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Abstract The power dissipation in the power delivery system (which
also must be removed by the cooling system) will be lower
due to the high conversion efficiency of the DC-DCtshing

0lyggulators and the lower currents in the supply cables. Th

For more efficient power transport to the electronic
embedded inside large colliding beam detectors, we expl

the feasibility of supplying 48 Volts DC and using lot- main challenges are the radiation and the magnetic feé.

DC conversion to 2 V. (or lower, depending upon on th ust have radiation hardening of the semiconductors in the

Lléh%?;?cﬁgylgiat\?:d e\r/r;tr)ed(c:ilicsieelte;ct{ﬁg|cf?())nutS|2rg]] dsvg/:tecalldg? DC-DC regulator, the controller ASIC and the MOSFET
9 y switches. There are many groups who are experts ini¢kds f
d we intend to utilize their expertise. The otherlehgk is

These devices will be exposed to high radiation amgth hi
‘e operation in the high magnetic field that we shallesid

magnetic fields, 10 — 100 Mrads and 2 - 4 Tesla at the SLH
and 20 Krads and 6 Tesla at the ILC. in this paper. The inductors usually used in DC-DC conrgerte
are made with a ferrite core, and are not suitablehfgh
|. INTRODUCTION magnetic fields. In 2005, we became aware of the work of

We have been involved with the ATLAS and CMSImeI Corporation in integrating air core inductors orirt!9@

detector construction at CERN. Yale designed and comeﬂuc]ginﬁrgneger a(iiPchJJrecr(]:Igilss g:l-r?].re Blgcgstlag fgrlrgi]theircoi\lljv:atl(lzhmg
the low voltage regulator cards for the ECAL of CMS(fg. q Y P y

1). The 3,100 low voltage regulator cards that we coneuluctused n SW'tChmg. DC — DC converters. Their exploratory
each deliver 16 amps at 2.5 volts to the front-end CMO\goré( teitﬁltleoggrtatlon atup to 480'IM:‘_IZ.t:1-hir§ wa;;gba?empt
chips. The total current drawn by the cards is 50 Kamips. Tim\?vai ﬁot succesgfﬂlsafm core colls for the Atlas u
power supplies are located 30 meters away on the magnet '
yoke and supply 6.3 volts. After a loss of 1 Volt in eazhadf

the power cable, the regulator card input is 4.3 volte T

required voltage across the regulators (LHC4913 made | Power Supply
S.T. Microelectronics) is 1.8 volts for the minimum pioat 6.3V
voltage needed after 10 years of exposure to the radiatig 64 Amps
These are linear regulators and are insensitive éohigh 30m
magnetic field. They have low power efficiency but diswe 50 mm? (AWG 00)
low output noise and low EMI. Figure 1 is a layout of theé D | || ¢ sip calorimeter = 100 K amps Vdrop = 2V
powering system to emphasize the low efficiency 0] ILC Calice Calorimeter =300 K amps Pd =22_8W

delivering power to the detector (in this case, only 409 Atlas SiTracker Upgrade = 50 K amps
2.5/6.3). v

For the International Linear Collider (ILC), the &dn
Detector (SiD) will require 50 Kamps. The CALICE detector

SM: Super Module

S

at the ILC requires 300 Kamps. The feature size of ribwat f B
end silicon is migrating towards 65 nanometers, and in th —= 43V | junction Box
future will operate with higher currents at less than 1 vol 25V -] N
To us, the only feasible alternative power deliverytesys 6;‘6%”‘\55 - — lto3m
requires DC-DC switching converters. These can have ve “
high power efficiencies of up to 95%. If we could supply 48 2x16 mn? (AWG 6)

Volts and the local regulators convert it to 2 voles the
chips, the result would be a x24 reduction in the suppl
current and at least a x24 reduction in conductor (copper
Aluminum) cross section. Smaller conductor cross section Figure 1:ECAL Power Distribution
will result in less dead material in the detector, kesstiple

scattering and possibly an increase in the detector ageer

4 LVR Boards
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II. OVERVIEW OFEXISTING TECHNOLOGIES switched OFF, Q2 is switched ON providing a current path to
allow energy stored in L to be transferred to the load.

