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Il tracciatore per HL-LHC

~100 kW @ ~11V 

~40 kW @ 1.2V + 0.8 V 

Outer Tracker: 
~ 8200 2S modules 
~ 5300 PS modules 

Pixel: 
~ 4000 modules 
~ 13 000 R/O chips 
(RD53)

18 Chapter 2. Overview of the Phase-2 Tracker Upgrade
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Figure 2.3: Sketch of one quarter of the tracker layout in r-z view. In the Inner Tracker the green
lines correspond to pixel modules made of two readout chips and yellow lines to pixel modules
with four readout chips. In the Outer tracker the blue lines correspond to PS modules, while
red lines correspond to 2S modules. Details are provided in the text. FIXME: This figure will
have to be replaced once more, as the number of rings in layer 1 of the TBPS increased to 12.

2.3 Overview of the upgraded tracker concept384

2.3.1 Tracker input to the L1 trigger385

The enhancement of the trigger performance involves both a higher output rate of interesting386

events and an improved discriminating power of the event selection, which is more challeng-387

ing in a high pileup environment. Improved discriminating power will be achieved by using388

more information for the trigger decision, with a longer latency available for its processing.389

CMS plans to enhance the first level trigger rate from 100 kHz to 750 kHz and to increase the390

latency from 3.2 µs to 12.5 µ. These are the new requirements for the front-end electronics of391

the tracking systems and for the provision of tracking information for the L1 trigger decision,392

implying that the tracker will send out self-selected information at every bunch crossing.393

Such functionality relies upon local data reduction in the front-end electronics, in order to limit394

the volume of data that have to be sent out at 40 MHz. This is achieved with modules that395

are capable of rejecting signals from particles below a certain pT threshold, referred to as “pT396

modules” [21]. The modules are composed of two single-sided closely-spaced sensors read out397

by a common set of front-end ASICs, that correlate the signals in the two sensors and select398

the hit pairs (referred to as “stubs”) compatible with particles above the chosen pT threshold399

(Fig. 2.4). A threshold of around 2 GeV corresponds to a data volume reduction of roughly one400

order of magnitude, which is sufficient to enable transmission of the stubs at 40 MHz, while all401

other signals are stored in the front-end pipelines and read out when a trigger signal is received.402

For a realistic pitch of about 100 µm between silicon strips (or macro-pixels, as detailed below),403

sufficient pT resolution can be achieved down to a radius of about 200 mm in a barrel geometry,404

thanks to the 3.8 T magnetic field of CMS. The concept is therefore applicable in the Outer405

Tracker, and limited in angular acceptance to about |h| < 2.4.406

2.3.2 The Outer Tracker407

The Outer Tracker is populated with pT modules, implementing the L1 trigger functionality.408

The pT module concept relies on the fact that the strips of both sensors are parallel to the z axis409

in the barrel and nearly radial in the endcap, preventing the use of stereo strips to measure the410

z coordinate. For this reason two versions of pT modules have been realized: modules with two411

strip sensors (2-strip or 2S modules) and modules with a strip and a macro-pixel sensor (pixel-412

~ 6 W per PS module
~ 3 W per 2S module
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Figure 2.16: Exploded view of the PS module components (left), 3D view of the assembled
module(upper right), sketch of the FE Hybrid folded around its support (lower right). The base
plate is glued onto a flat surface on the support structure that is kept cold during operation.

As explained in Section 2.3.2.4, the powering and readout link functions of the PS module are
implemented in two small flex circuits, located on opposite sides of the sensors. The Power
Hybrid is glued directly to the surface of the base plate in order to maximize the efficiency of
the cooling contact, while the Optical Link Hybrid is mounted on a spacer in order to raise its
surface to the level of the FE Hybrids to facilitate wire bonding. The power for the FE Hybrids
and the bias voltage are distributed from the Power Hybrid via flexible tails.

The CFRP base plate is equipped with two holes that are used to precisely position the module
on the support and cooling structure. The low-impedance thermal interface between the mod-
ule and the cooling structure is established via phase-change thermal interface glues that allow
for the dismounting of modules for repair or replacement prior to the final installation in the
Tracker.

2.3.3.3 Thermal performance and mass estimates

The development of both module designs has been guided by finite element analysis (FEA)
of thermal performance and mechanical deformations that occur when they are cooled to low
temperatures. Such studies have guided several basic aspects of the module assembly and
cooling concepts including the choice of material and the sizes of the thermal contacts.

