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motivation for alternative powering

evident that for upgrade alternative powering is needed

A lot of cables,
but wait for 
the upgrade!

- DC/DC and serial powering 
under investigation

- optimal choice may depend on 
- pixel vs. strips
- environment (ATLAS vs CMS e.g.)
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Serial Powering Schemes
1) External shunt regulator + transistor

implies a high current shunt
SP device enables to operate non SP-ROIC in SP mode

2) Internal shunt regulator + transistor in each ROIC

Disadvantage: many power supplies in parallel
Matching issue can cause hot spots and potentially kill chips
adjustment/trimming scheme needed

3) External SR + parallel shunt transistor in ROIC

feedback however more challenging and depends on implementation

• choice of architecture not obvious, 
detailed studies anticipated by 
various groups

• scheme (2) can be realized 
by any ROIC standalone

• SPI chip covers 
scheme (1) and (3)
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SP setups and SPi
 
Motivation

‘ABCn module approach’ (ABCd shown here):

plan: 2x10 ROIC on a module, 20 modules in a row
(clearly needs integrated solution)

Setups using discrete components explored SP feasibility and new features
( current monitoring and over current protection ) 

Downsides of discrete setups 
• Standard Shunts typ. current limited (<< 4A)
• Power transistors not rad. tolerant
• esp. 4A for module is challenging
• spacious setup
• limited performance (e.g. dyn. impedance) 

-> integrated / customized solution

~1Ω

 

at 1MHz, >50Ω

 

for >10Mhz

ATLAS SCT setup at RAL (similar setups at LBNL,
BNL, Atlas pixel at UBonn)

[G.Villani]
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AC coupling

Distr.Shunt Dual Vout

• shunt creates Vchip (scheme1) , distr. shunt (scheme3)

• communication via multi drop bus
(each SPI chip has 5bit address)
reduces number of str.-lines for SPI to minimum of 2 (3)

• spare AC coupled interfaces (comports)

• ADCs to monitor shunt and LR current

• 2x LinReg: separate analog / digital supply
to hook up some chips (1-3) for tests
Not proposed as a scaleable solution
for a whole module (linregs should be part of ROIC, 
as e.g. in the ABCn)

• OverPower protection (avoids detector hot spots)
(chip feature, needs external control)

• radtol. design techniques, TSMC 025MM process 

SPI –
 
Architecture Overview

versatile SP chip - list of basic features:
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distributed shunt concept

concept/realization
• class AB stage with dual output for redundancy
• shunt slaves are implemented in ROIC (ABCn)
• discrete OPAmp used to operate ABCn

shunt slaves presently at RAL (p.o.c.)
• similar distribution concept (trimming currents) 

proposed and implemented by Dabrowski et al. 
in ABCn

[M.Newcomer UPenn]
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Power on Reset:
all Registers set to a default condition when chip power comes up

(current alarm default: ‘hard wired’ to ‘false’!)

AC coupled interface:
7 separate comports, bi-directional (input/output)
rate: ~200MHz (selectable drive current max. 6mA),
point to point and multidrop with 10 receivers
LVDS receiver with hysteresis

Main Shunt
sets operation voltage: ~1.2 …~3V
(5.3bit to select, default: 1.5V),

current capability: 1A min., 

4A to bypass full module (power down)

Linear regulator:
LDO regulator (folded cascode OTA and output stage)
Vout: ~1.2 – ~2.5V (VDO ~200-300mV for 500mA), with ext. 1uF min. for stability
4bit to select voltage -> ~100mV steps 

‘more’ SPi
 
specs

AC coupled multidrop configuration:
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325um 250um
Chip size: 5.7 x 2.8 mm2, ~150 bumps solder chip to PCB, submitted Sept08

Layout / Floorplan

one (of 7) comports Linreg Vout (2x) Fanout (finger) for shuntmosLin.Reg

ADC ShuntDig. Controller

Distr.Shunt
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test setup /assembly

Advantages of bumps bonds (for the SPI chip)

• better routing flexibility (high currents) 
• more robust and shorter (100um vs 5mm) as 

wire bonds
• reliable connection is essential in SP 

scheme
• better scale ability (tailored to required current)
• chip backside fully accessible for cooling / 

temp.monitorSPI001 (back since Nov2008), solder bumps placed by TSMC

- daughter board (R.Holt, RAL)
- FCOB assembly done at SiDet (E.Skup, FNAL)

(FCOB on standard FR4)
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[1100111 CCCCC RRRRR III DDDDDDDD 0000]
C:  5bit Chip Adr. (30 chips on module)
R:  Register Adr. (20 config + 3 ADC data-register)
D:  8bit register word
III: Instruction Code

- Reset Register
- Set Register 
- Default (hard coded)
- Read ADC / Write Register

interface controller –
 
SPi

 
communication

800um

12
00

um

layout interface controller:
verilog desciption
then auto place and route
using CERN radtol lib.

