ∆⁹ ⇔√ ZST≤ ZLT─ ⌐╟╡◦Ⱶꜙ꜠כ◦ꜛfi ⅜

╦∫≡ↄ╢─≢ ⅛◦Ⱶꜙ꜠כ◦ꜛfi ╡ ⇔√⁹⌂⅔ כ꜡≥ꜟⱪ☻כ♁

♪ⱪꜟ◦Ⱶꜙ꜠כ◦ꜛfi│ ⌐≈™≡─╖ ™ 2 ≤ 3 ⱪfiכ○│

≤⇔√⁹╕√ GaN HEMT─ │ ≤⇔ ⱳכ♩⌐│ Tnom⌐ ∆╢

VTnom╩ ⅎ√⁹ 
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fiꜛ◦כ꜠ꜙⱪꜟ─◦Ⱶ♪כ꜡≥ꜟⱪ☻כ♁ 3-2   

Fig. 3-2 Source pull and load pull simulation circuit. 

 

 3-3≤  3-4│ fiꜛ◦כ꜠ꜙⱪꜟ─◦Ⱶ♪כ꜡≥ꜟⱪ☻כ♁╣∙╣⧵

≢№╢⁹☻Ⱶ☻♅ꜗכ♩ ⌐ ↕╣√▬fiⱧכ♄fi☻ ─◦Ⱶꜙ꜠כ◦ꜛfi╩

ꜟⱪ♪כ꜡⁹√⇔ ⌐│ Eff≤ PRFout─ ╩ ⇔ │ꜟⱪ☻כ♁ ╦

∑⌐ ℮√╘⌐ PRFout─╖─ ╩ ⇔√⁹☻Ⱶ☻♅ꜗכ♩─ ▬fiⱧכ♄

fi☻│  3-3⅜ 50 ɋ  3-4⅜ 5 ɋ≤⇔≡™╢⁹ │ VDD = 20 V

VGG = ī2.5 V≤⇔√⁹  3-3─ ⅛╠ ☻כ♁ ─ ▬fiⱧכ♄fi☻ ZST0≤

⇔≡ 1.5 + j5.0 ɋ╩ ╪∞⁹ ▬fiⱧכ♄fi☻─ ⌐ ⇔≡│ PRFout≤

Eff─ ╙ ⇔√⁹  3-5⌐ ▬fiⱧכ♄fi☻╩ ⅎ√ ─ PRFout Eff─

╩ ∆⁹PRFout─ ⅜ ↄ⅛≈ Eff╙ ™ ▬fiⱧכ♄fi☻╩

⇔ ─ ▬fiⱧכ♄fi☻ ZLT0│ 1.9 + j2.8 Ɏ≤⇔√ 
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╠⅛fiꜛ◦כ꜠ꜙⱪꜟ◦Ⱶ☻כ♁ 3-3  √ ─  

Fig. 3-3 PRFout contours obtained from source pull simulation. 

 

 

╠⅛fiꜛ◦כ꜠ꜙⱪꜟ◦Ⱶ♪כ꜡ 3-4  √ ≤ ─  

Fig. 3-4 PRFout and Eff contours obtained from load pull simulation. 
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≡™⅔⌐fiꜛ◦כ꜠ꜙⱪꜟ◦Ⱶ♪כ꜡ 3-5  ▬fiⱧכ♄fi☻╩ ⅎ√

─ ≤ ─  

Fig. 3-5 Load dependency of relationship between PRFout and Eff obtained from load pull 

simulation. 
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 3-6 │ ─ ╩ ∆╢√╘─ RF ◦Ⱶꜙ꜠כ◦ꜛfi

≢№╢⁹ │ 1 ─ LC ≢ ∆╢↓≤≤⇔ ꜟⱪ☻כ♁

╣∙╣⧵╠⅛fiꜛ◦כ꜠ꜙⱪꜟ◦Ⱶ♪כ꜡≥ ⇔√▬fiⱧכ♄fi☻ ZST0≤ ZLT0

⌐ ℮╟℮⌐ ╩ ⇔√⁹ ─ │ Lin≤ Cin≢ ─

│ Lout≤ Cout≢ ↕╣≡™╢⁹Lin = 0.12 nH Cin = 4.1 pF Lout = 0.08 nH Cout 

= 3.8 pF≢№╢⁹  3-7│ PRFin╩ ⅎ√ ─ PRFout≤ Eff╩ ⇔≡™╢⁹PRFout

⅜ 44 dBm─ ⌐ Eff│ 40%≤⌂∫≡⅔╡  3-5─ ZLT0≢─ RF ⅜╒╓

≢⅝√⁹ 

 

 3-6 ╩ ⇔√ GaN HEMT RFⱤ꞉כ▪fiⱪ─ RF ◦Ⱶ

fiꜛ◦כ꜠ꜙ  

Fig. 3-6 RF characteristics simulation circuit of GaN HEMT RF power amplifier with input 

and output matching circuits. 
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 3-7 ╩ ⇔√ GaN HEMT RFⱤ꞉כ▪fiⱪ─ RF ◦Ⱶ

fiꜛ◦כ꜠ꜙ  

Fig. 3-7 Simulated RF characteristics of GaN HEMT RF power amplifier with input and 

output matching circuits. 

