
Report on DC-DC Converters for HEP and the Role of GaN FETS

Satish K Dhawan
Yale University

KEK  Detector Technology Seminar, Tsukuba, Japan
October 1 , 2012

1



Agenda 

 Power efficiency issues / problems CMS-ECAL Example
What can we do?
 Buck Converter commercial Rad Hard  Converter 
 Noise Tests or Air coils with ATLAS Trackers

Why need Thin Oxide 
 GaN: Radiation Test Results Wide band Gap materials
 Air Coils from 2000 –

 

Present
 GaN companies -

 

Why Commercial Interest?
 MCM Modules –

 

Future

 SiD Detector for ILC   48V > 5V >1V 
 Silicon strip Detector @ Yale for Noise  Tests 
 Remarks
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4CMS Detector
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Power Supply
6.3 V

SM: Super Module

2x16 mm2 (AWG 6)

50 mm2 (AWG 00)

30 m

1 to 3 m
Junction Box

4 LVR Boards

64 Amps

4.3 V

2.5V
64 amps
160 W

CMS ECAL: 50,000 amps.

Vdrop

 

= 2V
Pd = 128 W

# of Power Supplies ~ 700 
# of ST LDO Chips = 35 K  LHC Radiation Hard made by  ST Microelectronics 
# of LVR Cards = 3.1 K.
Yale: Designed, built, burn-in and Tested.



CMS ECAL: Electromagnetic Calorimeter
80 Amps Power supply for 4 LVR Boards
Power Supply @6.3V  30 meters away
3K Boards x 16 amps = 48 Kamps
Magnetic Field 4T in CMS
Power Delivery Efficiency < 40 %
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Lead Tungstate

 

Crystals readout 
by with Avalanche Photodiode
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20th Century State of Power Distribution –
 

LHC Detectors
ECAL readout system:
 Concept 1990’s
 designed in ~2000
 produced in 2001-2007
 commissioned in 2006-2007
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Transformer18 KV
380 V
3 Phase UPS

Batteries Isolation
Transformer

220 V 
3 Phase

Guess work Efficiency %

99.5 %98 %97 %

Power Grid
600 KV 50 MW
300 KM

Transformer
Nuclear

Generating
Plant

Transformer
33 KV

99.5 % 99 %80 % 100 Km

50 ‐100 m

From Experts Efficiency %

5 ‐

 

6 Km

230 V 
3 Phase AC to DC

Rectifier &
PFC

385 V Wiener 
Maraton

PS

6.3 V

75 ‐79 %

140 m
Cable
Loss = 3%

40 m
Load

40 %

Power delivery Efficiency

= 30 %

Power Chain Efficiency for CMS ECAL

with Power for Heat Removal

= 20 %

Represents the efficiency of power delivery 

 
to a physics detector, e.g. ECal

It takes 2 watts of power to remove 1 watt of heat load

125 KW

417 KW

625 KW
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Power Efficiency _ Inefficiency _ Wasted Power
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But Need a project, so picked ATLAS Silicon tracker Upgrade with

 

DC-DC. 
After 2 years management decision use Serial Power instead of DC-DC.

Had small SiD ILC 3 year grant. Winding down.
Spring 2011 CDR&D Proposal with ANL,BNL, Fermilab, SLAC. Reviewers say it is too expensive
September 2012: Submitted a smaller 2 year proposal for Air Core

 

Coil developments 

CMS Project done, so Funding ended
DoE decided Yale change from CMS > ATLAS
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 Buck or Boost Converter. 
 Voltage ratio =10:1 or Higher.
 4 Tesla > No magnetic material
 Air Core Inductors
 Radiation Hardness. We had zero experience.

Experts advice custom ICs with sub-micron Lithography. 

Wish List

Sander Mos: Zero Iron Power Supply    http://www.nikhef.nl/~sanderm/zips/index.html
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http://www.nikhef.nl/~sanderm/zips/index.html


Minimum Switch ON Time
Limits Max Frequency
10 nsec @ 10 MHz 3.3 V

Lower Voltage Ratio
>>>Higher Frequency

& Smaller Coil
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Buck Regulator Efficiency after 100 Mrad dosage
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Found out at Power Technology conference 0.25 µm Lithography
 Irradiated Stopped on St. Valentines Day 2007
We reported @ TWEPP 2008 -

 

IHP was foundry for EN5360

Enpirion  EN5360
With Integrated Inductor
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Magnetic Field Effect