Chip and Register wildcard 10101 (21d)
-> configure register in all chips in a setup
-> reset all registers in all chips to default 

testboard (A.Dyer FNAL): full AC coupled operation

32 bit command word  (7bit header, 4 bit trailer)
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'shunt' ADC –
 
principle and implementation

D
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~
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0μ
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concept:
• probing shunt current using replica mos (similar to current mirror)
• current-mode ADC 

(advantageous for ultra low voltage: 1.3V in a 2.5V process!!)
• 5bit required, 6bit flash ADC implemented
• LSB tunable (4bit) – dyn. range ~100mA … ~2A   (probing low current or high range)
• adjustable threshold for alarm 
• 4bits to tune the alarm - delay (TOT requirement): ~150us ... 3ms
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ADC -
 
current alarm feature

procedure:

- shunt current (green trace eq.) is swept slowly

from 50mA to 1A while ADC is read out continuously

(ser_out : yellow trace)

- the alarm threshold programmed to 011100

- blue trace is current alarm (external signal)

shown in video:

- ADC bits <0:5> count / follow shunt current

- exceeding threshold triggers current alarm

and sets bit<7> in the register

demonstrates full functionality (qualitatively)
of ADC and current alarm
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shunt ADC –
 
quantitative behavior
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(without last 3 steps)

LSB / sqrt(12) 
~ 25 x sigma

?

on chip ADC fully functional
and can be used to monitor the current distribution
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on-chip shunt

dyn. range: 1.0 to 3.0V
accommodates for dispersion

[CMOS Version of TL432/A/C principle]

• based on TL432 design (in CMOS)
• voltage reference sets voltage at resistive divider
• selectable feedback determines chip voltage
• 2 selectable shunt transistors (1:10)
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shunt stability

LM431 – National Datasheet
(for illustration only)

‘dominant’ poles:
p1 = s gm,OTA

-1 CM2

p2 = s gDS,stage2
-1 Ccomp

p3 = s gDS,shunt
-1 CL

•

 

shunt circuit stable for high and low load capacitances 
•

 

region of instability for intermediate cap. load
•

 

dependent on shunt current and voltage 
•

 

use optional compensation cap. to create dominant pole



FEE 2009, Montauk, 19.05.2009 Marcel Trimpl, Fermilab- 16 -

increase of stability using compensation
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Simulation!

Simulation!

Simulation conditions
• Is = 200mA, Vs = 1.5V
• Cload = 1uF, ESR = 100mOhm

- phase margin 0dB : ~10deg

- phase margin 0dB : ~30deg

- critical scenario Cload = 1uF -
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results: DC shunt characteristics
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Equation y = a + b*x
Weight No Weighti
Residual Sum of 
Squares

9.23295E-5

Adj. R-Square 0.9988
Value Standard Err

Vshunt [V]
Intercept 1.5610 3.34374E-4
Slope 0.0503 2.24808E-4

preliminary
• power on reset to 1.5V
• 50mΩ

 

total resistance!
• operation up to 

4A @ 1.5V
demonstrated
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temperature behavior / 1.2V operation
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2.5189E-5

Adj. R-Square 0.99354
Value Standard Error

V(V) Intercept 1.21455 7.27905E-4
V(V) Slope 0.05746 0.00112

stable operation / 
communication at 1.25V

=> opportunity to 
operate bipolar powered
FE-designs in 0.25um

(such as the APV25)

also (potentially) ready
for ABCn in 130 nm
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no active cooling!

trend: 48.23 +/- 0.07 °C / A

• observed temperature trend: ~ 50 °C / A (no cooling)
• with CPU fan air cooling SPi backside:

0 .. 2A @ 1.5V →

 

T = 27…78 °C  (~ 50 °C)
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sweeping shunt voltage

operation from ~1.2 to ~3V possible

~2.2V for ABCn

issue with one 
bit in register
(to be investigated)
However, in worst case 
this voltage range can
be covered by shifting the 
resistive gain in feedback

(each voltage step shows current sweep from 50mA to 500mA)
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Ishunt (50mA … 1.2A)
(bandwidth of current source limited to 10kHz)

Vshunt (around 50mV) 