 

3.5. RFⱤ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠כ◦ꜛfi 

3.5.1. ◄fiⱬ꜡כⱪ♩ꜝ♇◐fi◓ RFⱤ꞉כ▪fiⱪ─  

 3-1 ─◦Ⱶꜙ꜠כ◦ꜛfi ╩ ™≡ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮⁹

│ ≢ ∆╢⁹ ─ │ ─ ≢│⌂™⅜

─ ─ ╩ ⌡ ╦↕∑╢↓≤≢ ≢⅝╢─≢ ⌂ ╩

ↄ↓≤⅜≢⅝╢≤ ⅎ╢⁹ ⌐╟╢ ╩ ═╢√╘⌐ fM = 10 MHz

5 MHz 2.5 MHz─ 3 ≤⇔√⁹ ─ ≤⇔≡◄fiⱬ꜡כⱪ♩ꜝ

♇◐fi◓⅜ ↕╣╢↓≤╩ ⇔≡ VDD│ ⌐ ⇔≡ 0 V⅛

╠ 20 V╕≢ ⇔√⁹ ╦∑≡ √╘⌐ VDD⅜ 20 V ─

╙◦Ⱶꜙ꜠כ◦ꜛfi⇔√⁹╕√ fRF = 10 GHz≢№╡ VGG = ī2.5 V≤⇔√⁹ 
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╢⁹  3-8(a)│ ─ 2 ╩ ⇔  3-8(b)│ fRF = 10 GHz─ RF ─

10 ╕≢ ⇔≡™╢⁹♩ꜝfi☺▼fi♩ ─☻♥♇ⱪ │ 0.01 ns⌐

⇔≡™╢─≢  3-8(b)≢│ RF ─ 1 ≢ 10◘fiⱪꜟ─ ╩ ∫≡™

╢⁹↓─ ⌂ V(tN×i+j)⅛╠ P(ti)╩ ∆╢ ⌐│ ─ ╩ ™

√⁹ 

 ()
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+³

ù
ù

ú

ø

é
é

ê

è
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jiN
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tV

N
tP

1

2
1

 , i = 0, 1, 2, é (3-15) 

N│◘fiⱪꜞfi◓ ≤ RF─ ─ ⅛╠ ╕╢ ≢№╢⁹ 

 

 

 3-8 10 MHz≢ ↕╣√ ─  

Fig. 3-8 Waveform of VRFin modulated by amplitude modulation with fM of 10 MHz. (a) 

Time = 0 to 200 ns. (b) Time = 149.5 to 150.5 ns. 

 

 3-9⌐ RFⱤ꞉כ▪fiⱪ─ ◦Ⱶꜙ꜠כ◦ꜛfi ╩ ⇔√⁹

│ TM≢ ⇔√⁹  3-9(a) │ VRFin─◄fiⱬ꜡כⱪ╩ ⇔≡⅔╡

│ t = ī0.25TM─ ─◄fiⱬ꜡כⱪ ≢ ⇔√⁹VRFin│ t = ī0.5TM ⅛╠

t =0╕≢│ ⇔ t = 0⅛╠ t = 0.5TM ╕≢│ ∆╢⁹  3-9(b) │ VDD╩ ⇔

≡™╢⁹ ─ │ 20 V ≢№╡ ─ │ 0 V ⅛╠ 20 V╕≢
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⌐ ∆╢⁹  3-9(c) ≤ (d) │ ≤ Pdis╩ ⇔≡™╢⁹fM = 10 MHz

5 MHz 2.5 MHz─ 3 ⌐ ⇔≡ ∂ ≢№∫√⁹ 

 

 3-9 ⅜ ─ ≤ ↕╣≡™╢ ─ RF Ɽ꞉כ▪fiⱪ─

─◦Ⱶꜙ꜠כ◦ꜛfi  

Fig. 3-9 Simulation results of RF power amplifier with constant and modulated VDD. (a) 

VRFin vs. time. (b) VDD vs. time. (c) PRFout vs. time. (d) Pdis vs. time.  
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 3-2⌐ RFⱤ꞉כ▪fiⱪ─ ⅜ ⌂╢ ⌐ ⇔≡ PRFout≤ Pdis─

