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The CMS Tracker for HL-LHC

2

Participates to L1 trigger 
Higher granularity 
Lower material budget

|| 10/12/2018Malte Backhaus   |   PIXEL2018 21

Expected performance

� Comparable mass to CMS Phase 1 Inner Tracker
� Slightly higher radiation lengths in barrel: 0.15 X/X0

� Comparable in forward pixel (increase of number of layers)
� Expanded to η = 4 due to extended pixel

PS

2S

IT

actual HL-LHC

Major differences w.r.t the present tracker:

Outer Tracker: 
- 13200 modules of two 

kinds: Strip-Strip (2S) and 
macro pixel-Strip (PS)


- 42M strips, 170M macro-
pixels


Inner Tracker: 
- 3900 pixel modules 

with 2 (1x2) or 4 
(2x2) r/o chips


- 9000 M pixels
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OT and IT are going to adopt different powering schemes



Powering the  
CMS Outer Tracker
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FEH

On-module power distribution
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On-module power distribution
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16x MPA
16x SSA
 2x CIC
 1x LpGBT
 1x VTRx+

16x MPA
16x SSA
 2x CIC

1x VTRx+bPOL12V

bPOL2V5

bPOL2V5 1.0 V

2.55 V

1.25 V

6÷12 V
~ 9.7 W

16x CBC
 2x CIC
 1x LpGBT
 1x VTRx+

1x VTRx+bPOL12V

bPOL2V5

2.55 V

1.25 V

6÷12 V

~ 5.2 W

~ 2.4 A

~ 0.07 A

~ 0.07 A

~ 2.2 A

~ 2.4 A

ηdc/dc ~ 75%

ηdc/dc ~ 75%
ηdc/dc ~ 80%

ηdc/dc ~ 80%

PS-POH: Results

TWEPP-2021 G. Blanchot, A. Hollos, M. Kovacs, I. Mateos, N. Rasevic, A. Zografos 7

Red arrows point to the three outputs of the PS-POH:
1.Left PSFEH, power tail, Right PSFEH PSPOH to PSROH power tail

POH

SEH

Every OT module is a 
functional unit individually 
connected to the power source 
and to backend system for 
data, trigger and control 
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Power distribution choices
CMS SST Module groups 

are the basic 
functional unit

Direct powering 
with sense wires

S. Paoletti - INFN Firenze - EPS HEP 2019 
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CMS OT

Individual 
connection to 
power source 
with on-module 
dc-dc conversion

The module is 
a functional 
unit

S. Paoletti - INFN Firenze - EPS HEP 2019 
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dc/dc

dc/dc

dc/dc

V1

sensing

~50k wires (LV+HV)

No sensing point on detector  

→ no Vdrop compensation


Cabling defines the power groups.

Optimal grouping reached with up to 12 
detector modules per cable

→ LV, HV and services for 12 modules 
are grouped into one power cable
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The power supply unit
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• 12 LV channels (8÷14 V, 1.9 A)
• 3 HV channels (0 ÷ -800 V, 15mA) 

with 1→ 4 fan out
• 1 AUX LV channel (8÷14 V, 1.9 A)
• 330 W total power
• Input power@ ~ 400Vdc

2 interlock lines
1 RESET line
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Power Supply ~ 60 m 6 m up to 220 cm

A
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X
µC

floating  LV RTN

LV and HV combined units 
which provide all voltages 
associated with one cable


1220 of these units:

provided by a source in the 
CMS service cavern



Simone Paoletti - TWEPP 2022 - Bergen, 19-23 SEP 2022

… a few details
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- common floating RTN
- wired HV fan-out with jumpers
- HW current and voltage protections

M
od

ul
e 

0DC/DC
bias

M
od

ul
e 

11DC/DC
bias

detector 
power group

PP0

i_mon

i_mon

HV jumpers

H
V

0

HV jumpers

H
V

1
M

ai
n 

LV
 

HV jumpers

H
V

2

common floating  
HV RTN

floating  LV RTN

AUX

ELV0

ELV11

8 ÷ 14 V

1.9 A

1.9 A

1.9 A

0 ÷ -800 V

0 ÷ -800 V

0 ÷ -800 V

to cooling services

to module 8
to module 9
to module 10
to module 11

to module 0
to module 1
to module 2
to module 3

to module 0

to module 11

30
0 

÷ 
40

0V
  A

C
/D

C

DCS 
DSS

Power Supply ~ 60 m 6 m up to 220 cm

A
U

X

µC

floating  LV RTN

HV Veto Map:
LV0, LV1, LV2, LV3 → HV0
LV4, LV5, LV6, LV7  → HV1
LV8, LV9, LV10, LV11 → HV2

M
od

ul
e 

0DC/DC
bias

M
od

ul
e 

11DC/DC
bias

detector 
power group

PP0

i_mon

i_mon

HV jumpers

H
V

0

HV jumpers

H
V

1
M

ai
n 

LV
 

HV jumpers

H
V

2

common floating  
HV RTN

floating  LV RTN

AUX

ELV0

ELV11

8 ÷ 14 V

1.9 A

1.9 A

1.9 A

0 ÷ -800 V

0 ÷ -800 V

0 ÷ -800 V

to cooling services

to module 8
to module 9
to module 10
to module 11

to module 0
to module 1
to module 2
to module 3

to module 0

to module 11

30
0 

÷ 
40

0V
  A

C
/D

C

DCS 
DSS

Power Supply ~ 60 m 6 m up to 220 cm

A
U

X

µC

floating  LV RTN

- switch time O(10÷20 ms)
- Common floating RTN
- per channel Voltage and Current  
monitoring with HW protections
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R

