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IT power overview
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➡ LV power is distributed to IT modules according to a serial powering scheme, 
forming 576 chains of up to 11 modules

➡ HV bias is distributed in parallel to modules in each serial chain
➡ Optoelectronic services (lpGBT and Versatile Link+) are detached from the 

modules and hosted on dedicated boards (“portcards”) positioned around the 
IT support tube and powered making use of on-board DC/DC converters, 
following a parallel powering scheme similar to the one used for OT modules.

~ 4.2 k modules
~ 13.2 k r/o chips 

CMS	layout	&	SP	chains
CMS	Inner	Tracker	(pixel)	detector	layout:
• 3	subsystems
• Accessible	&	replaceable	system
• Serial	powering	chains	built

• In	z		for	barrel	sections	&	in	f for	rings
• Powering	unit:	Modules	always	in	series

• 2-chip	modules	TBPX	L1,	L2	&	R1,	R2	(4A	chains)
• 4-chip	modules	TBPX	L3,	L4	&	R3,	R4,	R5	(8A	chains)

• in	total,	~	564	SP	chains	for	~4244	modules
• Planar	sensors.	3D	are	considered	for	inner	layers/rings.

IT404

TBPX TFPX

TEPX

TBPX	L1 TBPX TEPX	R2,R4TEPX	R1,R3,R5TFPX	R2,R4TFPX	R1,R3

Serial	power	chains	in	TBPX:	
• 1	serial	power	chain	for	2	consecutive	rods	in	φ.
• Modules	at	Z=0:		all	modules	connected	to	the	

same	(Z)	end	(alternation	by	layer)

Serial	power	chains	in	TFPX/TEPX:	
• Up	to	4	chains	per	(X)	side	/(Z)	side	of	a	ring.
• Chains	do	not	connect	front/back	side	for	easiness	

of	mechanics.

Two kinds of serial chains are formed:
➡ chains of modules with four readout chips (“8A” chains)
➡ chains of modules with two readout chips (“4A” chains)

LV power is distributed in parallel to r/o chips (analog and 
digital parts) within each module.

2-chip modules: TBPX L1, L2 & R1, R2 (4A chains)
4-chip modules: TBPX L3, L4 & R3, R4, R5 (8A chains)



Power Consumption
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Serial	Powering	Concept
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• Serial	powering	set-up:		A	constant	current	power	
supply	generates	a	current	I:	This	current	is	fed	in	a	
chain	of	modules.		Each	chip	is	equipped	with	
regulators	to	generate	the	supply	voltages.

• Nominal	operation	average	IC	current:	
2	x	0.8A	(analog and	digital)	@	1.2v/1.2v

Nominal	shunt	current:	~25%
• Total	current	~2	x	1A
• Note:	This	is	what	allows	serial	power	to	run	

with	constant	currents	despite	load	variation

• Each	RD53A	chip	has	2	shuntLDO (one	for	analog,	one	
for	digital).	The	shuntLDO is	an	IP	block	of	the	RD53A	
chip	itself.	Each	shuntLDO is	design	for	2A	to	allow	
safe	operation	also	during	failures.

1.4	– 1.6V

LDO
1.2V	
analog

Pixel	chip

Shunt LDO
~1.2V	
Digital

Shunt
Readout

Hits

RD53A	Shunt-LDO
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Across-module	serial	powering:
•Pixel	detector	modules	serially	powered.
•Up	to	four	chips	per	module	powered	in	parallel.
•Modules/	sensors	grounds	differ	inside	a	chain.

•A	power	supply	current	(Iin)	“re-used”	among	
multiple	loads	connected	in	series.		
•Enough	current	injected	in	the	power	loop	to	
satisfy	the	highest	possible	load	current.	
•Total	current	constant- independent	of	the	actual	
current	consumed	in	the	load.	

8A	(4A),	 max	14V

Current-driven serial Power chains:
• the Shunt-LDO configuration defines 
∆V=f(I)

• aiming at ∆V~1.5 V 
• 1.2V required by electronics
• 0.3V for LDO regulation and headroom

• the chain has to provide enough power for 
transients: considering ~ 25% headroom 
w.r.t. “typical” conditions. 1.5 A → 1.9 A

RD53A	Shunt-LDO	regulatorDesigned by	M.	Karagounis

• 65	nm	for	Iin=	2A,	Vin	=2A	(FE-I4	version	was	0.5A).

• Configurable	Resistive	behavior	allows	for	well-defined	
current	sharing,	determined	by	their	effective	resistance.

• Configurable	Offset	voltage,	allows	for	an	optimization	of	
the	power	consumption.

• Improved	control	loop	to	assure	stability	with	capacitive	
loads	(from	increased	logic).

