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CoPEC Outline 

•  CoPEC: Colorado Power Electronics Center 

•  Introduction to wide bandgap semiconductors 

•  Monolithic VHF GaN converters 
§  Application of interest: drain supply modulation for RFPA’s  

§  Half-bridge power stage with integrated gate drivers in GaN process 

§  Experimental results: 10-400 MHz switching, up to 50V, >10W power 

•  Conclusions 
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CoPEC CoPEC Educational Program 
Comprehensive power electronics curriculum 

•  Introduction to power electronics 
•  Resonant and soft-switching techniques 
•  Modeling and control of power electronics 
•  Power electronics and photovoltaic systems lab 
•  Power electronics for electric drive vehicles 
•  Adjustable speed ac drives 
•  Analog and mixed-signal integrated circuit design 

Graduate certificates in (1) PE and (2) EV Technologies 
Courses can be taken online through   

 beboulderanywhere.colorado.edu 
Specialization in power electronics available through Coursera 

www.coursera.org/specializations/power-electronics 
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CoPEC 

Energy Efficiency and 
Consumer Electronics 
• Lighting 

• Data centers, servers 

• RF Transmitters 

• POL conversion 

• Mobile electronics 

• Wireless power 

• Energy harvesting 

CoPEC Research Directions 
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CoPEC Introduction to wide bandgap semiconductors 
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CoPEC Comparison of semiconductor materials 
Material Bandgap [eV] Electron mobility 

µn [cm2/Vs] 
Critical field Ec 

[V/cm] 
Thermal 

conductivity [W/
moK] 

Si 1.12 1400 3 x 105 130 
SiC 2.36-3.25 300-900 1.3-3.2 x 106 700 
GaN 3.44 900 

1500-2000 
(AlGaN/GaN) 

3.0-3.5 x 106 110 

Advantages of wide bandgap (SiC, GaN) power semiconductors 

•  Much better FOM, reduced resistive voltage drops at higher breakdown voltages 

•  Much reduced stored charge (MOSFET), much reduced reverse-recovery related 
switching losses (high-voltage Schottky diodes) 

•  Capability of operation at increased junction temperature 
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CoPEC Power electronics applications 
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CoPEC Increased switching frequency: motivation 

1W 10W 100W 1KW 10KW 100KW 1MW 

1kHz 
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100kHz 
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100MHz 

1GHz 

Chip-scale POL SMPS Utility scale 

Power 

Switching 
frequency 

•  Wide bandgap 
semiconductors 
(GaN, SiC) 

•  Circuit topologies 
and design 
techniques 

Motivation: 
•  Increased power 

density 
•  Increased bandwidth, 

faster dynamics 

Grid-tied 
& EV 
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CoPEC Application examples from our recent projects 
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Power 
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(GaN, SiC) 

•  Circuit topologies 
and design 
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EV drivetrain 
SiC converters 

Grid-tied 
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CoPEC Application: RF transmitters 

Fixed dc supply voltage 
Vdc 

Problem: low efficiency of conventional RF transmitters in mobile, 
base station, and other wireless infrastructure systems 
•  High peak-to-average ratio (PAR) signals 

•  Continuous-wave (CW) or low-PAR signals at average power levels below peak 
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CoPEC Objective: high-efficiency, flexible RF transmitters 

Drain supply 
modulator 

Vdc 

High-efficiency 
RFPA 

One possible system efficiency improvement approach:  
“envelope tracking” transmitters based on drain supply modulation 
•  High-efficiency RFPA 

•  High-efficiency, wide-bandwidth envelope-tracking drain supply modulator 

•  System co-design and integration 

vdd(t) 
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CoPEC Objective: high-efficiency, flexible RF transmitters 

Drain supply 
modulator 

Vdc 

High-efficiency 
RFPA 

One possible system efficiency improvement approach:  
“envelope tracking” transmitters based on drain supply modulation 
•  High-efficiency RFPA 

•  High-efficiency, wide-bandwidth envelope-tracking drain supply modulator 

•  System co-design and integration 

vdd(t) 
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CoPEC Drain supply modulator design challenges 

