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Power distribution at LHC

ATLAS pixsls CAAS preels ATLAS ships CMS ships
e N
Mumber of medulas 1744 1440 f 4088 15148 )
Total number of chamnels C M 66 M ‘) 6.2 M 10 M
Total rack power mel. optical hnks and cable losses WEW TEW 45EW &7 EW
FE-I3 BSL46 ABCD APVIS

FOIC namee and fechnelogy

0.25 pum CMOS

025 pum CROS

0.8 pm oe-CREOS

025 um CROS

FOIC analog {dizital) voltage 16V 20V ILAV{25V) I5VEW) 1252 5V{25V)
BOIC powrsr consumption'channal 24 uW 40 pWw IomW 259 mW
Total ROIC cument 38kA 3ka 6kA 15kA
Cable length (one way) reststance (rownd @ip) ~110m ~Hm ~110m/4.5 03 3462 m
Fowrer afficiency <7 ~ 0% ~4 1% ~50% 2% ‘>
\ /

Power distribution schemes i FE F FP
Local regulators (near/'on-dstector) Tez Tes No Tes

Powering at LHC proved tough and led to
undesired performance penalty



Why independent powering fails at SLHC ?

Current per electronic channel ~ constant, but many more channels

1. Don’t get 5 or 10 times more cables 1n
2. Power efficiency 1s too low (50% ATLAS SCT < ~15% SLHC)

3. Cable material budget: 0.2% of R.L. per layer (barrel normal
incidence) < 1% or 2% SLHC |

4. Packaging constraints

Each reason by itself 1s
probably sufficient for a
No-No



Why powering R&D ?

Cannot afford cable pollution anymore and don’t need to.
New systems will be much better

(cable number, material performance; packaging; power efficiency)
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How can we fix cable pollution?

Minimize current through cables by a) recycling current (SP) or b)
*high-voltage” power lines (DC-DC) <& both require local PS

Serial powering

J: —L """"""" l | DC-DC buck converter
T I |
| | |
i L L . DC-DC charge pump
. JTi J_ <t : ]2 <t : ]2 <t : ]2 «t l |I4
1 I S S
*IE““" — —— 3 Zi‘ Piezoelectric transformer
T A




A few comments...

Serial powering:

Send current from module to module; local
kewe  shunt regulators to define module voltage.

Unorthodox, “crazy”, but elegant. Also used
for LHC magnets...

DC-DC conversion:

Conventional approach, lots of experience in
+ |~30volts 1—L UUUUUUU J: I industry.

T | T | But, constraints of magnetic field, low-mass and
radiation tolerance are not met by commercial
devices.

New approaches offer remarkable benefits: reduction of cable

volume by factor 10-20; increase of power efficiency by factor 2-5...8
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WP8 deliverables and milestones

DC-DC conversion (CERN, PSI, RAL)

SLHC-PP

Project number 212114
Date: February 1% 2008

E;I:;rrhles Description Nature | Delivery date
8.1.1 Evaluation report on DC-DC conversion | R M12
technologies
8.1.2 Prototypes and viability report P. R M30
8.1.3 Integration in full-scale detector modules D M36
Serial powering (AGH, Bonn, RAL)
Eanzlkvgr;hles Description Nature | Delivery date
8.2.1 Evaluation report on generic serial powering | R M12
studies and specification of seral powering
components
822 Custom  serial  powering circuitry and | PR M24
evaluation of genenc high-current senal
powering ASIC
823 Full-scale super-module with custom senal | D M36

powering circuitry

10
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Overview of activities in a nut shell

DC-DC buck converters and charge-pumps
On-(read-out) chip and dedicated stand-alone converters

Serial powering regulators implemented In
(read-out) chip and dedicated stand-alone generic chip

Studies so far were largely limited to bulky commercial devices

Program requires development of these devices for one:

-good electrical performance -high current capability
-radiation hardness -magnetic field tolerance
-low mass/ small size -low EMI

-high reliability

Development of these devices also requires their validation with
detector modules or chains of detector modules 0



DC-DC step-down converters at SLHC:
challenges

Inductor has to operate in a 4T magnetic field => cannot
make use of ferromagnetic materials (coreless inductor).
This implies a limit in the size of the inductance and the
emission of magnetic field around the component.