The FEA models include the module geometry, its support and cooling structure, as well as a
realistic description of the power dissipation of the front-end electronics and the sensors. The
sensor power dissipation is estimated for each module type and version (2S or PS module, and
specific sensor spacing), based upon the expected maximum fluence at the different locations
in the Tracker volume (see Fig. 2.3). A summary of the estimated power dissipation in the sen-
sors after an irradiation corresponding to 3000 fb�1 of integrated luminosity and typical power
consumption values for the othe FE components are collected in Table 2.2 (for PS modules the
chosen values are at the high end of the ranges quoted in Section 2.3.2.3). The heat generated
by the power converter is calculated from the sum of the power consumed by the front-end
electronics under the assumption that the power converter operates at an efficiency of 75%,

2.5 V, 1.00 V, 1.25 V
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Figure 8.33: Sketch of the two-step powering schemes used in the FEHs of the 2S (left) and PS
(right) modules, indicating also the nominal voltages and expected currents.

Figure 8.34: Photographs of the top side (left) and bottom side (right) of the SEH prototype,
with the FEAST2 and LTC3412A areas indicated by a green and blue box, respectively, and the
VTRx+ connector framed by a pink box. The input and 1.25 V output connectors are labelled.
The four white connectors visible on the top right of the left photo are used for high speed
electrical data transmission. The shield is not mounted. On the backside the HV circuit is
visible.

its own LV distribution. In the first conversion stage the upFEAST DC-DC converter receives3377

11V and converts this voltage to 2.55 V, as required by the VTRx+. In the second stage one or3378

two DCDC2S converters are used to convert 2.55 V into 1.25 V and 1.0 V. Both upFEAST and3379

DCDC2S converter chips are still under development; it is expected that prototypes suitable for3380

use in service hybrids will become available within 2017. They require an air-core inductor as3381

energy storage element (ferrite inductors would saturate in the CMS magnetic field), a number3382

of passive filter components and an electro-magnetic shield.3383

It is foreseen to produce the final SEHs with the same companies as the FE hybrids. The SEHs3384

are part of the hybrid tendering process and procurement plan (Sect. 8.2.2.6). There are in total3385

six SEH types: two for 2S modules and four for PS modules. The SEHs for the 1.8 mm and3386

4.0 mm versions of the 2S module differ only in their geometry: while the 1.8 mm version is3387

flat, the 4.0 mm version sits below the level of the FE hybrid, requiring flexible Kapton tails to3388

connect to the FEH. In a similar way, the POHs of the three PS module types sit on different3389

height levels with respect to the FEHs, requiring flex tails of different lengths to connect to3390

them. The OPTOs for the three PS module variants are identical.3391

A prototype 2S module SEH has been developed, as shown in Fig. 8.34. Due to the fact that3392

all active components are still under development and are therefore currently not available, it3393

differs in several aspects from the final design. The upFEAST DC-DC converter is replaced by3394

its predecessor, the FEAST2 ASIC [73]. The functionality of the two chips is the same, however3395

the upFEAST will feature increased radiation-hardness to be compatible with HL-LHC tracker3396

applications. An air-core toroid with an inductance of 200 nH and a DC resistance of 38 mW is3397

used, and the switching frequency is set to 2 MHz. The DCDC2S is replaced by a commercial3398

device (LTC3412A). The inductor is the same as used for FEAST2, and this commercial DC-3399

DC converter is set to switch at 2.45 MHz. Pi-filters are implemented at the chip LV input and3400
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the cooling contact, while the Optical Link Hybrid is mounted on a spacer in order to raise its
surface to the level of the FE Hybrids to facilitate wire bonding. The power for the FE Hybrids
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2.3.3.3 Thermal performance and mass estimates

The development of both module designs has been guided by finite element analysis (FEA)
of thermal performance and mechanical deformations that occur when they are cooled to low
temperatures. Such studies have guided several basic aspects of the module assembly and
cooling concepts including the choice of material and the sizes of the thermal contacts.

The FEA models include the module geometry, its support and cooling structure, as well as a
realistic description of the power dissipation of the front-end electronics and the sensors. The
sensor power dissipation is estimated for each module type and version (2S or PS module, and
specific sensor spacing), based upon the expected maximum fluence at the different locations
in the Tracker volume (see Fig. 2.3). A summary of the estimated power dissipation in the sen-
sors after an irradiation corresponding to 3000 fb�1 of integrated luminosity and typical power
consumption values for the othe FE components are collected in Table 2.2 (for PS modules the
chosen values are at the high end of the ranges quoted in Section 2.3.2.3). The heat generated
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electronics under the assumption that the power converter operates at an efficiency of 75%,

• No power → no communication to module
• ~ 13 000 fili LV da back-end a detector da gestire
• Alimentazione di DC/DC (carico non Ohmico)
• ! Gestione transienti (power-ON, power-OFF etc.)  → specifiche del DC/DC converter
• Efficienza dopo irraggiamento
• Interplay LV ↔ HV

? Ubicazione ? (Area ostile o USC ?)
? Sezione dei cavi ?
? Current compensation ?
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12 coppie LV per cavo
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Stage1