7 Tesla Field Chemistry Department
Super Conducting Magnet in 
Persistence Mode

Effect:
Vout = 3.545  Outside 
Vout = 3.546  Edge of magnet
Vout = 3.549  Center of magnet

Change= Increased Vout 1 part in 900 at 7T

DC-DC with Air Coil
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Many more tested but similar failure-
Thin oxide converters survive > 200 Krads

Ionizing Radiation Results – Commercial Converters

Dose rate= 0.2 Mrad/hr

5-
 

12 nm Gate Oxide
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Buck Regulator Efficiency after 100 Mrad dosage
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Enpirion  EN5360

Why this Survived
100 Mrads ?
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Sachs et. al. IEEE Trans. Nuclear Science NS-31, 1249 (1984)

Threshold Shift vs Gate Oxide Thickness

Hole removal process by tunneling in
thin-oxide MOS Structures

Book. Timothy R Oldham “Ionizing Radiation Effects in MOS Oxides”

 

1999 World Scientific

++ + +
++ + +
++ + +
++ + +

++ + +

++ + +

SiSiO2

e--e--

Poly-

 

Si

Gate

Tunneling Region

Dosage = 150 Krads
Necessary condition for Radiation Hardness   

Thin Gate Oxide
But not sufficient

IHP:

 

Epi free, High resistivity substrate, Higher 
voltage, lower noise devices
Dongbu:

 

Epi process on substrate, lower voltage due 
to hot carriers in gate oxide
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aircoil #755 SP

1000

1500

2000

2500

0 200 400 600 800 1000 1200 1400 1600

channel #
no

is
e 

EN
C

IP

aircoil 13 um
shielding.Aircoil parallel

aircoil 13 um shielding.
Aircoil perpendicularDC-DC

RF Probe HP119441A
Closed Field Probe 9KHz-

 

30 MHz

Scope

Shield under Test

12 µm Plastic Bag as an 
electrical insulator

EMI Sniffer Probes

air coil+module #755 

1000

1500

2000

2500

0 200 400 600 800 1000 1200 1400 1600

channel #

no
is

e 
EN

C

IP

AIRCOIL 65 um shield

ATLAS Si Tracker
Module

12 ABCD Chips
2 Sensors

Protected by plastic

Test @ Yale

Test @ RAL

RHIC

 

Polarimeter
Silicon Sensor

With 
Analog Readout’
Noise on Scope

Test @ BNL

Noise Tests with Silicon Sensors

Air Core Solenoid
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Plug in Card 
1 cm from Coil
facing Sensor 

20 μm Al foil
shielding

Coil 
Type Power

Input Noise

 

electrons rms

Solenoid
DC -

 

DC 881

Solenoid Linear 885

Spiral 
Coil

DC -

 

DC 666

Spiral 
Coil Linear 664

Noise Tests with Silicon SensorsTest @ BNL

Test @ Liverpool September 2009

512 Strips –

 

100 µm Pitch
51 mm x 84 mm

Only One Chip Bonded

Radiated Noise
No Conducted Noise

Spiral Inductor
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Controller PWM : Low Voltage

High Voltage: Switches –

5-

 

7 nm Gate Oxide supports 5 V operation

LDMOS, Drain Extension, Field Plates –

 

Reduce Electric Field under Gate
(recent work 3 nm > 12 V operating: 7 nm > 70 V power FETs)

>> 20 Volts  HEMT GaN on Silicon, Silicon Carbide, Sapphire

Can We Have
High Radiation Tolerance & Higher Voltage Together ???
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H. Okumura.  Present Status and Future of Widegap

 

Semiconductor High-Power Devices, Jpn. J. Appl. Vol. 45. No. 10A (2006)
23

GaN
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Aircoil EPCOS-B82559A0392A013 3.9 µH / 355 nH

 

without Ferrite. 5 mΩ

National eGaN Driver LM5113 on Bottom
eGaN on Top side

Air Core Coil
355 nH

Switch Node Waveforms

Pw = 20 nSec

Pw = 60 nSec
Spacing = 250 nSec

eGaN with discrete &
 

LM5113 Driver
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70%

72%

74%

76%

78%

80%

82%

84%

86%

88%

90%

0 1 2 3 4 5 6

Output current (A)

Ef
fic
ie
nc
y

24V to 2.5V @ 2MHz
With driver loss
Ferrite core
12V to 2.5V @ 4MHz
with driver loss
ferrite core