•  Wide tracking bandwidth [BWtracking = 10’s to 100’s of MHz] 
•  High output voltage slew rate [dvdd /dt = several V/ns] 
•  High efficiency to realize system-level efficiency improvements 

vdd  
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CoPEC Basic approach: PWM buck dc-dc converter 
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CoPEC Challenge: high-efficiency at high switching frequency 
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Conventional switched-
mode power converter 

designs are limited to low 
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CoPEC Approach: monolithic VHF GaN switchers 

Switched-mode converter design techniques in GaN process 

• Gate-drive integration  
§  Enables efficient PWM of high-bridge power stage at VHF 
§  Enables logic-level inputs to monolithic GaN switcher chip  

• Zero-voltage switching 
§  Reduces switching losses 

• Multi-phase conversion 
§  Improves tracking bandwidth to switching frequency ratio 
§  Enables power scaling 
§  Reduces ripple 
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CoPEC 
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Superior figure of merit allows switched-mode converter circuit design techniques 
leading to high efficiencies at very high switching frequencies 

Integrated converter circuits tested at 10-400 MHz switching frequencies, up to 
20V in the 0.15µ RF process, and up to 50V in the 0.25µ Switch process 

NMOS-only process: circuit design challenges 
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CoPEC 10-400 MHz Integrated GaN PWM Buck Converters 

Key circuit innovation: level-shifting high-side gate driver in 
GaN-on-SiC process to support very high frequency PWM control 

20-50 V 

5-17 V, up to 15 W 
10-400 MHz 

PWM 
control signals 

>20 MHz tracking bandwidth 
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CoPEC Integrated Gate Drivers for Half-Bridge Power Stage 

• Active pull-up driver 
• Bootstrap drive 

• Modified active pull-up driver 
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CoPEC Active pull-up driver 

Chip layout: 2.4 × 2.3 mm 

QHS, QLS DHS, DLS Q1, Q3 Q2, Q4 R1 R2 

10x125μm 10x120μm 2x25μm 4x50μm 300 Ω 125 Ω 

Half-bridge 
power stage 

Half-bridge power stage 
 QHS/DHS, QLS/DLS 

High-side gate driver 
 Q1, R1, Q2 

Low-side gate driver 
 Q3, R2, Q4 

Low-side 
gate driver 

High-side 
gate driver Vdd = Vin 
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CoPEC Active pull-up driver operation 
 QHS on, QLS off 

IQ3=13.2 mA 

QHS off, QLS on 

IQ1= 8.5 mA 

D=0.5, Io=0.25 A Pd,conduction = -DVssLS IQ3+(1-D)(Vin-VssHS)IQ1 

0 V -5 V 
+ 

-

+ 
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HIGH 
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CoPEC Bootstrap driver 

Chip layout: 2.4 × 2.3 mm 

Half-bridge 
Power stage 

Half-bridge power stage 
 QHS/DHS, QLS/DLS 

High-side gate driver 
 Q1, R1, Q2, D1, C1 

Low-side gate driver 
 Q3, R2, Q4 

High-
side 
gate 

driver 

Vdd << Vin 

QHS, QLS DHS, DLS Q1, Q2 D1 C1 R1 

20x200μm 20x100μm 4x25μm 2x25μm 126 pF 175 Ω 
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CoPEC Bootstrap driver operation 
 QHS on, QLS off QHS off, QLS on 

IQ1= 13.5 mA 

D=0.5, Io=0.25 A 

Pd,conduction = -DVssLS IQ3+(1-D)(-VssHS)IQ1 

0 V -5 V 
+ 

-

+ 

-

Low driver power loss,  
but a bootstrap capacitor is required (large chip area, or external) 

LOW 
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CoPEC Modified active pull-up driver 

Chip layout: 2.4 × 2.3 mm 

Half-bridge 
Power stage 

Half-bridge power stage 
 QHS/DHS, QLS/DLS 

Half-side gate driver 
 Q1, R1, Q2 

Low-side gate driver 
 Q3, R2, Q4 

Low-side 
gate driver 

High-side 
gate driver 

QHS, QLS DHS, DLS Q1, Q3 Q2, Q4 R1 R2 

20x200μm 20x100μm 4x25μm 4x50μm 100 Ω 75 Ω 

Vdd 
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CoPEC Modified active pull-up driver operation 
 QHS on, QLS off 