V0

i Vi

P0 = i × Vi

R is the enemy …

No Vdrop compensation → 

8

i =
V0 ± V2

0 − 4 × R × P0

2 × R
P0 < V2

0
4 × R

device
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R

V0

i Vi

P0 = i × Vi

R is the enemy …

No Vdrop compensation → 
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detectordc/dc

i =
V0 ± V2

0 − 4 × R × P0

2 × R

PDetector = ηdc/dc × P0

P0 < V2
0

4 × R
UNV lockout bPol12V 5.5 V (raising)

5.0 V (falling)

Vi max 12 V

Enable

Disable

9.6 V

6.0 V

V0 
range

Vi range
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Power to a detector module
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PS-power
9709

ratio
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 / 

P0

2 x R_RTN  = Rtot [Ω]

2.60 Ω

P0=9700 mW

Maximum power delivered to a module vs total line resistance

(assuming i_max = 1.9 A and V_dis = 6.5V)

152 kW 

Power Supply  output

115 kW 

to OT detector

Total OT power
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Tackling the cable …
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Simone Paoletti - 11

PP0	locations To	PP1

Simone Paoletti - 39

1 2 3 12

3 3 3 3PP0

~46

CCA	AWG26	
(0.22	Ω/m)

CCA	AWG24	
(0.13	Ω/m)

~46

Cu	AWG22	
(0.05	Ω/m)

PP1Cu	AWG18	
(0.011	Ω/m)(*)

~72

(*) Double the LV conductors

60	m

~	0.66	Ω

6	m

~	0.31	Ω ~	0.32	Ω

1 2 3 12

3 3 3 3PP0PP1

~72
6	m60 m 6 m ~ 2.2 m

PS

power supplies are located inside the 
experimental cavern
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… the tiny
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Simone Paoletti - 12

1 2 3 12

3 3 3 3PP0

~46

CCA	AWG26	
(0.22	Ω/m)

CCA	AWG24	
(0.13	Ω/m)

~46

Cu	AWG22	
(0.05	Ω/m)

PP1Cu	AWG18	
(0.011	Ω/m)(*)

~72

(*) Double the LV conductors

60	m

~	0.66	Ω

6	m

~	0.31	Ω ~	0.32	Ω

PS

low material budget

CCA (15%)

AWG24 (LV)

AWG26 (LV)

AWG 28 (HV)

Simone Paoletti - TWEPP 2022 - Bergen, 19-23 SEP 2022

very light and thin … 
AWG26 CCA(15%) stranded

Siltem insulation

2 x 0.68mm diameter

1.7 g/m

1.3 A typical (1.9 A max)

10
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… the short
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1 2 3 12

3 3 3 3PP0

~46

CCA	AWG26	
(0.22	Ω/m)

CCA	AWG24	
(0.13	Ω/m)

~46

Cu	AWG22	
(0.05	Ω/m)

PP1Cu	AWG18	
(0.011	Ω/m)(*)

~72

(*) Double the LV conductors

60	m

~	0.66	Ω

6	m

~	0.31	Ω ~	0.32	Ω

PS

cable channel 
space limitation
ø < 10 mm

low material budget

26  wires (AWG 22)
23  wires AWG28

ø = 10mm

DRAFT

(26x22/7 AWG)+(23x28/7 AWG) RR/PEEK/LSZH

Rev.  0

Specification 49A2082

1/1Page

                          CONSTRUCTION DETAILS

26 X 22 AWG:

Bare copper conductor 7x0,25 mm

PEEK insulation, nominal thickness 0,10 mm, nominal diameter 0,95 mm

Cores laid up together

Screen of polyester tape, tinned copper drain wire 7x0,13 mm, aluminium/polyester tape, 

polyester tape

23 X 28 AWG:

Tinned copper conductor 7x0,12 mm

PEEK insulation, nominal thickness 0,25 mm, nominal diameter 0,86 mm

Cores laid up together with fillers around central 26x22AWG element

Overall screen of polyester tape, tinned copper drain wire 7x0,13 mm, 

aluminium/polyester tape

LSZH FR rad. resist. compound outer sheath, nominal thickness 0,75 mm, color green RAL 

6016

Nominal overall diameter 9,80 +/- 0,20 mm

Marking: "CERN - CMS - (26x22/7 AWG)+(23x28/7 AWG) RR/PEEK/LSZH - NOVACAVI yyWww"

