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Agenda

e How eGaN® FETs work

e Hard Switched DC-DC converters
— High Efficiency point-of-load converter
— Envelope Tracking buck converter
e Resonant DC-DC Converters
— Bus Converter
—ZVS Class D Wireless Power Transmission
e A Look into the Future
e Q&A

eGaN® is a registered trademark of Efficient Power Conversion Corporation
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Power Switch Wish List

* Lower On Resistance
* Faster

e Less Capacitance

e Smaller

e | ower Cost
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Material Comparison

Silicor
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State of the Art
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Si Limit
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Theoretical on-resistance vs. blocking voltage capability for silicon, silicon carbide, and gallium nitride.
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GaN Magic
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Device Construction Concept

Protection Dielectric ]

[ Source &

GaN

Silicon

r N
Forms the foundation for a

Depletion Mode device
\ J
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Enhancement Mode — eGaN FET

> e N °
DO OO EE)

4 A
A positive voltage from Gate-To-Source

establishes an electron gas under the gate
. y
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Body Diode?
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No Minority Carriers
= Zero Q,,
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A positive voltage from Gate-To-Drain
also establishes an electron gas under the gate
enabling reverse conduction

~

J

|EEE PELS 2014

EPC - The Leader in GaN Technology

Www.epc-Co.com



Cross Section of an eGaN FET [EPCED

Passivation

Metal 3

- e —

Metal 2 Tungsten Via

-

p—

~Metal 1 o

A o /

Gates Drain Source
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eGaN FET Low Voltage Product Family

Gate

2.1x1.6 mm

Solder side View

Substrate (Connect to Source on PWB)

Source

Part Package Vos | Vs Ros(on) |Qc @5V | Qgs Qep Re Vin Qe | 1o Ty
Number (mm) Vv | v @5V Typ. Typ. | Typ. | Typ. | Typ. nc) | (a) Max.
(mQ) (nC) (nC) | (nC) | (Q) (V) (°c)
EPC2015 LGA 4.1x1.6 40 6 4 10.5 3 2.2 0.6 1.4 0 33 150
EPC2014 LGA1.7x1.1 40 6 16 2.5 0.67 0.48 0.6 1.4 0 10 150
EPC2001 LGA 4.1x1.6 100 6 7 8 2.3 2.2 0.6 1.4 0 25 125
EPC2016 LGA 2.1x1.6 100 6 16 4.1 0.93 0.75 0.6 14 0 11 125
EPC2007 LGA 1.7x1.1 100 6 30 2.1 0.5 0.6 0.6 1.4 0 6 125
EPC2010 LGA 3.6x1.6 200 6 25 5 1.3 1.7 0.6 1.4 0 12 125
EPC2012 LGA 1.7x0.9 200 6 100 15 0.33 0.57 0.6 1.4 0 3 125

EPC - The Leader in GaN Technology
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Ultra High Frequency eGaN” FETs

RASS((X;N) Min. Typical Charge Capa?i/trgr?c?(l-:- (PF)
(mQ) |Peak Id (A) (pC) (Vos = %)OV\)/; Vgs =
BV (V)
EPC Part No. (Vos = 5V, (PuI%eCd, 25
’ Qe Qcb Qes | Qoss | OQrr

Ib=0.5A) Tp”'sﬁs e Ciss | Coss | Crss

EPC8004 40 125 7.5 358 31 110 493 0 45 ( 17 | 04
EPC8007 40 160 6 302 25 97 406 0 39 | 14 | 0.3
EPC8008 40 325 2.9 177 12 67 211 0 25 8 | 0.2
EPC8009 65 138 7.5 380 36 116 769 0 47 | 17 | 04
EPC8005 65 275 3.8 218 18 77 414 0 29 |1 9.7 1 0.2
EPC8002 65 530 2 141 9.4 59 244 0 21 1 59| 0.1
EPC8003 100 300 5 315 34 110 | 1100 0 38 | 18 | 0.2
EPC8010 100 160 7.5 354 32 109 | 1509 0 47 | 18 | 0.2

* Preliminary Data — Subject to Change without Notice
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Threshold vs. Temperature
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Total Gate Charge :

12

. EPC2001 = 100 V, 5.6 mQ typ.
2 10 BSCO57N08 = 80 V, 4.7 mQ typ.
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eGaN FET Reverse Conduction

_ MOSFET
< — 25"
o s 125"
-
= + Qgrr
©
=
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+ Zero Qgg
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Conduction Figure of Merit
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eGaN FET Loss Mechanisms

Like A MOSFET Not Like A MOSFET

* |°R Conduction Loss I- High Reverse I

e Capacitive Switching Conduction Loss
Losses * No Body Diode Reverse

 Gate Drive Losses Recovery Loss

e Vx| Switching Loss

Can be much, much better than
comparable silicon MOSFET

EPC - The Leader in GaN Technology |EEE PELS 2014 WWW.epc-co.com



Design Examples
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Design Example