IQ3=25.6 mA 

QHS off, QLS on 

IQ1= 23.3 mA 

D=0.5, Io=0.25 A Pd,conduction = -DVssLS IQ3+(1-D)(-VssHS)IQ1 

0 V -5 V 
+ 

-
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Low driver power loss, and no bootstrap capacitor required 
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CoPEC Zero-voltage-switching (ZVS) operation 
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•  L-Csw resonant ZVS transitions 

•  Much reduced switching losses 

•  Dynamically adjusted dead-
times td1, td2 , with around 
100ps resolution 
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CoPEC Experimental results 
•  10-400 MHz PWM switching, mostly ZVS operation  
•  Control: Altera Stratix IV FPGA, 125 ps resolution 
•  Chips packaged in: 20-pin 4x4mm QFN package 
•  Filter components 

– Low-ESR capacitors (ATC) 
– High-Q air-core inductors (Coilcraft), 10-400 nH 

•  Simple 4-layer PCB 
20-50 V 

up to 15 W 
10-400 MHz 

PWM 
control signals 
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CoPEC Switching waveforms 

Half-bridge 
Power stage 

High-side 
gate driver 

Low-side 
gate driver 

2.4 × 2.3mm 

D = 0.75 

Vout = 14 V, Pout = 4.5 W, η = 91.0 % 

100 MHz 
switching 
waveforms 
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CoPEC 

2.5 ns/div 

20 V 

D = 0.75 

Vout = 14 V, Pout = 2.2 W, η = 91.0 % 

•  100 MHz switching 
•  Pout up to 7 W 
•  91% peak power-stage efficiency 
•  < 0.2 W driver loss 

µ = Vout/Vin 

Efficiency 

Experimental results: 100 MHz switching 
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CoPEC Monolithic GaN switchers: efficiency versus sw. frequency 
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CoPEC 
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CoPEC Application: envelope tracking supply for RFPAs 

L1 C2 L3 C4 RL Vin Pout,pk 
28 nH 820 pF 307 nH 270 pF 30 Ω 20 V 10 W 

vin

L1
C2

RL
L3

C4vLS

FPGA 
Look-up 

Table
vHS

vdd
+

-
vsw

+

-

vtarget

•  Target signal: 20 MHz bandwidth LTE envelope 
•  4th order filter, 25 MHz cut-off frequency 
•  100 MHz switching frequency 
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CoPEC Envelope tracking experimental results 

•  20 MHz LTE envelope, 100 MHz switching frequency 

•  Power stage efficiency: 83.7% 

•  Total efficiency: 80.1% (including on-chip driver loss) 

•  Normalized RMS error: 5.4% 
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CoPEC Integrated two-phase GaN buck converter chip 
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CoPEC Two-phase switching drain supply modulator 

•  50 MHz per-phase switching 
frequency 

•  20 MHz tracking bandwidth 

•  3.4% RMSE tracking 
20MHz LTE envelope 

•  93.2% peak, 85% total 
efficiency 
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CoPEC System integration: monolithic high-efficiency RF PA 

MMIC carrier board    

X-band input 

DC supply 

RF VHF/
UHF 
input 

DC supply, modulator 

DC supply, PA 

X-band 
modulated 
output 

Switcher drive inputs 

5.4 x 3.8 mm MMIC 

20 MHz RF BW OFDM modulation test, continued

4/21/2015 12FOR OFFICIAL USE ONLY – Not Cleared for Open Release

Pout av Pout_pk CPAE_av

1.4 W 10 W 28.70% 90% 
efficiency 
region

CW measurement at 9.7GHz 
(best efficiency) used to 
extract trajectory

20dB ACP
Standard, 
needs DPD

CPAE is >40%
This number 
includes all the 
board loss

CPAE >40% 
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CoPEC Monolithic GaN switchers in an E-mode process 

High Efficiency 20-400 MHz PWM Converters
using Air-Core Inductors and Monolithic Power