ELECTRICAL AND PHYSICAL CHARACTERISTICS
Electrical resistance conductors 28 AWG < 240,00 ohm/km @ 20°C

Electrical resistance conductors 22 AWG < 55,29 ohm/km @ 20°C

Working voltage 28 AWG : 2 kV (electronic use)

Working voltage 22 AWG : 30 V

Weight : 175 kg/km

Recommended static bending radius min. : 80 mm

Working temperature : -40/+80°C

CEI, IEC

REFERENCE STANDARDS

04/12/2019

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

For each cable:

- 12 LV lines

- 12 HV lines

- 1 AUX LV line (pre-heaters 

for CO2 cooling system)

- 4 RTD 
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cable channel space 
limitation
ø < 15 mm

… the long
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Simone Paoletti - 12

1 2 3 12

3 3 3 3PP0

~46

CCA	AWG26	
(0.22	Ω/m)

CCA	AWG24	
(0.13	Ω/m)

~46

Cu	AWG22	
(0.05	Ω/m)

PP1Cu	AWG18	
(0.011	Ω/m)(*)

~72

(*) Double the LV conductors

60	m

~	0.66	Ω

6	m

~	0.31	Ω ~	0.32	Ω

PS

cable channel 
space limitation
ø < 10 mm

low material budget

52 Cu enamelled wires (AWG 18)
4+15 AWG28 wires (HV and RTD)
———-
71 wires (+drain connections)

PSU - PP1 - LIC cable Scheme

Total Diameter 14,6 mm +/- 0,04 mm 
Sheath LSZH width 1,00 mm nom.

1°corona: tondino centrale + 9 core 1,10 mm2 rame 
smaltato in corona
nastro al/poliestere

2 corona: 20 conduttori da 0,14 mm2
Nastro al/poliestere

3 corona: 20 core 1,10 mm2 rame smaltato
Nastro poliestere

4 corona 23 core 1,10 mm2 rame smaltato + 3 spare teorici 
(da decidere se aumentare i conduttori o utilizzare dei 
riempitivi) 
Nastro al/poliestere
Dreno rame stagnato 7x0,20 mm
Schermo esterno a treccia

Guaina LSZH

ø = 14.8mm

by using solid enamelled Cu wires a 
very dense cable structure can be 

obtained

→ 1.3 Ω
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Total R is fine, but a lot of effort is 
crucial to implement all the 

connection points: PS, PP1, PP0

→ 1.3 Ω
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OT power supply prototype
In order to test and develop the system, CMS ordered the design and production of 
two prototype units, within the CERN Framework Market Survey (MS-4492/EP)


14
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The first prototype unit was recently received from CAEN SpA
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OT power supply prototype
In order to test and develop the system, CMS ordered the design and production of 
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The first prototype unit was recently received from CAEN SpA

ITLK board

CANBUS

48Vs

test points

RESET

hot-swap release

power and 
communication

10 boards
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The A6601 prototype board

the 400Vdc np

15

Functional sketch courtesy of CAEN SpA

Tipo di documento: Titolo: 
APG.06 Prototipo PS HV/LV per CMS Outer Tracker Phase 2 

 

NPO: Nome del file: Totale pagine: Pag. 
00115/20:A6601.APGX/00 APG_A6601_CMS-TRK_EXTERNAL.docx 14 6 

 

 
 

Il modulo riceve la potenza, il service e le comunicazioni dal backplane del crate; le uscite sono 

connesse a una back-board dedicata, su cui sono collocati i jumper del fan-out, che trasferisce tutte le 

tensioni e i riferimenti sul connettore di uscita vero e proprio. 

La connessione PowerModule - BackBoard è particolarmente critica: andrà scelto un connettore 

appropriato che sopporti le tensioni e le correnti in gioco, abbia sufficiente numero di pin, e non renda 

meccanicamente problematica l'inserzione. 

I cerchietti gialli sono trasformatori, per produrre tensioni flottanti rispetto all'ingresso relativo; l'elemento 

principale (e più critico) è il DCDC da 350W, che converte il 300V proveniente dal backplane in una LV 

da circa 12V, per alimentare praticamente tutta la scheda: la sua uscita viene portata ai 12 LV-switch, al 

DCDC-AUX, e ai DCDC-HV. 

Dato che il controller di scheda dovrà gestire molte linee di interfaccia con i vari canali, conviene che 

sia vincolato alla massa dei canali LV. 

Si rende quindi necessario un "service-DCDC" che prende l'alimentazione di servizio (48V) e alimenta 

il microcontrollore e il link di comunicazione; il bus di comunicazione dovrà essere isolato anch'esso. 

Per quanto riguarda il bus di comunicazione, per compatibilità e affidabilità rimaniamo su un doppino 

CANbus. 

I moduli devono poter prevedere una live insertion/extraction, per cui saranno equipaggiati di un circuito 

hot-swap sulla linea di potenza. 