⅔╟┘ Eff╩╕≤╘√⁹ PRFout│ VDD⅜ ─ ⌐ 9.1 W

↕╣√ VDD─ ⌐ 8.7 W⅛╠ 8.8 W≢№∫√⁹RFⱤ꞉כ▪fiⱪ─ Eff│ VDD⅜

─ ⌐ 28% ─ ⌐ 44%≢№∫√⁹↓─ Eff─ │◄fiⱬ꜡כ

ⱪ♩ꜝ♇◐fi◓⅜ ╩ ∆╢ ⅜№╢↓≤╩ ⇔≡™╢⁹ 

 

 3-2 RFⱤ꞉כ▪fiⱪ─ ─◦Ⱶꜙ꜠כ

◦ꜛfi  

Table 3-2 Simulated average PRFout, average Pdis and Eff of RF power amplifier with constant 

and modulated VDD. 

 

 

3.5.2. ─◦Ⱶꜙ꜠כ◦ꜛfi  

 3-10│ t = 0─ TCH(0)⅛╠─ ╩ ⇔≡™╢⁹ VDD⌐⅔™≡│

fM =10 MHz 5 MHz 2.5 MHz─ 3≈─ fM ≢─ Pdis ─ ─ │  3-2⌐

⇔√╟℮⌐ ⌐ ↕™─≢ Pdis ─ ⌐╟╢ │ ™⁹TCH─ │ fM⅜

ↄ⌂╢≤ ⇔≡™╢⁹TCH─ ─ fM │ 3.3 ≢ ═√ ≤

∆╢⁹  3-11│ TCH─ⱥ☻♥ꜞ◦☻╩ ⇔≡™╢⁹TCH─ⱥ☻♥ꜞ◦☻│ VRFin

◄fiⱬ꜡כⱪ⅜ ∆╢ ─ TCH≤ ∆╢ ─ TCH─ ≢ ⇔√⁹ⱥ☻♥ꜞ

◦☻ ─ fM │ TCH─ ─ fM ≤│ ⇔≡™⌂™⁹3.3 ─

VDD fM (MHz)
Average

PRFout (W)

Average

Pdis (W)
Eff (%)

Constant VDD (20 V) 10 9.07 23.15 28.2

ModulatedVDD

(The voltage is changed 

from 0 V to 20 V with 

sinusoidal shape)

10 8.80 11.24 43.9

5 8.76 11.25 43.8

2.5 8.72 11.25 43.7

M = 1, VGG= ī2.5 V, fRF = 10 GHz
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⅛╠ TCH─ⱥ☻♥ꜞ◦☻│ ₁─ RC ─ ⌐ ↕╣╢↓≤

⅜ ⅛∫≡™╢⁹fM = 5 MHz│ 3≈─♃▬ⱪ─ VDD ─ ≢│  3-1─ f3 ⌐

╙ ™⁹fi≤ fM─ ⅜ TCH─ⱥ☻♥ꜞ◦☻ ╩ ╘√≤ ⅎ╢⁹ 

 3-9(d)─◓ꜝⱨ⅛╠ 3.3 ≢ ™√ P0≤ M ⌐ ∆╢ │∕╣∙ 14.6≤

1.0≢№╢↓≤⅜ ⅛╢⁹⇔√⅜∫≡ (3-11)≤(3-12)⅛╠ fM = 10 MHz 5 MHz

2.5 MHz─ ─ TCH─ⱥ☻♥ꜞ◦☻ │∕╣∙╣ 4.7 K 5.2 K 4.7 K≤ ≢⅝

╢⁹↓─ │  3-11⌐ ↕╣≡™╢ t = 0.25TM≢─ ⌐╒╓ ⇔≡™╢⁹ 

 3-11≢│ ─ ⌐Ⱨכ◒ ⅜ 0.25TM⅛╠∏╣≡™╢⁹↓╣│ Pdis

⌐ ╕╣╢ ─ ≢№╢⁹  3-9(d)─ Pdis⌐ ╦∑√ ≤⇔≡

─╖─ Pdis_1≤ 2 ╕≢ ╘√ Pdis_2╩ ⅎ╢⁹  3-9(d)─ Pdis

─ ╩ FFT( ⱨכꜞ◄ Fast Fourier transform)⇔≡ ─♦

≡⇔≥♃כ ≤ ╩ ╘╢≤ Pdis_1≤ Pdis_2│ ≢ ↕╣╢⁹ 

 ( )[ ]tf́P Mdis 2cos3.110.111_ +º  (3-16) 