Stages in a Normally-Off GaN Process
Alihossein Sepahvand, Yuanzhe Zhang and Dragan Maksimović

Colorado Power Electronics Center
Department of Electrical, Computer and Energy Engineering

University of Colorado, Boulder, CO 80309-425, USA
Email: {ali.sep, yuanzhe.zhang, maksimov}@colorado.edu

Abstract—This paper presents high efficiency dc-dc converters
based on monolithic normally-off GaN half-bridge power stages
with integrated gate drivers. A new gate driver circuitry is intro-
duced, which enhances both the power stage efficiency and the
converter overall efficiency. While using only n-type transistors
in the GaN process, the proposed gate driver maintains low
quiescent power consumption by emulating the complementary
operation commonly employed in CMOS processes. Level shifting
is accomplished using a bootstrap technique, with the bootstrap
capacitor and the bootstrap diode integrated on the same chip.
A family of monolithic GaN chips has been designed, targeting
operation from up to 45 V, delivering up to 16 W of output power,
and operating at 20-400 MHz switching frequencies. The GaN
chips are verified in synchronous buck converters, demonstrating
record peak power stage efficiencies of 95.0% at 20 MHz, 94.2%
at 50 MHz, 93.2% at 100 MHz, 86.5% at 200 MHz, and 72.5%
at 400 MHz.

I. INTRODUCTION

Increasing the switching frequency of power converters to
very high frequency (VHF) and ultra high frequency (UHF)
levels has the potential to reduce the size of passive com-
ponents, with a corresponding increase in power density. Fur-
thermore, high frequency operation enables improved transient
responses, opening up new application opportunities such as
dynamic supply modulation and envelope tracking [1]–[6].
Realizing the aforementioned advantages while maintaining
high efficiencies requires advances in circuit topologies and
design techniques, high-Q passive components, as well as
higher performance semiconductors, such as GaN devices [1]–
[19]. In particular, monolithic integration of GaN switching
power devices and gate drivers has enabled high efficiency
operation of pulse-width modulated (PWM) converters at up
to 200 MHz switching frequencies [2]–[4], [7], [8], with 90%
power-stage efficiency at 100 MHz switching frequency re-
ported in [2]. These results have been reported for a depletion-
mode (normally-on) GaN-on-SiC process, which raises prac-
tical concerns related to system start-up issues. Furthermore,
pull-up techniques employed in the integrated gate drivers
introduce challenging trade-offs between switching speed of
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Figure 1: (a) Circuit diagram of the synchronous
buck converter using the monolithic GaN half-
bridge power stage chip with integrated gate
drivers; (b) die photo of the (2mm ⇥ 2mm)
GaN chip optimized for 100 MHz switching
frequency.

power devices, power-stage switching losses, and driver power
consumption.

In this paper, the monolithic power stage integration
approach is advanced further for an enhancement-mode
(normally-off) GaN-on-SiC process using a new gate-driver
circuit with improved switching speed versus power consump-
tion trade-off. A synchronous buck converter using the mono-
lithic normally-off GaN half-bridge with the new integrated

Table I: Experimental results for synchronous buck converter prototypes using monolithic GaN power chips with
integrated gate drivers

Switching frequency, fs [MHz] 20 50 100 200 400 100
Input voltage [V] 25 25 25 25 20 45
Maximum output power [W] 16.0 10.1 7.1 3.4 5.0 6.0
Peak power stage efficiency [%] 95.0 94.2 93.2 86.5 72.5 91.7
Peak total efficiency [%] 92.5 91.7 89.2 82.0 67.0 90.2
Inductance (L) [nH] 160 90 47 22 12.5 90
Duty cycle (D) [%] 75 75 75 75 50 50

950⌦. A peak power stage efficiency of 95.1% is obtained
at 75% duty cycle. The converter maintains greater than 90%
power efficiency and greater than 85% overall efficiency over
a wide range of output power (4 to 16 W), at 50% and 75%
duty cycles. Switching node voltage (vsw) and PWM control
signals (cH and cL) for 50% duty cycle operation are shown in
Fig. 8. Smooth low-to-high and high-to-low transitions typical
for ZVS-QSW operation can be observed.