‘first’ results -
 
AC behavior

-> Impedance: ~40 mΩ
(more frequency studies needed)
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Ishunt = 200mA
Vs = 1.5V
Cload = 10uF 
ESR = 100mOhm

Simulation!
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Linear Regulator

idle feature:

0 . .~1.2V

(idleb – command)
0 20 40 60 80 100

1.246
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V
lin
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[V
]

ILinreg [mA]

Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares

5.61119E-8

Adj. R-Square 0.99172
Value Standard Error

Fit Intercept 1.2505 9.02874E-5
Fit Slope -4.32381E-5 1.4922E-6

RLDO=43.2 +/- 1.5mΩ

Is=500mA
Vshunt=2.2V~400ns

• standard LDO design
• folded cascode OTA, SF to drive power fet

• compensation for changing VDS (ADC)

‘first’ DC output characteristic:
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Over Power Protection (option)

1. OverPower is NOT OverCurrent
-> current should stay the same 

in SP scheme! 
2. Power reduction by 

collapsing the chip voltage
3. Goal: reduce Vchip to minimum 

e.g. 100mV and 4A -> P ~ 400mW
- in the order of nominal operation
- comparable to ROIC on module     

-> no hot spot!

Procedure for power down with SPi:
1. ADC reports current alarm
2. a) Vshunt overwitten by external source (vdd)

-> forces shunt-mos in lin.region & reduces Vchip (Ron*I)
-> whole chip collapses, only shunt maintains operation

b) use of secondary transistor for bypassing 

RnD on PCB level (RAL (G.Villani), BNL (D.Lynn))
Upon successful demonstration: integration of most promising approach in SPI

Proposed protection schemes (RAL, BNL, Bonn)
make use of a radtol power fet

to bypass current (it is integrated in SPI!)
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magic christmas
 
tree (power down)

Ron < 30mΩ

 

(corresponds to previous parasitic simulation)

extrapolation to 4A (long time tests needed!):

-> P ~ 480 mW (no hot spot) 

voltage levels (at chip) @ 100mA Ishunt:

normal operation power down (central module)
------ 4.62 V ------ ------ 3.11   V ------

(Δ=1.55 V) (Δ=1.55 V)
------ 3.07 V ----- ------ 1.562 V ------

(Δ=1.51 V) (Δ

 

~ 3 mV)
------ 1.56 V ----- ------ 1.559 V ------

(Δ=1.55 V) (Δ=1.55 V)
------ 0.01 V ------ ------ 0.01   V ------

Demonstrates power down capability of chip with external signal
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• Discrete SP setups went through many iterations, 
limitations reached (features vs size vs performance)

• SPi – Serial Powering Interface: generic chip to explore SP schemes 

• TSMC025MM, radiation tolerant design (except distr. shunt),
high current shunt (takes total module current), distributed shunt, 
AC coupled comports, 2 Lin.regs, monitoring ADCs, 
over power protection options with power fet

• SPi 0.01 fabricated (120 chips) and FCOB assembly successful

• chip tested fully functional, performance measurements so far very 
encouraging

• more detailed measurements and most importantly field tests needed

• operation with ABCn planned at RAL (M.Weber et al.)

Summary / Outlook
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50mΩ (way worst case!)

2.7mΩ

Power shunt (DC) 

postlayout to include parasiticsNote, 4 finger pairs assumed (old), actual  design uses 3 finger but more bumps  
-> similar or better performance expected
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50mΩ

2.7mΩ

Power shunt (DC)

Spice-Simulation with 1A per finger pair @120C, 
Vshunt=1.5V (worst case overpower-protection scenario)

-> average current per bump: ~100mA, max rating 240mA

Voltage drops:
20mV from pure MOS model (Ron)
5mV from on chip routing (bump bond approach 

helps here a lot!)
25mV from ‘Off chip’ routing: Rbump, Rtrace
Vdrop,total ~ 50mV

Conclusion:

- Take these numbers with a grain of salt!
- However, they give good indication for feasibility

e.g. a different routing topology which didn’t look 
too bad at first resulted in ~500mV drop

- For 1A total current we should be on a safe side
(note, this simulation uses 1A per finger (4 of them!)
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single ADC (full) simulation
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Shunt performance (simulation)

Ishunt=100mA (Isin=10mA), CLoad=1μF 
Z< 0.5mV/10mA = 50mΩ

 
total RMS < 100mV

Compared to 1 .. 50Ω for discrete components setup 

Main Shunt

2MHz

6MHz

20MHz
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