• Off-chip	decoupling	capacitors	(uF)	needed	for	LDO	
stability	at	the	input	and	the	output	of	the	circuit.

• The	reference	and	offset	voltages	are	provided	by	on-chip	
integrated	BANDGAPs (2/Shunt-LDO)
– Vref value	can	be	trimmed	using	trimbits.

LDO Shunt
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For	an	introduction	to	the	Shunt-LDO	circuitry	see	M.Karagounis paper:	
https://indico.cern.ch/event/72160/attachments/1036621/1477145/Shunt-LDO_Regulator.pdf

ACES	2018/CMS	TK	Week	May	2018

I
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• Nominal	chip	consumption	of	CMS	final	chip	(based	on	RD53A	doc.	v3.12):
TOTALS Typical Max

TOTAL ANALOG 0.61	A 1.21	A

TOTAL	DIGITAL 0.75	A 1.11	A

TOTAL	400x384 chip 1.35	A 2.32 A

+25%	SHUNT-LDO	Headroom 1.69	A 2.90	A

Shunt
(25%)
1.2V

0.18A/0.27A
0.22W/0.35W

Array	+	
Periphery

1.2V
0.75A/1.11A
0.90W/1.33W

LDO
0.2V

0.93A/1.38A
0.19W/0.28W

Shunt
(25%)
1.2V

0.15A/0.31A
0.18W/0.36W

Array	+	
Periphery

1.2V
0.61A/1.21A
0.73W/1.46W

LDO
0.2V

0.76A/1.52A
0.15W/0.30W

Digital Analog

1.69A	/
2.90A

1.69A	/
2.90A

1.4V
1.2V 1.2V

1.4V

Inner	Tracker	Upgrade	Power	WG	during	TK	Upgrade	Week		
CERN	– May	2018

Serial	Powering	with	RD53	chip

• For	the	system	design	we	assume	a	
current	consumption	of	2.0A	per	chip

• For	multiple	chips	per	module	the	
current	needed	in	a	chain	of	N-chip	
modules	is	N*2.0A.	

• The	Vdrop along	the	chain	per	module	is	
1.4V	(nominal)	
• For	a	chain	of	10	modules	=>	14V

• No	additional	Vdrop has	been	assumed	
for	parasitics,	bump	bonds	etc for	the	
moment.

(based	on	RD53A	doc.	v3.12	)

Typical:
Max:

LDO

SHUNT Array+
Periphery

LDO

SHUNT Array+
Periphery

Digital Analog

1.5 / 1.9 A

1.5 / 1.9 A

1.5 V 1.2 V 1.2 V

Considered “baseline”: 1.9A x 1.5 V per r/o chip



Serial Power current sources
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CAEN (NEOLITE regional project)
• both current and voltage regulation
• 10.5V/2.3 A max
• “sibling” board survived > 50Gy at CHARM 

• Both current and 
voltage regulated 
(I,V comparators 
acting on same 
PWM circuitry)

• Imax 2.3 A
• Vmax 10.5 V
• “sister” board 

survived >50 Gy 
in a test at the 
CHARM facility

1. Introduction

• Current source prototype developed at ITAINNOVA was initially intended 
for EMC and transient serial powering testing purposes (It is not an 
“industrial” final device)

• Designed ~2 years ago according to CMS full chip requirements (not far 
from current ones)

• Basic design steps:
• Reliable simulation model
• Component selection and layout
• Prototype validation and tests

• Presentation goals:
• Show characteristics and limits of 

the prototype
• Tests done
• Key points learned

Power Group Meeting - CMS Tracker Week - July 2018 3/18

ITAINNOVA  current source prototype:
• 16V/16A rating (for a total of up to 8 modules)
• very configurable for serial powering tests:

• start-up profile
• switching freq.
• dynamic responce, protections

• Can be used to study the dynamic behaviour at serial 
powering start-up

• Two serial power sources were experimented in small laboratory setups:
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~ 35 — 150 m
~ 3.3 Ω/km

6 m
~ 8 Ω/km

1 — 3 m
~ 17 / 34 Ω/km

HV+LV Cu Cu
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Serial Power distribution scheme
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• Prototype cables available:
- 4 LV conductors 
- 22 HV wires
- 8 env. wires (T,H)

DRAFT

(4X6+2X1,5+8X0,22)100 V+(22X0,22)1000 V FR LSZH

Rev.  0

Specification 36R3450

1/2Page

4X6,00 mm2:
Tinned copper conductor IEC 60228 Class 5
Cross-linked polyethylene insulation, nominal thickness 0,30 mm, nominal diameter 3,65 
mm, color blue, brown, black, grey