Sui pannelli dei moduli, oltre a qualche led di segnalazione (la codifica dei colori non è molto 

condivisibile), è richiesto un pulsante di reset che, una volta attivato, spenge in modo rapido i canali e 

produce il reboot del microcontrollore. 

Fra le richieste particolari, c’è anche la presenza di un meccanismo di watch-dog hardware, che se si 

attiva produce il reset del modulo. 

 

Saranno presenti anche una coppia di segnali di interlock configurabili (attivo alto/basso), comuni a tutto 

il crate; i relativi connettori saranno ospitati da una interlock-board in una slot dedicata. 

Main PWDC

LV switches

AUX 
(pre-

heaters)
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Powering test with one POH
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POH_v2,  V0 =11 V, 60m long OT cable

i = 0.67 A

Vi = 10 VPreliminary

V255
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 Radiation environment
Inside the CMS experimental cavern, in 10y of HL-LHC (4000 fb-1):

- 5 Gy TID;  5x10-5 Gy/s

- 3x1011 n/cm2 (1-MeV eq);  750 n/cm2/s

- 5.6x1010 HEH/cm2 (E>20MeV);  140 HEH/cm2/s

+ 100mT fringe B field


In order to verify the performance of the components being deployed, CAEN 
performed irradiation tests at diverse facilities [1]:

- PSI (200 MeV protons)

- NPI-CAS (0÷30 MeV neutrons)

- RADEF (55 MeV protons)

- ENEA (~1MeV gamma)


17

access to facility coordinated by CERN/PSI 

INFN proposal to the EU-funded RADNEXT program for 
transnational access to irradiation facilities: https://

radnext.web.cern.ch/#about 

[1] F. Giordano (CAEN), ICHEP2022 : https://agenda.infn.it/event/28874/contributions/169233/ 

https://radnext.web.cern.ch/#about
https://radnext.web.cern.ch/#about
https://agenda.infn.it/event/28874/contributions/169233/
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Proton Irradiation Facility (PIF)
Energy: 230 MeV
~ 5cm beam diameter

Two boards tested:
• micro controllers
• memories (FRAM)
• communication 

interfaces (serial, CAN)
• Power regulators
• FPGA with memories
• communication 

interfaces (CAN)
• ADCs and DACs

PSI: PROTON TEST SET-UP

LEFT BOARD

● FPGA

● Memories (serial)

● Communication interfaces (CANbus)

● Supplies regulators

● ADCs and DACs

RIGHT BOARD

● Several micro-controllers

● Memories (both serial and parallel)

● Communication interfaces (serial, CAN etc)

● Supplies regulators

The logic components for CMS tracker passed the 
target HEH fluence and exceeded by orders of 
magnitued the target flux.

Credits to R. Ferraro and S. Danzeca for 
coordinating the test 

Test at PSI Test at RADEF
RADEF proton facility
Energy: 53 MeV
 7 ÷ 10 cm beam diameter

Three boards with 
power components:
• Main LV channel
• LV switches
• HV and AUX 

channel

Some of the channels started to show problems just beyond 
the fluence of ~1011 p/cm2

Post mortem analysis revealed that a few MOSFET started 
failing because of the excessive TID received (~ 150 Gy) 

Program
Flux p/
cm2/s h Fluence p/

cm2
1E+06 3 1.08E+10
3E+07 3 3.2E+11
1E+08 3 1.08E+12

for each board

Credits to H. Kettunen (RADEF) for coordinating the test 
and RADNEXT for providing access to the facility

http://pif.web.psi.ch/pif.htm
https://www.jyu.fi/science/en/physics/research/infrastructures/accelerator-laboratory/radiation-effects-facility/facility-overview
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RADEF proton facility
Energy: 53 MeV
 7 ÷ 10 cm beam diameter

Three boards with 
power components:
• Main LV channel
• LV switches
• HV and AUX 

channel

Some of the channels started to show problems just beyond 
the fluence of ~1011 p/cm2

Post mortem analysis revealed that a few MOSFET started 
failing because of the excessive TID received (~ 150 Gy) 

Program
Flux p/
cm2/s h Fluence p/

cm2
1E+06 3 1.08E+10
3E+07 3 3.2E+11
1E+08 3 1.08E+12

for each board

Credits to H. Kettunen (RADEF) for coordinating the test 
and RADNEXT for providing access to the facility

A test of the power supply board in a facility with a mixed radiation field 
similar to the LHC spectrum will be crucial to qualify the prototype 

http://pif.web.psi.ch/pif.htm
https://www.jyu.fi/science/en/physics/research/infrastructures/accelerator-laboratory/radiation-effects-facility/facility-overview


Powering the  
CMS Inner Tracker
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The architecture of the system

20

Building	Blocks

1x2 2x2

Portcard:	
LpGBT,	VTRx+,	DC-DC

E-linksModules:	
ROCs,	HDI,	sensor	

Simple	module:
Pixel	chip	is	the	only	active	component

No	auxiliary	electronics
Passives:	decoupling caps and	connectors
Wire	bonding

E-links:
Readout	the	modules	at	1.28	Gbps
Control	the	modules	at	160	Mbps
Length	of	e-links	varies	(max	1.2	m)
TWP	&	flex	cables	