 Hard-Switched DC-DC Conversion
—Buck Converter
—Envelope Tracking

 Resonant DC-DC Conversion

—Resonant Bus Converter
—Wireless Power

EPC - The Leader in GaN Technology |IEEE PELS 2014 WWW.epc-co.com



ldeal Hard Switching

Vin " Torr " Qep * fsw _ Vin Torr " Qgsz " fsw
2 ) IG
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100 V Device Comparison :

90 |
100 V MOSFETs

80

100 V
70 | eGaN FET

60

50

40

30

20 Qos2

0

EPC 2001 FDMC86160 SiR870ADP BSZ150N10LS3 G AON7290

FOM = (Qgp+Qgs2) Rpson (PC-Q)

Vps=0.5*V g, Ips= 10 A
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eGaN FET vs MOSFET
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Low Voltage Device Comparison

35

40 V MOSFETs

30

25

20

15
“ 40V H 25V MOSFETS

eGaN FET

(QeptQss2)*Rpson (PC*Q)

10

FOM=
ol

EPC2015 BSZ097NO4LSG BSZ040NO4LSG BSZO60NE2LS BSZ036NE2LS

Vps=12 V, Ips= 20 A
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Optimal Layout IEPG

EFFICIENT POWER CONVERSION

Side View

Ref: D. Reusch, J. Strydom,

1 “Understanding the Effect of PCB
Top Vlew Layout on Circuit Performance in a High
Frequency Gallium Nitride Based Point

Inner Layer 1 of Load Converter,” APEC 2013

EPC - The Leader in GaN Technology |IEEE PELS 2014 WWW.epc-co.com
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eGaN FET vs. MOSFET Efficiency

91
90
89
o 88
S
~ 87
>
g 86 /
@D 85 )
O / 40 V Discrete eGaN FET
= 84 / 40 V Discrete MOSFET
LU 83 25V Discrete MOSFET
82 / 30 V Module MOSFET
80
2 4 6 8 10 12 14 16 18 20 22
Output Current (A)

V=12 V Vg =1.2 V f,,=1 MHz L=300 nH
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Impact of Parasitics on Overshoot

| 30Vs MOSFET Module
}f\ 40 V Si MOSFET

| i
ST AVARN (ARG
eGaN FET I [/

Switch Noﬁe Voltage

[ &z 3.0v1div 500 BysooM | [ﬂm /588
None

3 V/Div 20 ns/ div

V=12V Vo u1=1.2 V I5,;1=20 A f,,=1 MHz L=300 nH eGaN FET T/SR: EPC2015
MOSFET T:BSZ097N04 SR:BSZ040N04 MOSFET Module: CSD97370Q5M
EPC - The Leader in GaN Technology |IEEE PELS 2014 WWW.epc-co.com




EPC9107 Demonstration Board

Switching Node

Voltage
V=28V, l5,r=15 A

lour=15A  f =1 MHz
2 X EPC2015

5 V/ dIV

|EEE PELS 2014
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Higher Current?...Parallel

97.5
1 x JZX
EPC20

o

S 965 |
L>)\ C:nttr:“.
C 96 %%
C]_) S

o |
. — IHlIHI

i 955 E
L IIIIHI[

2 6 10 14 18 22 26 30 34 338 42
Output Current (A)

V=48 V, Vg ;=12 V, f,, =300 kHz
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Envelope Tracking (ET)
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Envelope Tracking

AG (LTE/ OFDM)

car power 8.5 dB PAPR (~7:1)
Average powe! 3.5G (HSUPA)

3.5dB PAPR (~2:1) v T} T

With ET

Red represents

wasted energy /
dissipated as

heat

 Envelope Tracking can double base station efficiency.

EPC - The Leader in GaN Technology |IEEE PELS 2014 WWW.epc-co.com



Envelope Tracking Supply

e ET power supply topologies vary

— Hybrid / linear-assisted Buck* (one option)

Multiple Phases --_,

.. Vg
SW|th:||ng —| ()%=
Amplifier <§ F T Buck ~10% Bandwidth
) 9> .

gy | 1 ~ 0
Envelope /-Il-" l|5 90% Power
Command
PWM

Linear Vip®

Amplifier v

+ C, Yo

D/A I—C.). .
- A «1" Linear AMP ~ 10% Power

Phase Command IAAN Highest 90% of Bandwidth

1
WM ™ Phase | WWWWWIAWA “

RFi, Modulator

* V. Yousefzadeh, et. al, “Efficiency optimization in linear-assisted switching power converters for envelope
tracking in RF power amplifiers,” ISCAS 2005
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Efficiency ‘

V=42 V Vg ;7=20 V

95%

5 MHz

90%

85%

80%

Efficiency

5% EPC8005
65V 230 mQ

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Output current (A)

70%
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Resonant Converters
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Resonant Bus Converter

High Frequency DC/DC Transformer
g N i) O R

1 WL Vess2) bt
ol e B
e LK1 _|_ VGS(Sl) .
Vin C G i
O E2 T I s
- T L
48V | C VDS(Ql)
Yok Yok
P L
Ly —%—__ | Lk
S, t th t, ts