B. ZVS-QSW buck converter operating at 100 MHz from 25 V
input voltage

Power stage and overall efficiency for the 100 MHz, 25 V
ZVS-QSW synchronous buck converter prototype are shown in
Fig. 9. The size of the power stage transistors gate periphery
(QH and QL) is 2.6mm, and Rg is 950⌦. This converter
achieves a peak efficiency of 93.2% at 75% duty cycle.
Switching node voltage and PWM control signals for this
prototype, at 50% duty cycle, are shown in Fig. 10, illustrating
ZVS operation.

C. ZVS-QSW buck converter operating at 200 MHz from 25 V
input voltage

Efficiency plots for the 200 MHz, 25 V ZVS-QSW buck
converter prototype are shown in Fig. 11, for operation at 50%
duty cycle. The prototype uses the GaN power chip optimized
for 100 MHz operation. Peak power stage efficiency greater

vsw

25 V

2. 5 ns 6 V

cH

Vout = 12.4 V, Pout = 4.5  W, η = 90.3 %

cL

Figure 10: Switching node voltage (vsw) and
the input control signals (cH and cL) at 50%
duty cycle for the 100 MHz, 25 V ZVS-QSW
synchronous buck converter.

than 86% is recorded at high output power levels (> 3 W).
The switching node voltage and PWM control signals for this
converter at 50% duty cycle are shown in Fig. 12.

D. Buck converter operating at 400 MHz from 20 V input
voltage

Power stage efficiency results for the 400 MHz, 20 V ZVS-
QSW buck converter prototype are shown in Fig. 13. In this
case, the size of the power stage transistors gate periphery
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Figure 9: (a) Power stage efficiency and (b) overall efficiency for different duty cycles as functions of output
power for the synchronous buck converter operating at 100 MHz from 25 V supply voltage.

A.Sepahvand, Y.Zhang, D.Maksimovic, “High Efficiency 20-400 
MHz PWM Converters using Air-Core Inductors and Monolithic 
Power Stages in a Normally-Off GaN Process,”  IEEE APEC 2016 



39 University of Colorado Boulder 

CoPEC Scaling to higher power levels 

Y.Zhang, J.Strydom*, M.Rooij*, D.Maksimovic, “Envelope Tracking GaN Power Supply for 4G Cell 
Phone Base Stations,” IEEE APEC 2016. *EPC 
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Figure 1. N phase synchronous buck converter with fourth-order filter.

is preferable as it provides inherent phase current balancing
[27].

A. Power Stage

To achieve ZVS, the inductor current ripple (defined as the
difference between the peak and the average current) must be
large enough, usually at least the average current, and depends
on various operating conditions such input voltage, duty cycle,
load, etc. As a result, there is the trade-off between conduction
loss and switching loss. In [4], an optimization method based
on the analytical loss model was introduced, where the device
size was selected to balance the trade-off and achieve the
highest efficiency.

Three different device sizes are available from the EPC8000
series each rated at 40 V: EPC8004 (110 m⌦), EPC8007
(160 m⌦) and EPC8008 (325 m⌦) [28]–[30]. The choice
of four phase is based on the current rating of the devices.
The per-phase switching frequency of 25 MHz is selected.
An analytical loss model is developed for selecting optimum
power stage device size, or EPC part. The power stage model
employed is similar to the model presented in [4]. The loss
mechanisms considered in the model are: FET conduction
loss, FET switching loss and ZVS inductor loss. The inductor
is selected so that the ZVS condition is satisfied for duty
cycles up to approximately 0.75. The model suggests that the
EPC8004 is the best candidate for the required power level,
with the ZVS inductor L1 in each phase of 56 nH.

The device size optimization only considers a single steady-
state operation point. In the ET applications, however, the
optimization goal is the averaged efficiency when tracking a
certain envelope signal. Therefore, the steady-state operating
point where the output power is equal to the averaged output
power in tracking condition is used for device size optimiza-
tion. Furthermore, the selected ZVS condition for duty cycles
up to 0.75 may not result in the best averaged efficiency under
tracking conditions. The inductor, or consequently, the ZVS
range can be further adjusted for a given target envelope signal.
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Figure 2. Model predicted steady-state efficiency for the output voltage range
of interest, with the probability density function (PDF) of a 20 MHz 7 dB
PAPR LTE envelope superimposed.