Let us look at some DC-DC converter teChnc’log'egi{nple power rectifier may be used in place of Q2 (eateh
cur_rently In use (pharge pump, switch mode and resongy flyback diode) but the forward voltage drop of a Schottky
switch converters): power diode will cause an efficiency loss. When a MOSFET

is used as a synchronous rectifier in this topology, the

A. Charge pump controller chip must carefully control the switchingQ@f and

A charge pump charges several capacitors in seridggeto Q2 to prevent shoot-through —i.e. an overlap of the st
input supply voltage and then connects them in parallebacr of Q1 and Q2 that can momentarily short the input power.

the load. The input to output voltage ratio is given by the |5 DC-DC Converters, the average DC output voltage
number of capacitors. It is usually limited to small I< myst be controlled to be equal to a desired level though th
ampere) currents but can provide negative voltages. input voltage and output current may fluctuate. Switch mode
DC-DC converters utilize one or more switches and an

B. Switch Mode: Synchronous Rectification. inductor to transform DC from one level to anothezn€rally

A switched-mode power supply (SMPS), is an electron?ﬁe controllers work at a fixed frequency to make it eatsi

power supply unit that incorporates a switching regulator

control circuit that switches the current rapidly ord aff ) to ) : .
regulate the output voltage. This is the most commoyPltage or to ground. The duty cycle is determined byakie

technique being used for single chip implementations witf the Output / Input voltage. A feed back from the output

either internal or external MOSFET switches. PWM (puls@djus_t_S the duty cycle to keep the output voltage at the
width modulation) is used to translate high input voltege SPecified level. Typically, DC current always flows through
low output voltage by pumping current into an inductor witfi€ inductor (continuous conduction mode)
shorter ON times and longer OFF times. When Q2 is replaced by a Schottky diode it is called a
Switching regulators are used as replacements for ”néadqn-Sy_nchronous R_ectification. The diode k_eeps the current
regulators V\?heng higher efficiency, sme?ller size ohtgg N the inductor flowing when the MOSFET is off. Theee i
weight is required. They were, however, more complicatdd©'€ Power lost in the diode since the forward voltage i
and more expensive, and their switching currents canecad@Uch larger than the voltage across the MOSFET whin it

EMI and noise problems if not carefully designed. Powefonducting.
converters are becoming increasingly commonplace én th )
electrical industry. Product manufacturers and suppliers of C. Resonant Switch Converters

electrical equipment are demanding ever-increasing |n certain switch-mode converter topologies [6], @
performance (i.e., higher efficiencies, lower outputages, resonant circuit can be used to shape the switch voitage
higher currents, faster transient response) fronr thewer cyrrent to change the power factor seen by the switcts. Thi
supply systems. To meet these demands, switching powgfows zero-voltage and / or zero-current switching. lchsu
supply designers in the late 1990s began adoptingsonant-switch converters, during one switching-frequency
Synchronous Rectification (SR) using MOSFETSs to achieM@ne period, there are resonant as well as non-resonant
the rectification function previously performed by diod&R  gperating intervals. Circuits with inductors and capacitoes
improves  efficiency, thermal performance, power dgnsitysed at or near resonance for transforming power to high
manufacturabi“ty, and rel|ab|l|ty, and decreases therall V0|tages or h|gher currents. Class-E RF amp"fiers caveart
system cost of power supply systems. DC to RF at very high efficiencies.[5] and then d$ymmnous
rectification for DC output. Therefore, these converia the

V Input . .
P literature have also been termed quasi-resonant censert
— They can be sub-classified as follows:

o ] (a) Zero-current-switching (ZCS) converters
/\NW (e (b) Zero-voltage-switching (ZVS) converters

e Width | ot Vicor Corporatio_n [7] is the leader in making Qu_asi_
Modulation resonant high density DC-DC converter modules. This is
Controler R shown in Figure 3. Their VTM /BCM power train has dhial

Chip ] 1 bridges and extensive use of transformers to adjust the inp
TN Cot to output voltage transformation. The input voltage ramsge i
FeedBack ¢ 38-54 volts, and modules are available with output voltages
from 0.8 to 54 V. The match box size hybrid module delivers
200 watts with current up to 100 amps. The efficiency is
GND greater than 94%. Vicor has one ASIC controller chip, one
power transformer T1, and gate driver transformer T2 Th
Figure 2:Synchronous Rectification circuit Q is about 10 and they use proprietary techniques to