Ref: Y. Ren, M. Xu, J. Sun, and F. C. Lee, “A family of high power density unregulated bus converters,” IEEE
Trans. Power Electron., vol. 20, no. 5, pp. 1045-1054, Sep. 2005.
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Output Charge
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eGaN FET vs. MOSFET Ik

EFFICIENT POWER CONVERSION 7
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-

oebd ldee| | Gocd B i 3 f Resonant
‘ Capacitors D e R fE

Secondary
Devices

Transformer

FICIENT MER CONVERSION

Primary
Devices i

Input
Capacitors

MOSFET VS. eGaN’FET
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VS Switching Comparison

f.,,=1.2 MHz, V,,=48V, and V, ;= 12V
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Duty Cycle Comparison

File| Edit | Vertical | Digital | Hnriz.’Acq| Trig | Display| Curzars | Measure | Mask| Math | MyScope| Andlyze | Uh'lities| Help |n m H '!'J
T——t

|!||||!||||!N|‘||!|||| rrrrrrrrrrrrrr[frrr 1ot

L L L L L L L L L L L L L L L L L

I 2.0v/div 5002 By:1.0G J AT/ 2.6v 100ns/div 5.0G5/s 200psipt
10.0V/div 5002 Eu:1.0G Nona Aute Stopped

haCid S ST s RL:5.0k

- 2. 0 By:1.0G

D 10.0V/div 500 By:1.0G Auto  July 02, 2012 02:42:43

f.,=1.2 MHz, V,y=48V, and Vg ;= 12 V
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Efficiency Comparison
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Resonant Converter Summary

e eGaN FETs improve high frequency
resonant converter performance

— Lower output charge
— Lower gate charge
— More power delivery per cycle

EPC - The Leader in GaN Technology |IEEE PELS 2014 WWW.epc-co.com



Why Wireless Power?

 eGaN FETs enable higher efficiency and operation at safer
frequencies

e The global wireless charging market is estimated to grow to $10B by
2018, a CAGR of 42.6%

EPC - The Leader in GaN Technology |IEEE PELS 2014 WWW.epc-co.com




Experimental System Setup  [EP0

EFFICIENT POWER CONVERSION ¥

eGaN FETs RF Device
connection Coil

Coil
Feedback

Device
Board

e
flome 1:

Source
Board

Source Coil RF
connection
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Wireless Coil-set Overview

Simplified representation of coil-set for easy
comparison between topologies

Cdevs I—devs
o—— —|

Lsrci él—dev —_Cd
evp

C )
Coll Set
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Class E Overview

e Switch voltage rating = > 3.56-Supply (Vpp)-
e Cpgs “absorbed” into matching network.

VDD V/I
<+> i Lreek Le G 3.56 X Vpp
—— |-

VvV J: = [] VDS |
— Ql Csh D
i Zload 50% time
<17 |deal Waveforms
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Z\V/S Voltage Mode Class D

» Cogs Voltage is transitioned by the ZVS tank
* Lower eGaN FET C,qg leads to higher available duty

cycle

* Highest system efficiency

+ Vb
= V /I
e ¢ )
Voo e |
RYIRL
[ i
T 1LC
Qz :_I _____ : ZIoad
‘]7 ZV'S tank

50%

ldeal Waveforms

time

EPC - The Leader in GaN Technology
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Efficiency

Efficiency [%]

6.78 MHz, 23.6 Q Load, eGaN FET

84

80 _EPC 2012 —
78 T ——
e _ EPC 2012
—ZVS-CD

4 '/ —SE-CE
2/ __EPC2014 —CM-CD
70 —VM-CD ——
68 -
66 -

0 6 12 18 24 30 36

eGaN FETs enable the highest efficiency in all topologies using 6.78 MHz and

Output Power [W]

13.56 MHz frequencies.
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Impact of Load

Per FET Power

loss [mMW]
800
600 -8-ZVS-CD
-—SE-CE
400 E. CM-CD
200 S—— —VM-CD

0

8 14 20 26 32 38 44 50
DC Load Resistance [Q]

ZVS class D has higher efficiency and a
broader operating range than class E.
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A Look into the Future
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Silicon vs. eGaN Transistor Costs

2013 2016

Starting Material lower lower
Epi Growth higher ~same?
Wafer Fab lower lower
Test same same
Assembly lower lower
OVERALL higher lower!

EPC - The Leader in GaN Technology
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EPC Into the Future

Ultra High Frequency Family [

1-3GHz ' | “| .=,=Tf|5_. L i;-i.iif,._f.'u:'.,_' )
Mass Production Launched Sept 2013 s O e e e e
v Higher Current

~500 MHz 45 A

Higher Voltage

600 V
More functions on a chip >
Monolithic half bridge % e D

Driver on power chip

Next Generation Devices
2 X FOM Improvement

Www.epc-co.com
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Summary

eGaN FETs...
* enable exciting new applications

* have the potential to replace silicon power
MOSFETs

e are straightforward to use, but they can’t just
drop them into a MOSFET socket. Some R&D
Is needed — start today!

EPC - The Leader in GaN Technology |IEEE PELS 2014 WWW.epc-co.com
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