O+

Example: simplest -
topology for a Buck |

Converter

Vin

SWITCHING
CONTROL CIRCUIT

Transistors need to stand “high” voltage (12V) and to work in
the SLHC radiation environment. High-voltage technologies
developed for automotive applications are being surveyed,
and techniques to tolerate radiation developed.




Select system architecture and DC-DC
buck converter topology

System architecture must fit to SLHC
tracker requirements:
Choice between e.g. 1 or 2 stage conversion

Converter topology must be optimized for
the architecture:

-High efficiency (resonant topology)

-Cancellation of output voltage ripple
(interleaved topology)

-Small volume required (high frequency

switching to minimize the inductor size)

Example: Buck interleaved
converter

O+

— pd

Vin ==C Vout § LOAD

| swmenne |
TO SWITCHES — roNTROL CIRCUIT

14



» Have to understand and quantify accurately
the noise properties of the converters.

Power dissipation Inductor

EMI (dV/dt)
EMI (dI/dt)
EMI (d\|;+/_dt)
\ Q‘i W /- 0<
MI (dI

—_ ) Vin=12-24 V
i =PRI P Vout=1.5-3V
lout=1-2A
TN U
Rad-hard technology L. cnns%’g{gficﬂlﬁgun j

Power distribution WG : :
CERN, April 7, 2008 CERN - PH dept — ESE group Stefano Michelis 15
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A typical SLHC system

EMI Coupling % EMI Coupling % EMI Coupling %

EMI Emission % EMI Emission % EMI Emission
Noise on Mains Bulk DC/DC\ Front-end System System noise
Power
Converter S(f)
Supply

Contributors to overall system (detector) noise:

- The system itself: thermal noise, cross talk and internal couplings within the system.
- EMI couplings from other sources onto the cables and boards.

- EMI emissions of the DC-DC converter on the cables.

- EMI emissions of the bulk power system and ancillary systems.

- Conducted noise from the mains.

Georges Blanchot 16



EMC reference test bench

The presence of a switching converter inside the detector system implies that
Electro-Magnetic Compatibility has to be very seriously addressed at the
system level since the beginning of the development. vt Cammon Nose (Pobe)

CERN have developed a reference test-
bench to characterize the conducted and
emitted noise from a converter. This test
bench will be used to understand and ma
the noise injected in the system.

DBUA

Current

DC-DC Probe

Converter
+ +

Shielded
Cable

Ground
Plane



PAUL SCHERRER INSTITUT

o {jm» On Chip DC — DC Converters

* PSI group has designed CMS Pixel ROC with On-Chip linear regulators for typical
power loads of 20-30mA. Was very successful in reducing material budget of LV
cabling of CMS Barrel Pixel detector.

* Investigate possibilities for moderate On-Chip DC-DC step down converter using
commercial CMOS technology with radiation hard layout technique.

* Try to benefit from incredible reduction in size and weight of ceramic capacitors
over the last few years. e.g. 100 nF in 0201 size

» Focus on Switched Capacitor Step-down converters for moderate voltages. e.g.
3.3V to1l.1 volt

_ o Serial 2.5v Parallel 2.5V
First exercise in 0.25um CMOS charge discharge
- 2to 1 step down at 40 MHz
Vout _— Vout

- submitted in MPW 0.25 IBM (04/2008)

- 83% efficiency at 25 mA load current (simu)

Roland Horisberger



Performance of serial powering systems for strips

i

ATLAS SCT module tests

‘—Q—Independent powering - -m- - Serial Powering ‘

ENC of IP vs. SP

6-module serial powering sltgave

755 663 159 628 662 006
Module #



Sl

LAB

Ellizlum Laber Benn

M. Cristinziani, Bonn U.

Serial Powering R&D for pixels



Serial Powering Schemes - Motivation

LHC Power Workshop, CERN, 07.04.2008 -2- Marcel Trimpl, Fermilaly



SPI - Architecture Overview

limput
h_rscst |I ||
GAr !