2X1,50 mm2:
Tinned copper conductor IEC 60228 Class 5
Cross-linked polyethylene insulation, nominal thickness 0,30 mm, nominal diameter 2,15 
mm, color red, green

8X0,22 mm2:
Tinned copper conductor 7x0,20 mm
Cross-linked polyethylene insulation, nominal thickness 0,30 mm, nominal diameter 1,20 
mm, orange numbered 1-8

22X0,22 mm2:
Tinned copper conductor 7x0,20 mm
PEI insulation, nominal thickness 0,30 mm, nominal diameter 1,20 mm, white numbered 
1-22

Elements laid up together in concentric layers
Overall screen of polyester tape, aluminium/polyester tape, tinned copper drain wire, 
tinned copper braid overall shield, coverage 85%
LSZH FR rad. resist. compound outer sheath, nominal thickness 1,30 mm, color green RAL 
6016

Nominal overall diameter 15,30+/-0,50 mm

Marking with meter count: "NOVACAVI yyWww - CERN LS2 (4X6+2X1,5+8X0,22)100 V+
(22X0,22)1000 V FR LSZH - 000 m"

CONSTRUCTION DETAILS

ELECTRICAL AND PHYSICAL CHARACTERISTICS
Electrical resistance conductors 0,22 mm2 < 88,67 ohm/km @ 20°C
Electrical resistance conductors 1,50 mm2 < 13,70 ohm/km @ 20°C
Electrical resistance conductors 6,00 mm2 < 3,39 ohm/km @ 20°C
Working voltage 0,22 mm2 (8 conductors 
XLPE insulated)

: 100 V

19/01/2018

This drawing or design, in part of in its entirety, is property of Novacavi S.r.l. and the information contained herein may not be used or transferred 
without permission of Novacavi S.r.l. All values contained herein are subject to change in subsequent revisions of this specification document.

Issued T.D. Checked T.M. Date

Cable 1: ⌀ = 15.3 mm

DRAFT

(4X2,5+2X0,5+8X0,08)100 V+(22X0,22)1000 V FR LSZH

Rev.  0

Specification 36R3451

1/2Page

4X2,50 mm2:
Tinned copper conductor IEC 60228 Class 5
Cross-linked polyethylene insulation, nominal thickness 0,30 mm, nominal diameter 2,60 
mm, color blue, brown, black, grey

2X0,50 mm2:
Tinned copper conductor IEC 60228 Class 5
Cross-linked polyethylene insulation, nominal thickness 0,30 mm, nominal diameter 1,50 
mm, color red, green

8X0,09 mm2:
Tinned copper conductor 7x0,13 mm
Cross-linked polyethylene insulation, nominal thickness 0,41 mm, nominal diameter 1,20 
mm, orange numbered 1-8

22X0,22 mm2:
Tinned copper conductor 7x0,20 mm
PEI insulation, nominal thickness 0,30 mm, nominal diameter 1,20 mm, white numbered 
1-22

Elements laid up together in concentric layers
Overall screen of polyester tape, aluminium/polyester tape, tinned copper drain wire, 
tinned copper braid overall shield, coverage 85%
LSZH FR rad. resist. compound outer sheath, nominal thickness 1,00 mm, color green RAL 
6016

Nominal overall diameter 13,40+/-0,40 mm

Marking with meter count: "NOVACAVI yyWww - CERN LS2 (4X2,5+2X0,5+8X0,08)100 V+
(22X0,22)1000 V FR LSZH - 000 m"

CONSTRUCTION DETAILS

ELECTRICAL AND PHYSICAL CHARACTERISTICS
Electrical resistance conductors 0,09 mm2 < 209,87 ohm/km @ 20°C
Electrical resistance conductors 0,22 mm2 < 88,67 ohm/km @ 20°C
Electrical resistance conductors 0,50 mm2 < 40,10 ohm/km @ 20°C
Electrical resistance conductors 2,50 mm2 < 8,21 ohm/km @ 20°C
Working voltage 0,09 mm2 : 100 V

19/01/2018

This drawing or design, in part of in its entirety, is property of Novacavi S.r.l. and the information contained herein may not be used or transferred 
without permission of Novacavi S.r.l. All values contained herein are subject to change in subsequent revisions of this specification document.