Portcard:
Hosts	2	LpGBTs &	2	VTRx+
Is	powered	by	a	pair	of	DC-DC	converters
Common	development	for	IT	system
Reads	out	modules	of	the	same	chain

4

“Portcard”: opto-link

1.28 Gbps
(AC coupled) Backend 

electronics
(DTC)

DAQ and CTRL 

�7
S. Paoletti - INFN Firenze - EPS HEP 2019 

2019.02.19 G.Sguazzoni The CMS Pixel Detector for the High Luminosity LHC

IT Modules for serial powering
• Simple design, the pixel ROC is the only active 

electronics; two versions: 1x2 (1156x) and 2x2 (2736x) 
chips versions 

• HDI hosts decoupling capacitors, connectors and 
connect to chips via wire bondings 

• The design is optimized to be adapted to mechanical 
and cooling constraints

 14

~44mm

~18mm ~36mm

~44mm

1x2 2x2

Power input pigtailPower output 
connector I/O connector

~ 44 mm

~ 18 mm
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electronics; two versions: 1x2 (1156x) and 2x2 (2736x) 
chips versions 

• HDI hosts decoupling capacitors, connectors and 
connect to chips via wire bondings 

• The design is optimized to be adapted to mechanical 
and cooling constraints

 14

~44mm

~18mm ~36mm

~44mm

1x2 2x2

Power input pigtailPower output 
connector I/O connector

~ 44 mm

~ 18 mm

•3 LpGBT + 3 Vtrx+ per portcard 
•AC coupled e-links to modules
•modules in separate serial chains never connect to 

the same portcard
•on-board dc/dc conversion: → bpol12V → bpol2v5
•power request ~ 2.8 W

0 ÷ -800 V
HV

∆V ~ 1.5V

∆V ~ 1.5V

∆V ~ 1.5V

serial

500 serial chains 
- 164 “4A” chains (1x2 modules) 
- 336 “8A” chains (2x2 modules)
- 5 to 11 modules per chain
- Sensor bias within one SP chain with 1 or 2 HV lines per SP chain

680 portcards
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The Power Supply Module

21

PSU (power supply unit): 
provides all the power services 
needed by one serial chain

PSU:
1 Serial Power (0÷10A, max 35V, 350 W)
2 HV (0 ÷ -800 V, max 20mA) 
1 LV (optoboards: 8÷12.5 V, max 1.5 A, 15W) 
1 AUX (pre-heater:  8÷20 V, max 2A, 30 W)

CABLE:
4   LV wires (serial power)
6   HV wires (bias)

12   LV wires (optpboards)
4   LV wires (pre-heaters)
8   RTD

8 RTD 
wires

PSM
PSU:
1 Serial Power (0÷10A, max 35V, 350W)
2 HV (0 ÷ -800 V, max 20mA) 
1 LV (optoboards: 8÷12.5 V, max 1.5A, 15W) 
1 AUX (pre-heater:  8÷20 V, max 2A, 30W)

backboard

DSUB-9

AMP M series 42 positions

HV and LV nomenclature

Detector integration limits the number of 
cables which can be used to power the IT

One cable → 2 serial power chains 
PSM → 1 Cable → 2 independent PSU 

PSM will be located inside 
the CMS experimental cavern
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PSU (power supply unit): 
provides all the power services 
needed by one serial chain

PSU:
1 Serial Power (0÷10A, max 35V, 350 W)
2 HV (0 ÷ -800 V, max 20mA) 
1 LV (optoboards: 8÷12.5 V, max 1.5 A, 15W) 
1 AUX (pre-heater:  8÷20 V, max 2A, 30 W)

CABLE:
4   LV wires (serial power)
6   HV wires (bias)

12   LV wires (optpboards)
4   LV wires (pre-heaters)
8   RTD

8 RTD 
wires

PSM
PSU:
1 Serial Power (0÷10A, max 35V, 350W)
2 HV (0 ÷ -800 V, max 20mA) 
1 LV (optoboards: 8÷12.5 V, max 1.5A, 15W) 
1 AUX (pre-heater:  8÷20 V, max 2A, 30W)

backboard

DSUB-9

AMP M series 42 positions

HV and LV nomenclature

Detector integration limits the number of 
cables which can be used to power the IT

One cable → 2 serial power chains 
PSM → 1 Cable → 2 independent PSU 

PSM will be located inside 
the CMS experimental cavern Procurement of prototype units, within the CERN framework 

Market Survey (MS-4492/EP) has been initiated by CMS
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Channel interdependencies
HV veto: forbids sensor biasing 
when serial power is OFF

- protects the front-ends of the 

readout chips 


Serial Power veto: forbid serial 
power when portcards are not 
powered

- prevents voltages in the serial chain 

from potentially damaging non-
biased parts through the e-links
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LpGBT dc/dc