Foe : fé 5 " versatile SP chip - list of basic features:
L 1 ]
« shunt creates Vchip (schemel) , distr. shunt (scheme3)
« communication via multi drop bus
A d = " (each SPI chip has 5hit address)
Linreg B = V_EnB .
e » spare AC coupled interfaces (comports)
LADC (2x)
% o anant  oumven * ADCs to monitor shunt and LR current
B I3 e : « 2x LinReqg: separate analog / digital supply
: venand ¢ | Hvoore to hook up some chips (1-3) for tests
| ’ a J_E Not proposed as a scaleable solution
: : : IE for a whole module (linregs should be
r | in the ROIC, as e.g. in the ABCn)

« on-chip OverPower protection (avoids detector hot spots)

e — 1 « radtol. design techniques, TSMC 025MM process

i E E s loutput

ot

v _ ke
Ot

LHC Power Workshop, CERN, 07.04.2008 -3 - Marcel Trimpl, Fermilab
22



ABC-Next

Prototype chip for Si strip readout in Upgrade Inner Tracker

Binary readout

Front-end optimised for
short strips

Positive or negative input
charge

Readout clock up to 160
Mbits/sec

250 nm CMOS (IBM)
technology

2.5 V digital power supply
(100 mA)

2.2 V analogue power
supply (30 mA)

Compatible with serial
powering scheme

Front-End Pads

o

g

2 Pipeline OQ?S
Front End o) i 0 2
& & £ o
Discriminators & g 9

= 5

)

a

DAC
LOGIC

Linear Voltage Regulator

Shunt Voltage Regulator

Power Management

Back-end I/O

23

Power Working Group Meeting

W. Dabrowski

7 April, 2008



Full shunt regulator on chip - design concept

Need democratic distribution of shunt current, not winner takes it all.

Shuntcurrent limiter Re-adjustment and redistribution of

Current limit set by an the shunt current
internal resistor and
selected by bonding Number of stages depends on the assumed
spread of parameters
,_H A
Ve N
ITH

'8l "8l "8l 8l 8|
- A I
1HE g HE g HE g, B HF

TLC

Icl Ic2 Ic3 Ic4

Adjustment of the
@ef_ reference voltage 24

Power Working Group Meeting W. Dabrowski 7 April, 2008



Science & Technology = Rutherford Appleton Laboratory
@ Facilities Council Particle Physics Department

Expected performance benefit of custom SP circuitry

Distributed Slave Module Output Impedance

20 ABCn with Slave Shunt
0 it /\ 7\ /“‘\,f ) -_ H
&0 f'/ x./ \\—"‘"H/ " ‘:‘I"
/ sl

<l o« .20 : #

/ | g
40 // E HE—
0 A 5 ° Y

/i s ¢
0 // o : -
) //” 0.1 ' H; #
5.0E+D OE+D 1.0E:07 E+T 2.0E+0T 2.EE+07 (113 o7 DE+07 * A
5 . »
W l"‘._ -
= = Ty, * a
S —— P
- o hfb‘:‘].lnh:}. - - o -
Measurement (RAL): Prototype with Smulation (Mitch Newcomer): External
commercial components Shunt Regulator and Integrated Shunt
Transistors

Dynamic impedance: reduced by one or two orders of magnitude!

ﬁ



Summary

Solving power distribution for SLHC trackers 1s crucial, extremely
challenging and urgent.

Powering of new trackers will be very ditferent from now, if we
like it or not. If we are successful, we will need (considerably)
less cables for LHC than for SLHC

Challenge has been recognized and international collaboration is
growing. Despite encouraging R&D activities, we are still at the
very beginning and on a steep learning curve.