. i . ) achieve both ZCS and ZVS as shown in figure 4..
Referencing Figure 2, when Q1 is switched ON, current

into the load increases and energy is stored in L. V\ikis

ter the output ripple. In Figure 2., Q1 and Q2 are turoed
n a sequence to connect the inductor input to the input
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[1l. POWERING OFSILICON TRACKERS

We look at the problem of powering the Silicon trackers in
SLHC and ILC detectors. Figure 5 shows a prototypevésta
mounted with six 4 x 6 cfnsilicon sensors. Each sensor is
read out by a multi-chip module containing four custom
readout chips. All control signals and power to the modules
are routed via Kapton flex circuits. Such modules may draw
as much as 4 amps at 1.3 volts. Staves may contain 10-40
modules depending upon the required acceptance. We'll
consider a 10 module stave that requires 40 amps of current.

ZVS transition

Frequency
LockiConitrol

T1 = power transformer
T2 = gate drive transformer

Figure 3:Vicor VTM circuit.

The Vicor VTM has no regulation circuitry in it. A 1%
change in input appears at 1% change in the output voltage
This may be adequate for HEP applications if the 48 V power
supply has remote sense capability and is well regulated. F f 5
other applications a pre regulator called PRM contairing .
buck boost regulator delivers 48 volts to the VTM from a 36 §i
75 volt unregulated source. i

= - |
e

# #

+Vout

#2

Figure 5: Sta with 6 sensors and the hybrid card.

i A. Two power schemes with DC-DC converters
are possible;

Four Amp DC-DC converters are mounted on each
module. 48 volts are delivered to each module in panadel
Kapton traces.

Forty Amp converters are mounted at or near the énd o
each stave. Here the Kapton power and ground traces car
increasingly more current towards the supply end oftthes

For this exercise we assume that the SLHC and ILC
requirements are somewhat similar but there are some
differences.

Four Amp converter units are located near the front end
and may be exposed to > 30 Mrads of radiation in the SLHC,
but only 20 Krads at the ILC. The units should be made of
low density materials. It may be possible to integytae FETs
on the ASIC.

i} 150 300 450 600 750 Forty Amp units can be located in a off-detector servic
area with lower radiation exposure for both the SLH@ an
. ILC.
Time (ns)

SLHC needs the power to be on continuously and that
adequate cooling be provided. In the ILC, the power can be
switched on for the brief time when the beams atkdog.

L ) . ) Here the duty cycle is 0.5% and the cooling solutions are
Our objective here is to focus on a relatively high sppplsimpler than for the SLHC. We ignore the Lorentz force

Figure 4:Vicor VTM circuit operation.

voltage (48 V) with output currents in the range of 2 —
amps. This work is limited to using only air core coils

roblem in switching current in the ILC. It may be neeeyg
to provide slow current cycling.
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SLHC detectors use lower magnetic fields while the ILC
detector is being designed for 6 Tesla. The converteestoav  icrel MIC2285: Operating frequency is 8 MHz using a

be designed to run in a field from 1 to 6 Tesla. 0.47 pH inductor. Input range is 2.7 — 5.5 V@ 0.5 amps
output load.
IV. POWER CONVERTERDESIGNISSUES Linear Technology LTC3415: Operating frequency is 1.5

The critical components are the ASIC controller chipMHz. using a 0.2 pH inductor. Input range 2.25 to 5.5V.

MOSFETSs and the air coils. These are some of thesgbae Output spans 1.8 — 3.5V @ 7 amps. The evaluation board is
need to be explored: preset for 1.8 V, and we tested by switching 6 amp loads.

MOSFET radiation hardness for 48 Volt silicon processe _The results are shown in table 1. The low inductance air
may be difficult (or impossible) for SLHC but achievafite ~ COilS are made by Coilcraft Corp. with @ maximum induogan
the ILC. of 0.538 pH. At Yale, we wound 6.25 mm diameter solenoid

| b ibl _ ’ d with AWG22 magnet wire; a 40 turn coil has inductance of
t may be possible to use air core transformers to eedug g WH, while 30 turns give 2.8 pH.

the voltages to be handled by the ASIC and the FETseTbe ) ) ) )

a tradeoff between voltage and current handled by the FETs The load was a Datel active load with a maximum rating
for the same output power level. The higher switchingf 20 amps. The duty cycle was about 20% and we did not
frequency requires smaller inductor values that are mof&ed to provide any cooling.

easily satisfied with air cores. The noise at theuiis tens There were no special filters used except what wasen th
of millivolts and substantially more at the input suppi{.ra  evaluation boards. The ripple and noise can be much rkduce

The Vicor units are in a different class due to theafse PY using standard filters for the low noise amplifiers.