Figure 2 shows the model predicted steady-state efficiency
of the four-phase converter for a range of output voltages,
for two ZVS inductors L1: 56 nH and 68 nH. The amplitude
probability density function (PDF) of a 20 MHz 7 dB PAPR
LTE envelope is superimposed. The slight drop in each ef-
ficiency traces indicates the point where partial ZVS occurs.
With the 56 nH inductor, the ZVS range is wider and the
peak efficiency is slightly higher. However, at lower output
voltages the 68 nH inductor yields higher efficiency. Under
quasi-static approximation where the losses under tracking
conditions are assumed to be the same as in steady-state,
the averaged tracking efficiency can be estimated. For this
particular envelope signal, the predicted averaged tracking
efficiency is 93.7% for 56 nH, and 94.5% for 68 nH. Therefore,
68 nH is used in the final prototype.

B. ZVS Output Filter

Output filter of a switching converter has to meet the
switching ripple attenuation requirement. In ET applications,
the bandwidth of the output filter needs to be carefully
considered as well. With a higher-order filter, the trade-off
between filter bandwidth and switching ripple attenuation is
much easier to address. Therefore, fourth order filters are
considered in this work. While classical filter designs (e.g.
Butterworth, Bessel, Legendre, etc) already have standard
normalized transfer functions and the corresponding circuit
realizations, they do not support ZVS operation [23]. The
incompatibility comes from the constraint on the first filter
inductor L1, which also acts as the ZVS inductor. Some other
filters based on a ⇡ approach that have a capacitor as the
first element are also not suitable implementations, due to
the increased switching loss associated with the capacitor.
Following the design procedure presented in [23], a fourth
order ZVS-compatible output filter is designed for the four-
phase converter.

As an example, the component values for a fourth-order
ZVS filter design with 20 MHz bandwidth are listed in Table I.

Table I
ZVS 4TH -ORDER FILTER DESIGNS FOR A 4 PHASE CONVERTER.

BW L1 C2 L3 C4 RL

20 MHz 68 nH 5 nF 22 nH 1.6 nF 2.6 ⌦
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Figure 3. Power stage efficiency of the single phase ET prototype: Vin =
30 V, fs = 25 MHz, model predicted (dashed lines) and measured (markers).

Note that in Fig. 1, each phase has its own inductor L1 and
shares the rest of the filter components.

C. Gate Driver

The design of half-bridge gate driver that supports high-
efficiency operation at tens of megahertz range is particularly
challenging. Conventional bootstrap diode based gate drivers
suffer from the reverse recovery loss of the bootstrap diode. An
isolated driver design is introduced in [4], capable of driving
depletion mode GaN HEMTs at switching frequencies up to
40 MHz. However, the isolated auxiliary power supply and
the transformer need to be carefully designed and are large in
size.

The gate driver implemented in this work features a syn-
chronous FET bootstrap supply, where a GaN FET is used
to replace the function of the bootstrap diode and eliminate
the associated reverse recovery loss [24]. The synchronous
bootstrap FET only processes the power for the gate driver, and
therefore FETs with small gate periphery (size) and low gate
charge work best. EPC2038 [31] is selected as the synchronous
FET, as it has the lowest gate charge (44 pC) lowest parasitic
capacitances and smallest footprint (0.9x0.9 mm) for a very
compact design and minimal impact on the ZVS operation.

III. EXPERIMENTAL VERIFICATION

A single phase synchronous buck converter operating at
25 MHz switching frequency was built and tested first. Power
stage efficiency was measured at three different duty cycles
(0.25, 0.5 and 0.75) with 30 V input voltage, for a range
of output power. The efficiency result is represented by the
markers in Fig. 3, with the model predicted efficiency indicated
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Figure 4. (a) Four phase ET prototype; and (b) zoomed details of one phase
with EPC8004 as power stage devices and EPC2038 in the synchronous FET
bootstrap supply.

by dashed lines. The experimental results indicate a good
correlation with the prediction from the analytical loss model.
The efficiency peaks at 96% and remains above 90% for output
power in the 5-20 W range.