Issued T.D. Checked T.M. Date

Cable 2: ⌀ = 13.4 mm
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One cable → 2 power chains

for each serial power chain

order of ~ 1.5 — 3 V voltage drop

interconnection 
“patch panels”



Power to r/o chips
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576 chains
292 Power Supply modules
~ 350 W per Power Supply module

n. chains n. cables Max power/
chain

8A 312 156 180 W

4A 264 132   80 W
576 288

Assuming power needed per chip is:  1.9A x 1.5V   (analog + digital)

n. r/o chips 13192

power to r/o chips 37 kW

power dissipated on cables 
and interconnections

18 kW

Total power  55 kW

(Assuming ~85m 
long cables)



projection: size of power system (IT)
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n. 
chains

n. 
boards

LV  
power/
board

48V 
power/
crate

n crates n 
Racks

8A 312 156 360 W 2 kW 33

4A 264 136 160 W 2 kW 14

576 292 47 10

First exercise (~ guess)
Assuming boards powering 1 
cable → 2 complex channels 
(LV+HV) per board
Assuming 56U high racks with 5 
crates + 3 AC/DC

In addition:  LpGBT-based opto conversion system and pre-heaters for IT. 
Back end power based on OT power system.
Total power budget ~ 6 kW (4 crates).

power	supply	
power		[kW]

AC/DC	
power	[kW]

380	power	
[kW]

Serial	Power 55.00 68.75 80.88
HV	power 2.50 3.13 3.68
Optoelectronics 2.30 2.88 3.38
pre-heaters 3.70 4.63 5.44
TOTAL 63.50 79.38 93.38



path to draft specifications document

• Granularity and amount of power per board ~ identified
• next steps:

- turn ON and OFF procedures
- LV ramp speed
✓not too fast
✓not too slow

- Protection features requires (OVV, OVC etc.)
✓anything special for serial powering ?

- Behaviour during transients
- Extra needs in case of failure scenarios
✓all simulations and tests so far ok

- HV/LV interplay
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→  need to increase experience with real module chains



HV/LV interplay
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204 4 Integration and System Aspects

bump−bond

sensor+
+

+

+

−
−

−−

electronics
readout

track

Fig. 4.2. Blow-up sketch (not to scale) of the cross section of a hybrid pixel de-
tector, showing one of the many thousands of connections between sensor and elec-
tronics together with a particle track releasing ionization in the sensor volume

packaging of large dies with many input and output pads. The bump-bonding
techniques which have proven to work at the contact density required for
particle physics use either electroplated solder bumps or indium bumps de-
posited by evaporation. The bump deposition process is done at the wafer
level; i.e., all the bumps are deposited at once on all the dies (or sensors)
present on a wafer. Single die bump deposition can be done using gold studs.
This technique is useful for prototype work, especially for exotic substrates.

4.3.1 Solder Bumping and Bonding Process

It is useful to start with the description of the Controlled Collapse Chip
Connection (C4) [36] process introduced by IBM more than 30 years ago to
overcome the limitations inherent in the wire bonding connection technique.
This bumping process is illustrated in Fig. 4.3. The C4 bump deposition
process is made of the following steps:

(i) Under bump metal (UBM) layers are grown on the contact pads by
evaporation through a molybdenum mask with openings larger than
100 µm. These layers are made of different metals that serve different
purposes. Moving out of the contact aluminum pad we find a layer of Cr
that favors a good adhesion with the pad itself, a layer of Cr–Cu that
acts as a barrier preventing the solder, to reach the metals underneath,
a layer of Cu (or Ni) wettable by the solder, and a sacrificial thin Au
layer to prevent oxidation.

(ii) A lead-rich solder (typically 95Pb/Sn) is evaporated through the mask.
Typical solder “islands” of 100-µm diameter and 100-µm thickness are
deposited on the UBM layers.

A gnd

-HV

Necessity to forbid HV ON when LV is OFF
• is there consensus on this ?
• want to have this safety implemented at hardware level
• implications of that to be understood

Looking at a HV+LV integrated system



HV distribution and grounding options
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Several options → to be tested on real module chains
• Only one HV RTN line needed (i_HV through r/o chips)
• One “ground point” at detector side → floating power supply

HV wiring choices:
A) less material budget
B) can disconnect single modules via jumpers at power supply end
C) can regulate individual modules (could be useful for 3D sensors) 
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HV/LV interplay (2)
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When HV OFF(or if disconnected to HV power supplies) this branch has high impedance to ground
-Voltage is “undefined”
-bias current from some sensors will flow through other sensors in the chain.

Several counter measures can be proposed/tested:
-Regulate HV to 0 V
-crowbar circuit shorting to ground when HV OFF
-diode to ground at power supply
- ….

�22

+
-

0 V

~ +14 V

~ +12.5 V

~ +11.0V



�12

Market Survey is being prepared for Outer Trackers (CMS, ATLAS)

Can we consider inserting some very inclusive specs for Inner 
Trackers as well ?

Should agree on some (very inclusive) broad brush specs … ?
LV:
-output current per channel: regulated between 0 and XX A
-output voltage range: up to XX V
-number of channels/board: up to XX.
- etc.

HV:
-multi (xx) channels 0V to -XXXX V

Power Supply Market Survey