CROC

+
- 10.5 V

8.6 V

0 V

0 V

+ 25 V

+ 0.20 V

~ 350 mΩ

~ 350 mΩ

340 mA

340 mA~ 600mΩ 
3m CCA AWG26

~ 1.8 Ω

A

8 A

8 A

Serial PowerROC
detector modules
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Inner Tracker Cables

23

CCA wires of various gauges:
- AWG18 serial powering (4A chains)
- AWG16 serial powering (8A chains)
- AWG26 LV portcards 
- AWG28 HV modules
- AWG30 RTD

Al inside detector volume

PP0-modules and PP0-Portcards

Cu outside detector volume

- Multiservice cables: various stranded Cu wires with gauges 
AWG12 ÷ AWG30

- up to 34 conductors (+2 drains)

max 15mm

60m ~ 4 m
Power-Supply - PP1 PP1-PP0

HV

Serial

pre-heaters

portcards

RTD
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IT power request
Serial powering does not pose stringent requirements 
on R

The most demanding chip in the chain determines the 
power to be delivered

Several factors contribute to the total power request:

- current in the serial chain

-∆V across modules

- resistive parts in detector integration

Present (very preliminary) estimate of the IT power 
demand is around 67 kW (46 kW on detector + 21 kW 
on cables) delivered via 260 PSM and cables:

- 88 PSM for 2x1 modules

- 172 PSM for 2x2 modules
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Racks and system integration
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1. Each PSM contains 12 LV Channels (DC-DC converters) + 1 AUX channel (pre-heater)
2. Each PSM has 1 cable
3. Max. of 10 PSM per crate and 6 crates per Rack
4. Racks are split into 2 separate units with 3 crates each (see layout on the left).Each containing one subdetector/one-end.
5. We assume to split equally between NEAR and FAR side at the balconies.

POWER RACKS in UXC55 for OT

# of RACKS
TBPS-FLAT 2
TBPS-TILTED 4
TB2S 8
TEDD 10
TOTAL 24

FULL SYSTEM

TBPS-FLAT TBPS-TILTED TB2S TEDD TOTAL

PSM=CABLES 116 160 368 580 1224
CRATES 13 18 41 65 137
RACKS 3 3 7 11 24
Pre-heaters 40 72 124 240 476
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56

TURBINE (4U)55
54
53
52 HEAT EXCHANGER (1U)
51

6U CRATE
50
49
48
47
46
45 HEAT EXCHANGER (1U)
44

6U CRATE
43
42
41
40
39
38 HEAT EXCHANGER (1U)
37

6U CRATE
36
35
34
33
32
31 HEAT EXCHANGER (1U)
30 AIR DEFLECTOR (2U)29
28

TURBINE (4U)27
26
25
24 HEAT EXCHANGER (1U)
23

6U CRATE
22
21
20
19
18
17 HEAT EXCHANGER (1U)
16

6U CRATE
15
14
13
12
11
10 HEAT EXCHANGER (1U)

9

6U CRATE
8
7
6
5
4
3 HEAT EXCHANGER (1U)
2 AIR DEFLECTOR (2U)1

56U CRATE

35
0÷

40
0 V

dc cable  

(15
 kW)

56U rack

35
0÷

40
0 V

dc cable  

(15
 kW)

One 19” x 6U crate contains up to:

• 10 Outer Tracker PS

•  5 Inner Tracker PSM


Each group of three crates is powered by one 
350÷400 Vdc source (up to 15 kW)


Six crates are hosted inside a 56U high rack

IT: total of 260 PSM hosted inside 12 racks 

OT: total of 1220 PSU hosted inside 24 racks

Racks located on balconies in the CMS 
experimental cavern



Simone Paoletti - TWEPP 2022 - Bergen, 19-23 SEP 2022

Conclusions
The CMS Tracker for HL-LHC will feature a very high number of r/o channels 
and chips, while keeping very low material budget. The power demand is going 
to be more than three times the present CMS tracker

The powering systems for IT and OT are designed and components are being 
prototyped. The adopted powering schemes are:

- OT: parallel powering with on-module dc/dc conversion

- IT: serial powering

Both systems are challenging and require innovative solutions

Higher and higher power densities are demanded by new HEP detectors → the 
powering scheme is going to be one of the crucial elements in detector design.

26



Backup
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The CMS Pixel-Strip (PS) and Strip-Strip (2S) Modules

28

45 cm2 active area:
•2 × 960 Strips 2.5 cm × 100 μm
•32 ×960 macro-pixels 1.5 mm × 100 μm 

1.6, 2.6 or 4.0 mm spacing

front-end hybrids:
2 x 8 SSA readout ASICs 
2 x 1 Concentrator (CIC) ASIC 

readout hybrid (ROH)
lpGBT + opto module

power hybrid (POH)

DC/DC converters

Front-End Hybrids topologies

10/OCT/2018 G. Blanchot 2

Cooling Set Point: -30 ºC

2S Modules

� 2 Strip Sensors: 2 × 1016 strips 5cm × 90 µm per side

� 90 cm2 active area

� For R > 60 cm

� Spacing 1.8 mm and 4.0 mm

� Two front-end hybrids and one service hybrid

(opto + power).