A four phase synchronous buck converter was then built.
Figure 4 shows a photo of the four phase prototype with
EPC8004 as power stage devices and EPC2038 in the syn-
chronous FET bootstrap supply. The four phases are separated
well from each other for improved heat dissipation distri-
bution. High Q air core inductors from Coilcraft and high
frequency capacitors from Johanson Technology are used in
the fourth order ZVS-compatible output filter, as listed in
Table I.

High frequency pulse-width modulated control signals are
generated using an Altera Stratix IV FPGA with a duty cycle
and dead-time resolution of 200 ps. The eight control signals
(high-side and low-side control signals are separated in each
phase) are configured in bonded mode for low channel to
channel skew [32].

The four phase converter was tested in a similar manner,
at three different duty cycles (0.25, 0.5 and 0.75) with 30 V
input voltage, for a range of output power (with variable load
resistor). The efficiency results are shown by the markers in
Fig. 5, with the model predicted efficiency indicated by dashed
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Figure 5. Power stage efficiency of the four phase ET prototype: Vin = 30 V,
fs = 25 MHz, model predicted (dashed lines) and measured (markers).

lines. The shape of the efficiency curves resemble those in the
single phase, as expected, and the efficiency peaks at 96.7%.

In order to estimate the averaged tracking efficiency, the four
phase converter was further measured at static operating points
with a fixed load resistor of 2.6 ⌦ for a range of duty cycles
from 0.1 to 0.6. The measured power stage efficiency and total
efficiency (including gate drive loss) are shown in Fig. 6a.
The measured gate driver loss is 1.1 W. Since the designed
averaged output power is only 60 W, the maximum measured
steady-state output power is 140 W, corresponding to the duty
cycle of 0.56. Figure 6b shows the same measured power
stage efficiency, compared to the loss model prediction, with
the PDF of a 20 MHz LTE envelope superimposed. It further
verifies the loss model particularly in the ZVS range. At higher
output voltages where ZVS is lost, the model predicts higher
efficiency because of the approximations in the loss model and
the ignored thermal effect. The discrepancy is acceptable in
this case because the probability distribution at higher output
voltages is very low.

The ET control signals with the required pre-filtering and
pre-distortion [23] are processed and generated using MAT-
LAB, and are stored in the memories of Stratix IV FPGA.
The signals are then transmitted to the gate drivers, as in [4],
[7].

Figure 7a shows a sample of the output voltage vdd(t) gen-
erated by the four phase ET prototype, as well as the switching
node voltages vsw1 through vsw4, where ZVS transitions can
be observed for a range of duty cycles. Occasional partial ZVS
or hard switching is caused by the signal dynamic and limited
dead time resolution. Figure 7b shows a comparison of the
experimental versus target envelope waveforms demonstrating
accurate tracking and low output voltage ripple. The measured
normalized RMS error (NRMSE) is 1.2%. The power stage
and total average efficiencies measured under dynamic track-
ing condition are 93.7% and 92.3%, respectively, with 67 W
output power.

Since the converter is operated in open-loop, phase current
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Figure 6. (a) Measured static power stage and total efficiencies for the four
phase ET prototype, Vin = 30 V, per-phase fs = 25 MHz; and (b) measured
and model predicted power stage efficiencies and the probability distribution
function (PDF) of the target 20 MHz LTE envelope signal.

balancing relies only on ZVS. According to Fig. 6b, approxi-
mately 85% of the time the converter is operating with ZVS,
and therefore phase current should be balanced. The infrared
image shown in Fig. 8a for the four phase converter shows
similar temperature among all phases, indicating each phase
has approximately the same loss and therefore the current is
balanced.

IV. CONCLUSIONS

This paper introduced a 20 MHz bandwidth four phase
envelope tracking (ET) power supply built using eGaN R�

FETs that is suitable for 4G cell phone base stations. An
analytical technique was introduced that was used to design
an optimal four-phase ET power supply operating at 25 MHz
per-phase switching and which included a fourth order ZVS
filter. Experimental results demonstrated accurate tracking of
a 20 MHz bandwidth LTE envelope signals with 92.3% total
efficiency at 67 W output power. The design is fully scalable
by using smaller devices for lower power base stations.