24V to 2.5V 2 MHz
12V to 2.5V 4 MHz

MnZn Ferrite Coil 744308euro33 377 nH

 

0.37 mΩAircoil EPCOS-B82559A0392A013 3.9 µH / 355 nH

 

without Ferrite. 5 mΩ
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http://www.nikhef.nl/~sanderm/zips/index.html
http://www.nikhef.nl/~sanderm/zips/Zero_Iron_Power_Supply_r1.pdf

Year 2000
Zero Iron Power Supply

S. Mos

 

Sanderm: NIKHEF

Vin = 18 V
Vout = 5 V
Pout = 2.5 W
Efficiency = 76% 

Transformer
1 –

 

5 MHz
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Air C
oils

http://www.nikhef.nl/~sanderm/zips/coil_2.jpg
http://www.nikhef.nl/~sanderm/zips/zips.jpg
http://www.nikhef.nl/~sanderm/zips/index.html
http://www.nikhef.nl/~sanderm/zips/Zero_Iron_Power_Supply_r1.pdf


February 2008
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RF air-core solenoid under test with aluminum shield. The volume
increase by a factor 9 is due to the necessity of reducing the noise emission
without affecting the inductance value.

3-D image of a 150 nH

 

PCB air-core toroid

S. Orlando: Optimization of Shielded PCB Air-Core Toroids

 

for High-Efficiency DC–

 

DC

 

Converters
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 26, NO. 7, JULY 2011

X. Fang et al “A New Embedded Inductor for ZVS DC-DC Converter Applications”
Proceedings of the 2012 24th International Symposium on Power Semiconductor 
Devices and ICs  3-7 June 2012 -

 

Bruges, Belgium

Six-turn folded toroidal

 

winding

Nigam & Sullivan:  Multi-Layer Folded High-Frequency Toroidal

 

Inductor Windings 
IEEE Applied Power Electronics Conference, Feb. 2008, pp. 682–688

Coils
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F. Faccio: Development of DCDC converters @ CERN
http://project-dcdc.web.cern.ch/project-DCDC/public/Documents/SM01C%20Datasheet.pdf

Katja Klein: DC-DC Converter Development for the CMS Pixel Upgrade
https://indico.cern.ch/conferenceDisplay.py?confId=127662 

Size 28.5 mm x 13.5 mm x 10 mm height

ATLAS Stavelet

 

Update: Upgrade-

 

Peter Phillips

TWEPP 2012 Topical Workshop on Electronics for Particle Physics.

 

17-21 September 2012Oxford University, UK

Converters with Toroid

Plastic Box

 

Cu Plated

Plastic Box  with Cu Tape for Shielding
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Sten Hansen: Fermilab

Hexafilar

 

Transformer
with Litz

 

wire 28x36 
ID= 25 mm

45 turn inductor used 
on each board

Mu2e: Max Puidak

 

DC-DC Step-Down Converters for Power Distribution. 
Current Prototype Sept 24, 2012 31



Applications of 600 V GaN Devices
1.

 

AC to 380 V with Power Factor Correction (PFC)
2.

 

380 V –

 

48 V Isolated converter
3.

 

Motor Drive PWM  
15 KHz is audible
100 KHz is not audible  & 5% higher Efficiency

Enhancement Mode: Can make low voltage devices
Depletion mode: Can’t make low voltage devices because 

the Cascode

 

does not work

Applications of < 200 V GaN Devices
1.

 

48 V to 1-12 V Converters. Smaller size compare to Silicon
2.

 

12 V to 1 V Point of Load regulator
3.

 

Power Supply on a chip  -

 

High Frequency operation
4.

 

Wireless Power –

 

Battery Chargers

32

GaN Target Markets
GaN Products



GaN Company:

 

EPC

Radiation Tolerant Enhancement 
Mode Gallium Nitride (eGaN®) FET  
Characteristics

eGaN®

 

FETs for Space Applications

33Sold @ Amazon.com



GaN Company:

 

GaN Systems

Island Technology

2mm x 2mm 1200 V 24 A

34

Reverse Recovery



GaN Company:

 

MicroGan
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GaN Company:

 

International Rectifier

Part Number iP2010TRPBF 
Vin + 7 –

 

13.20.6 (V)Vout

 

Range 
Vout = 0.6 –

 

5.5 V
Iout

 

= 20 A.
Frequency 250 kHz –

 

3 MHz 
Size = 7.7 x 6.5mm LGA -

 

5.530250 –

 