PS Modules

� Pixel + Strip Sensors

� 2 × 960 Strips 2.5 cm × 100 µm

� 32 ×960 macro-pixels 1.5 mm × 100 µm

� 45 cm2 active area

� For R > 20 cm

� Spacing 1.6 mm, 2.6 mm and 4.0 mm

1.8 or 4.0 mm spacing

service hybrid  (S
EH)

(DC/DC converters + lpGBT, VTRX+)
front-end hybrids:
2 x 8 CBC readout ASICs
2 x 1 Concentrator (CIC) ASIC  

SSA = Short Strip ASIC → readout of short strip sensors
MPA = Macro Pixel ASIC → readout of Macro Pixel sensors
CBC = CMS Binary Chip → readout 2S sensors

lpGBT = low-power Gigabit Transceiver 
VTRx+ = Versatile Link Plus Transceiver 

CIC = Concentrator Integrated Circuit
(Receives L1 information and readout data
“Data hub” to service hybrid)

90 cm2 active area
2 × 1016 strips 5cm × 90 μm 
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Voltage range

29

UNV lockout bPol12V 5.5 V (raising)
5.0 V (falling)

Vi max 12 V

Vi
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Voltage range

bPol12V and bPol2V5 require an enable 
signal

The bPol12V enable voltage is supplied by 
Vi via a 1/12 voltage divider inside the POH 
and the SEH.

- enable level (raising): 800mV x 12 = 9.6 V

- disable level (falling): 500mV x 12 = 6.0 V

The V0 useful operational range is between 
10V and bPol12V max rating (12V).


29

UNV lockout bPol12V 5.5 V (raising)
5.0 V (falling)

Vi max 12 V

Vi

Enable

Disable

9.6 V

6.0 V

V0 
range

Vi range
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Power to the detector

30

PS-power
9709

ratio

0.25

0.50

0.75

1.00

1.25

1.50

1.75

1.50 1.70 1.90 2.10 2.30 2.50 2.70 2.90 3.10 3.30 3.50 3.70 3.90 4.10 4.30 4.50 4.70 4.90 5.10 5.30 5.50

P
 m

ax
 / 

P
0

2 x R_RTN  = Rtot [Ω]

P0=9700 mW

60 m PS-PP1 cable 11.5 V @PSU connector
Power delivered 
to each Module 

[mW]

Total Power 
Supplies 

[kW]

total inside 
cold volume 

[kW]
Cable 

power [%]

DC/DC 
power 

[%]
Total 400V 
DC  [kW]

Total 380V AC 
[kW]

25% Safety
5592 PS modules 12136 110 78 38% 24% 138 153
7608 2S modules 6449 58 51 15% 34% 72 80
1032 pre-heaters 8360 11 9 14 15

HV power = average all OT 13200 HV power 1040 14 14 17 19
TOTALS 192 153 25% 30% 240 267

Power delivered 
to each Module 

[mW]

Total Power 
Supplies 

[kW]

total inside 
cold volume 

[kW]
Cable 

power [%]

DC/DC 
power 

[%]
Nominal

5592 PS modules 9709 83 62 35% 26%
7608 2S modules 5159 46 41 14% 34%
1032 pre-heaters 6969 9 8
13200 HV power 1040 14 14

TOTALS 152 124 23% 30%
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The CMS Inner Tracker for HL-LHC
It will replace the present CMS 
pixel detector featuring: 

- reduced pixel cell size

- improved radiation tolerance

- reduced material budget

- coverage up to |η| = 4


31
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4.2. The pixel module 65

Figure 4.2: Perspective view of one quarter of the Inner Tracker, showing the TBPX ladders and
TFPX and TEPX dees inside the supporting structures.

on the outer surface of the structures.1755

Initial studies have been performed to compare the options of square and rectangular pixels. In1756

terms of resolution on the track parameters, the relative differences are typically rather small,1757

with a trade-off between primary vertex discrimination and resolution on the impact parame-1758

ter. At the edges of the barrel layers, and notably for the first layer, square pixels would result1759

in very long clusters, where in each pixel the charge is collected over a path of just above 50 µm,1760

which would set more stringent requirements on the operational threshold of the chip. At the1761

same time, such long clusters would demand a larger bandwidth to read the data out.1762

For the studies presented in this report, rectangular pixels are considered in the whole Inner1763

Tracker. The possibility of additionally improving the tracking performance by using square1764

pixels in some parts of the detector will be explored further. More details on the general concept1765

and the layout of the IT are provided in Section 10.1.1766

4.2 The pixel module1767

The pixel module, comprising a pixel sensor, several PROCs, a flex circuit, and a mechanical1768

support, constitutes the basic unit of the Inner Tracker. Sensors are bump bonded to the readout1769

chips. A thin, high-density flex circuit is glued onto the sensor and wire bonded to the PROCs.1770