Quasi-resonance and sine waves. The output noise atel ripp There were 2 Micrel evaluation boards, the air calsw
are very low. A test done at BNL indicated no obviousnounted on one board. The Tl board had a large ferrige cor

degradation of low noise preamplifiers so we decided to put the air coil in parallel. The restilta
inductance is mainly from an air coil.
V. TESTRESULTS WITH ANAIR COREINDUCTOR The Vicor board results is shown for comparison with th

We are now concentrating on using air core inductors WitlﬁvRB load as shown in figure 1. The output and input and
existing DC-DC converter chips. Most of the availableou'[put ripple signals are shown in figure 8. The 48 Voltgrow

controllers operate at less then 500 KHz, but thereadeav Supply did not power output for more than a 24 amp load.

operating at several MHz with a smaller inductor. Weetest Output 6 amps LT3418 Ferrite Coil
the following controller chips using company supplied

evaluation boards, replacing the ferrite inductor véth air

core inductor.

Texas Instruments Tl 5430: Operating frequency is 500
KHz. Input range is 5.5 to 36V. Minimum output is 1.22 V.
The evaluation board is set for 5 V. Output is rate8l amnps. Input Ripple
We tested by switching 2 amp loads.

Output Ripple

23 mm

<=mm

LT3415 Air Coil
Output 6 amps

25m

Input Ripple

Ferrite coil Air coil with plastic
protection

Output Ripple

Figure 6:Photograph of Micrel with Ferrite (left) and Air Coll

(right).
Figure 7:Comparison of the LT3415 DC-DC converter chip with
the ferrite coil versus the air coil.

Presented at the 12th Workshop on Electronics for LHC andd-HExperiments 25-29 September 2006, in Valencia, Spain



We are very encouraged by the tests with the air coils
using standard switch mode controller chips. For better
operations (noise, efficiency, EMI shielding etc.) in the
magnetic field the switching frequency should be an oofier
magnitude higher. We would like to encourage other groups
to work with us on pursuing this development.

Vicor BCMB048F040T2

Output 24 amg
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VI. CONCLUSIONS

In conclusion, there is no difference between thatéer
and air coils if the inductance is the same. ThiskEareen in
figure 7 with LT3415. The noise is increased if a lowe
inductor value is substituted.

Vicor match box size module is a good candidate fo
delivering 2 Volts at up to 100 amps. It is a multi chip hybri
with ferrite based transformers. The ASIC in it noanc
withstand 20 krads. It is feasible to design air core
transformers if the operating frequency is increased by a
factor of 10 to 15 MHz. Needless to say, there are many
challenging problems to overcome.
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Table 1. Test Results

Devices Ripple with Ripple with
Tested Specifications Coil Inductance Ferrite Coil Air Coil
Input Ferrite Pulsed
Manufacturer | Device # Range but Freq. Vou Coil Air Coil Load In Out In Out
\ amps MHz puH puH Amps mV mV mV mV
Linear
Technology | LTC3415 2.25-55 7 15 1.4 0.2 0.169 6 60 4 60 40
Micrel MIC2285 27-55 0.5 8 1.8 0.47 0.538 0.5 10 7 25 80
Texas
Instruments | TPS5430 5.5-36 3 0.5 5 18 5.9 2 80 18 120 200
2.8 2 250 240
air coil in parallel with ferrite coil
B048
Vicor F040T20 38-55 58 4 24 220 100
Inductance Coil Specifications
0.169 puH Coilcraft Part Number 132-20SM
0.538 uH Coilcraft Part Number 132-12SM
5.9 uH Yale 6.25 mm diameter 40 turn Solenoid
2.8 pH Yale 6.25 mm diameter 30 turn Solenoid
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