 ( ) ( )[ ]tf́tf́P MMdis 4cos34.02cos3.110.112_ ++º  (3-17) 

↓─ Pdis_1≤ Pdis_2─ │  3-12─ ╡≢№╡ Pdis_2│  3-9(d)─ Pdis

╩╒╓ ⇔≡™╢↓≤⅜ ⅛╢⁹↓╣╩ TCH─ⱥ☻♥ꜞ◦☻ ─ ⌐ ≡

│╘╢≤  3-13─ ╡≤⌂╢⁹Pdis_2│  3-11─ TCH─ⱥ☻♥ꜞ◦☻╩ ⇔≡

™╢↓≤⅜ ⅛╢⁹Pdis─ │ ⌂ ◦Ⱶꜙ꜠כ◦ꜛfi╩

⇔≡ ╘≡ ╢↓≤⅜≢⅝╢⁹ 
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 3-10 ⅜ ─ ≤ ↕╣≡™╢ ─ RFⱤ꞉כ▪fiⱪ

─ GaN HEMT─♅ꜗⱠꜟ  

Fig. 3-10 TCH variation of GaN HEMT in RF power amplifier with constant and modulated 

VDD. 

 

                

 3-11 ⅜ ─ ≤ ↕╣≡™╢ ─ RFⱤ꞉כ▪fiⱪ

─ GaN HEMT─♅ꜗⱠꜟ ⱥ☻♥ꜞ◦☻ 

Fig. 3-11 TCH hysteresis of GaN HEMT in RF power amplifier with constant and modulated 

VDD. 
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 3-12 ─  

Fig. 3-12 Simulated and approximated Pdis. (a) Pdis_1. (b) Pdis_2. 

 

 

 

 3-13 GaN HEMT─♅ꜗⱠꜟ ⱥ☻♥ꜞ◦☻─  

Fig. 3-13 Simulated and approximated TCH hysteresis. (a) Pdis_1. (b) Pdis_2. 
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3.5.3. AMīAM ─◦Ⱶꜙ꜠כ◦ꜛfi  

 3-14│ VDD⅜ ─ ≤ ─ ─ RFⱤ꞉כ▪fiⱪ─ AM

AM ─◦Ⱶꜙ꜠כ◦ꜛfi ≢№╢⁹ │ VRFin─◄fiⱬ꜡כⱪ≢№╡ t = 

ī0.25TM≢─◄fiⱬ꜡כⱪ─ ≢ ⇔≡™╢⁹ │ 20log(|VRFout|/|VRFin|)

≢ ╘╠╣╢ ≢№╡ t = ī0.25TM⌐⅔↑╢ ≢ ⇔≡™╢⁹AM AM

─ⱥ☻♥ꜞ◦☻ │  3-11─ TCH─ⱥ☻♥ꜞ◦☻ ⌐ ∆╢⁹ 

 

 3-14 ⅜ ─ ≤ ↕╣≡™╢ ─ RFⱤ꞉כ▪fiⱪ─

AM AM  

Fig. 3-14 AM AM distortion of RF power amplifier with constant and modulated VDD. (a) 

Constant VDD, fM = 10 MHz. (b) Modulated VDD, fM = 10 MHz. (c) Modulated VDD, fM = 5 

MHz. (d) Modulated VDD, fM = 2.5 MHz.  
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3.5.4. AM PM ─◦Ⱶꜙ꜠כ◦ꜛfi  

 3-15│ VDD⅜ ─ ≤ ─ ─ RFⱤ꞉כ▪fiⱪ─ AM

PM ─◦Ⱶꜙ꜠כ◦ꜛfi ≢№╢⁹ │ VRFin─◄fiⱬ꜡כⱪ≢№╡ t = 

ī0.25TM≢─◄fiⱬ꜡כⱪ─ ≢ ⇔≡™╢⁹AM PM ─ ⌐ ⇔≡

│ ♃כ♦─ VRFin≤ VRFout╩ FFT⇔≡ ⌐♃כ♦─ ⇔

─ ⅛╠ ╩ ╘√⁹AM PM ─ⱥ☻♥ꜞ◦☻ │  3-11 ─

TCH─ⱥ☻♥ꜞ◦☻ ⌐ ∆╢⁹ 

 

 3-15 ⅜ ─ ≤ ↕╣≡™╢ ─ RFⱤ꞉כ▪fiⱪ─

AM PM  

Fig. 3-15 AM PM distortion of RF power amplifier with constant and modulated VDD. (a) 

Constant VDD, fM = 10 MHz. (b) Modulated VDD, fM = 10 MHz. (c) Modulated VDD, fM = 5 

MHz. (d) Modulated VDD, fM = 2.5 MHz. 
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