3,000

600 V in Development

GaN on Si

10MHz,12Vin,48ns

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0 2 4 6 8 10

Iout (A)

Ef
fic

ie
nc

y(
%
)

We had a later version
of the Engineering sample

36



GaN Company:

 

Transphorm

Transphorm awarded for advancing GaN power 
technology
Sep 19, 2012 
The innovator of gallium nitride design and process 
technologies has been honoured for enabling 
implementation of highly-efficient power 
conversion systems
Transphorm has been selected by the World Economic 
Forum as a 2013 Technology Pioneer, citing the 
company’s innovations in GaN technology

Company backed by $63 million from Quantum Strategic Partners Ltd. and existing venture 
investors Kleiner Perkins, Google Ventures, Foundation Capital, and Lux Capital

Transphorm Inc. today announced the JEDEC 
qualification of the company's TPH2006PS, GaN 
HEMT on SiC substrate, making it the industry's first 
qualified 600V HEMT device. The TPH2006PS, 
based on its patented, high-performance EZ-GaN™

 
technology, combines low switching and conduction 
losses resulting in reduced energy loss of up to 50% 
compared to conventional silicon-based power 
conversion designs, today. The TO-220-packaged 
device features RDS(on) of 150 mΩ, Qrr

 

of 42 nC

 
and high frequency switching capability that enables 
compact, lower cost systems  September 13, 2012
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Wireless Power

Ref: WiTricity

 

& EPC

Heat Sinks

38



GaN Vs MOSFET Resonant Converters

Converters
Hard Switch: ???
Resonant: ?????Si GaN

Loss Power
Output limited by Heat Removal
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GaN Market Projection

40
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Implementation of GaN power modules 

•

 

Multi-chip modules: GaN(power)+Si

 

CMOS (peripheral 
circuits) 
quick design turn-around, development is underway
 operating temperature limit set by Si

•

 

All-GaN single-chip solution: long development time for GaN 
digital/analog ICs, wide temperature range

42
Kevin Chen e al, EDIS 2011, Osaka, Japan,   17 Dec. 

 
2011

42
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48 V

48 V –

 

5 V
DC-

 

DC
PWM Controller
Odyssey Chip 5 mmSq
~ 5 MHz Operation
Air Core Inductor

GaN
Switches

10 amp Output Bus

Yale University

March 7, 2011

FE
Chips

48V –

 

5V 10 amps 5V –

 

~ 1.2V 1 amp: 40 Loads 

FE
Chips

FE
Chips

1

2

40

5 V

2 Step Power Converter Distribution

Standard 6 BGA csp

 

package
0.4 mm pitch
Air Core Inductor

Controls

Model 2154

Model 2153

Model 2153 & 2154

20 MHZ

5 MHZ
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GLAST Sensor [Nucl

 

& Instr

 

Meth A 541 (2005)

 

29-39] 
64 strips-

 

228 µm pitch
Size 15mm x 35mm
Substrate Thickness = 410µm

Charge 
Sensitive 
Pre-amp
Cremat CR-110

Switch Matrix
Select 8 strips of 64
For analog outputOutput Op amp

Test Silicon Strip Detector with  Analog Readout 

64 Parallel Al Strips
Length = 35 mm
Width =  56µm
Pitch = 228  µm

August  4, 2012
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Summary/ Conclusions

•

 

Portable Devices will have big impact on Physics Power Distribution

•

 

First  Stage: Single Die with air core Inductor on Die/PCB

•

 

Second Stage: MCM with  PWM ,

 

Power Switch with Driver & Inductor

•

 

Power Delivery 380 V DC from Power Cavern to isolated BUCK  
Converter & then 48 V into Detector

•

 

Improve power efficiency –

 

Glaciers are melting > Good / Bad ?

46
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Recent New York Times Report
Soon no summer ice
Glacier melting ? Expose minerals

Greenland.   What a view  & Swimming next to Icebergs is Great

Greenland 2007 Trip
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Prayer Flags

LADAKH-
 

North Western Edge of Himalayas in India 

Prayer Flags

48

2011
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Top of the World is Cool but lonely !
Let us keep it cool with highly efficient PS

Swimming is Great at the North Pole

Working on Physics Power Supply 
Is not considered Glamorous

More Details:   http://shaktipower.sites.yale.edu

 

Click on Recent seminars/ 49

On the way to North Pole 2001

http://shaktipower.sites.yale.edu/


END

http://shaktipower.sites.yale.edu/
50
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