It ships the data out, provides clock, trigger and control signals, as well as power distribution1771

for the PROCs, and hosts all other passive and active components. The overall module concept1772

is similar to those of the Phase-0 and Phase-1 pixel detectors.1773

Low mass electrical cables connect the pixel modules to the global readout, control and pow-1774

ering systems. Heat generated on the module is removed via a layer of thermally conductive1775

carbon foam to CO2 cooling pipes, keeping the pixel chips and sensors at an operating temper-1776

TBPX

TFPX

TEPX

Readout chip: CROC (RD53 Collab.) 
→ supports serial powering

Two main hybrid pixel module types: 
1x2 and 2x2 readout chips per 
module

• 4 barrel layers (TBPX), 4 or 5 modules per ladder

• 2x8 small discs (TFPX), 4 rings per disc

• 2x4 large discs (TEPX), 5 rings per disc 

Inner Tracker – Detector Layout

2022-02-09 Inner Tracker Sensors PRR

• Extended coverage up to |η|=4

• Innermost modules located at r=2.75 cm from the beamline

• 4 barrel layers (TBPX) + 2x8 small discs (TFPX) + 2x4 large discs (TEPX)

• TBPX: no crack at z=0, two ladders per layer skewed in rφ for the insertion in CMS

• TFPX and TEPX: each disc made of 4 identical dees

• Hybrid pixel modules:

• Two module types: 1x2 and 2x2 readout chip per module

6
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Serial Powering

32
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A D DA D A D A

module

r/o chip r/o chip r/o chip r/o chip

module

r/o chip r/o chip r/o chip r/o chip

module

r/o chip r/o chip r/o chip r/o chip

module

I

Up to 12 modules are connected in a serial chain
Current is shared in parallel b/w r/o chips inside the same module
Need a functional circuit that:
1) ensures correct voltage to the electronics (LDO)
2) ensures total current flow irrespective of individual chip power consumption (shunt)
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Up to 12 modules are connected in a serial chain
Current is shared in parallel b/w r/o chips inside the same module
Need a functional circuit that:
1) ensures correct voltage to the electronics (LDO)
2) ensures total current flow irrespective of individual chip power consumption (shunt)A D DA D A D A

module
I

A D DA D A D A

module

A D DA D A D A

module

Up to 11 modules connected in one serial chain Serial powering is supported by the r/o chip via the shunt-
LDO IP block, providing:
➡ shunt functionality: needed to implement the serial scheme
➡ LDO regulation: ensure correct voltage (~1.2V) to the electronics

�21
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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

• the Shunt-LDO configuration defines ∆V=f(I)
• aiming at ∆V~1.5 V (1.2V + 0.3V for LDO)
• the chain has to provide enough power for transients: 

considered ~ 25% current headroom w.r.t. “typical” conditions

n x ∆V

∆V

n

Current is shared in parallel b/w r/o 
chips inside the same module
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Few crucial aspects for power consumption

33

S. Paoletti - INFN Firenze - EPS HEP 2019 !20

Up to 12 modules are connected in a serial chain
Current is shared in parallel b/w r/o chips inside the same module
Need a functional circuit that:
1) ensures correct voltage to the electronics (LDO)
2) ensures total current flow irrespective of individual chip power consumption (shunt)A D DA D A D A

module
I

A D DA D A D A

module

A D DA D A D A

module

Serial powering is supported by the r/o chip 
via the shunt-LDO IP block, providing:
➡ shunt functionality: needed to implement the serial 
scheme

➡ LDO regulation to ensure correct internal voltage

�21
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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

Current is shared in parallel b/w r/o 
chips inside the same module
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LpGBT dc/dc

ROC

+
- 10 V

Simone Paoletti - 2

LpGBT dc/dc

CROC

+
- 10.5 V
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CROC

+
- 10.5 V
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CROC

+
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+
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LpGBT dc/dc

CROC

+
- 10.5 V
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LpGBT dc/dc

CROC

+
- 10.5 V
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LpGBT dc/dc

CROC

+
- 10.5 V
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LpGBT dc/dc

CROC

+
- 10.5 V
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LpGBT dc/dc

CROC

+
- 10.5 V
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LpGBT dc/dc

CROC

+
- 10.5 V
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LpGBT dc/dc

CROC

+
- 10.5 V
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LpGBT dc/dc

CROC

+
- 10.5 V

8.6 V

0 V

0 V

+ 25 V

+ 0.20 V

~ 350 mΩ

~ 350 mΩ

340 mA

340 mA~ 600mΩ 
3m CCA AWG26

~ 1.8 Ω

A

8 A

8 A

Serial PowerROC
detector modules



Simone Paoletti - 35

Sensors forward biasing

Low resistivity path: HV to 
RTN when HV OFF 
- avoid sensor forward 

biasing

- either a crowbar or a diode-

like structure

+
-

0 V

~ +14 V

~ +12.5 V

~ +11.0V

-8 V

+22 V

0 V

~ +14 V

~ +12.5 V

~ +11.0V

i

i

i
-8 V

+22 V