Let’s try to go these steps together, exploit synergies between
experiments, use joint infrastructure effectively, exchange

information and prototype chips...
26



Appendix
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Science & Technology ~ Rutherford Appleton Laboratory
@ Facilities Council Particle Physics Department

Serial powering circuitry evolution

AG Analog power AV Data Comma Clock DG Digital power
SSPPCB - 2006/7 - T g e e

38 mMm x 9 mm

SPPCB - 2006 -
111 mm x 83 mm

SPPCB - 2006 -
150mm x 150mm

G. Villani SP HV results CERN ATLAS UTP feb 2008



Let’s work out a powering example
here Vigc=2.5V; Iy =2.4 A; 20 hybrids; DC-DC gain = 20

SP: n=20; I, = [, = 2.4 A; Vpg =1V =50 V
Features: saves factor ~8 in power cables/length over ATLAS SCT

A

? 3 [

[] =I:I [] [] _I:I
= | —=
i E —=
: . =:
5 = 05
= £l — |1
| El —=
0 0 =
Py ) 7 ® -

@ & & . &

DC-DC PP: n=20; g =20; [, =n/g [; =2.4 A; Vps = gVroc =50V
Features: saves factor ~8 in power cables as SP watch IR drops < R .~ 0.1-1 Q

DC-DC IP: n=1; g = 20; I,s = I,/g = 0.12 A; Vps=gVpoe= 50 V

Features: 2x more cables than SCT < problematic for strips
29



Features of IP and alternative schemes

Power efficiency

Local regulator

0%

Comment

Varies with I, n (SP);

gain (DC-DC)

This is without linear

inefficiency regulator for analog
number of 4 per hybrid n = number of
power cables hybrids
Voltage control Yes Stand-by mode: Yes New schemes have
over ind. hybrids | On/Off fine- 2.5VILBV -> 0.7V On/Off; limited fine- | regulators; no fine
adjustment | Limited fine-adjustment adjustment adjustment needed
Hybrid current Yes Yes (sensing current Yes Some power penalty
info through power device) for DC-DC
Hybrid voltage Yes (need Yes Yes Not strictly needed,
info sense wires) since regulators
Floating hybrid Yes No, voltage chain No

power supplies

Protection
features

Separate set
of cables for
each hybrid

Local over-current
protection; redundant
regulators

Don’t know yet

Protect against open
(SP) and short (DC-
DC)

Let’s preserve the good features of IP <~ have voltage control, current
monitoring, and protection features

30




Power distribution at LHC

Depending on experiment (ATLAS and CMS) and detector type (pixels
or strips) we have:

= 6 — 80 million of channels

= 4 — 15 thousand detector modules

= 7-70 thousand watts of rack power for readout electronics
= 50 mto 110 m long power cables (one way)

= 20-50% power efficiency only

Constraints: limited space to feed through cables; requirement of
minimum mass; need to minimize thermal losses 1n cables;
packaging constraints on detector

SLHC trackers will have 5 to 10 times more channels than LHC &

Power distribution concept must change radically N



The quest for specifications...

Fequred ranga

Desirable rangze

Ouiput voltage

IIV-18W

12-28V

Crutpot corrent

44

Dhmamie output impedance

0.1 0 at=100kH=z

050 at=10MH=

hlagnetic field operation 4T -4T
10" nfem’ 10" nem’
Fadiation-tolerance
100 MiF.ad 500 hiFad
Size 10:0-250 mm’
Ineffciency 2% 5%
ELD susceptibality 1s detector specific. Limats for radiative EMI {2z from
Mo ERT mnductor ecals) are not vet understood. For conducted ERI, 40 dbld of common-

mode should not be exceaded m the frequency range of 100 kHz to 30 ME=

Swsten dependent. Targetad module power failure rate: < 1% per moduls over 5
High rehiability
vears of operation

Tabla 2: Specification for SLHC power regulators, converters or transformers. Ses the text for

explanations.