•  4-phase envelope 
tracker using EPC 
GaN fets 

•  Bootstrap driver with 
GaN fet synchronous 
bootstrap diode 

•  25 MHz per-phase 
switching frequency 

•  20 MHz tracking 
bandwidth for LTE 
signals 

•  92.3% average 
efficiency at 67 W 
average output 
power 

Table I
ZVS 4TH -ORDER FILTER DESIGNS FOR A 4 PHASE CONVERTER.

BW L1 C2 L3 C4 RL

20 MHz 68 nH 5 nF 22 nH 1.6 nF 2.6 ⌦
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Figure 3. Power stage efficiency of the single phase ET prototype: Vin =
30 V, fs = 25 MHz, model predicted (dashed lines) and measured (markers).

Note that in Fig. 1, each phase has its own inductor L1 and
shares the rest of the filter components.

C. Gate Driver

The design of half-bridge gate driver that supports high-
efficiency operation at tens of megahertz range is particularly
challenging. Conventional bootstrap diode based gate drivers
suffer from the reverse recovery loss of the bootstrap diode. An
isolated driver design is introduced in [4], capable of driving
depletion mode GaN HEMTs at switching frequencies up to
40 MHz. However, the isolated auxiliary power supply and
the transformer need to be carefully designed and are large in
size.

The gate driver implemented in this work features a syn-
chronous FET bootstrap supply, where a GaN FET is used
to replace the function of the bootstrap diode and eliminate
the associated reverse recovery loss [24]. The synchronous
bootstrap FET only processes the power for the gate driver, and
therefore FETs with small gate periphery (size) and low gate
charge work best. EPC2038 [31] is selected as the synchronous
FET, as it has the lowest gate charge (44 pC) lowest parasitic
capacitances and smallest footprint (0.9x0.9 mm) for a very
compact design and minimal impact on the ZVS operation.

III. EXPERIMENTAL VERIFICATION

A single phase synchronous buck converter operating at
25 MHz switching frequency was built and tested first. Power
stage efficiency was measured at three different duty cycles
(0.25, 0.5 and 0.75) with 30 V input voltage, for a range
of output power. The efficiency result is represented by the
markers in Fig. 3, with the model predicted efficiency indicated
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Figure 4. (a) Four phase ET prototype; and (b) zoomed details of one phase
with EPC8004 as power stage devices and EPC2038 in the synchronous FET
bootstrap supply.

by dashed lines. The experimental results indicate a good
correlation with the prediction from the analytical loss model.
The efficiency peaks at 96% and remains above 90% for output
power in the 5-20 W range.

A four phase synchronous buck converter was then built.
Figure 4 shows a photo of the four phase prototype with
EPC8004 as power stage devices and EPC2038 in the syn-
chronous FET bootstrap supply. The four phases are separated
well from each other for improved heat dissipation distri-
bution. High Q air core inductors from Coilcraft and high
frequency capacitors from Johanson Technology are used in
the fourth order ZVS-compatible output filter, as listed in
Table I.

High frequency pulse-width modulated control signals are
generated using an Altera Stratix IV FPGA with a duty cycle
and dead-time resolution of 200 ps. The eight control signals
(high-side and low-side control signals are separated in each
phase) are configured in bonded mode for low channel to
channel skew [32].

The four phase converter was tested in a similar manner,
at three different duty cycles (0.25, 0.5 and 0.75) with 30 V
input voltage, for a range of output power (with variable load
resistor). The efficiency results are shown by the markers in
Fig. 5, with the model predicted efficiency indicated by dashed
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CoPEC Conclusions 
•  Wide bandgap semiconductor technologies open new opportunities 

in power electronics, but benefits of brute-force replacements of Si 
devices are limited 

•  Opportunities for innovations in power electronics 
§  Converter circuit topologies and architectures 
§  Magnetics 
§  Soft switching 
§  Control 
§  Integration 
§  Packaging 
§  System architectures and system design 
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