Stage2 Digital

Stage2 Analog

Optoelectronics

10-12 V 2.5 V

1 V

1.2 V

2.5 V

3

bPOL12V	
(“upFEAST”)

bPOL2V5	
(“DCDC2S”)

Input	voltage 2.0	V	÷	2.5	V

Output	voltage 0.6	V	÷	1.5	V

Output	current ≤	3	A

Switching	
frequency

≥	4	MHz

Inductor	value <	120	nH

Input	voltage 6.0	V	÷	12	V

Output	voltage 0.6	V	÷	5	V

Output	current ≤	4	A

Switching	
frequency

1.5	÷	3	MHz

Inductor	value 200	÷	500	nH

Radia4on	environment	
without	safety	factors	

TID:	100	Mrad	
DD:	1.5e15	n/cm2	
SEEs	:	no	destruc4ve	event	to	
LET	<	40MeVcm2mg-1	
No	reset,	negligible	SETs	in	
hadron	environments

F.Faccio, MAR 2017



Inner Tracker: Serial Powering
• Serial Powering is the baseline choice for CMS to 

power the px phase2 detector
• space, rad. levels → on-module DC‐DC conversion 

currently excluded
• Two options: in-module, across-module serial powering
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Serial	powering	
For a serial powering scheme it must be determined what the serial powering “units” are in the 
system and how they are interconnected. Multiple pixel modules can be put together in a serial 
power chain (across‐module) or each pixel module can have a separate power chain by connecting 
pixels chips on the module in a serial power configuration (in‐module) as indicated in Figure 22. 

 

Figure 22. Serial powering of pixel detector. In‐module serial powering among pixel chips on same module. Across‐
module with multiple pixel modules. 

A major difference at the system level between the two serial powering schemes is the number of 
serial power chains. For in‐module serial powering the required number of serial power chains 
equals the number of modules in the system (~1300). Each of these in principle requires separate 
off‐detector power‐current supplies (unless they are put in series on an accessible patch panel that 
can be reconfigured in case a module fails). For across‐module serial powering only ~1/8 = 160 
power‐current supplies are required (assuming ~8 modules in each chain). The material associated 
with the power cabling is basically identical in the two cases if the same number of units is 
connected in series (In‐module: 8 chips per module, Across‐module: 8 modules in a ladder). 

All communication signals to/from modules (readout, control) must be AC coupled (or very large 
receiver common mode required) to be capable of correctly communicate to pixel chips at different 
voltage potentials. This is fully compatible with using standardized serial link encoding formats ( 
4B/5B, 8B/10B, Scrambling, Manchester, Biphase‐mark, etc.) 

Common for the two serial powering schemes is the use of local shunt regulators to generate the 
locally required voltage(s) for the front‐end electronics. The serial power chain is supplied with a 
constant current large enough to deliver the required current of the front‐end electronics at its 
absolute maximum current consumption. The serial power current must therefore be a bit bigger 
than the largest current (assuming some time averaging with local capacitance) needed with some 
margin (e.g. 10%) to assure correct function under all circumstances. The current/power not needed 
by the front‐end electronics at any moment in time will be “burned” by the shunt regulator to 
maintain correct local voltages at a given loop current. This implies that the power consumption of 
the electronics will remain constant (low noise) at the cost of higher power dissipation. 
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collaborazione tra ATLAS e CMS
• ATLAS ha già fatto esperienza col serial power nel corso 

del progetto IBL 

• FEI3, FEI4 sono dotati di circuito “shunt-
LDO” e possono essere configurati per 
S.P. 

• in corso studi su SP utilizzando FEI4 

➡ sistemi USBPIX3 

• prossimi tests su 65nm ShuntLDO testchip irraggiati 

• r/o chip fase2 → RD53

Shunt:LDO&regulator&

gonella@physik.uniIbonn.de% 14%

!  ShuntILDO%features%%
–  Robust%design%against%process%varia>on%and%mismatch%for%safe%parallel%opera>on%

(i.e.%sharing%Iin%and%Iout%connec>on,%not%Vout!)%
–  Parallel%opera>on%of%regulators%with%different%output%voltages%possible%
–  Ability%to%shunt%extra%current%in%case%one%of%the%regulators%in%parallel%fails%
–  Different%working%modes%for%current%and%voltage%based%power%distribu>on%

!  Voltage%regula>on%loop%(LDO)%"%
constant%Vout%=%2Vref%

!  Current%regula>on%loop%(shunt)%"%
keeps%current%through%the%regulator%
constant%

!  Ohmic%input%characteris>cs%
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Figure 23. Illustration of constant current mode of serial powering with varying power consumption of pixel chip. 

As can be seen from Figure 23, It is critical that enough current is circulated in the serial power loop 
to assure correct function of the pixel chip during normal operation. When the pixel chip consume 
less current than circulated in the loop the “surplus” current will be taken/burned by the shunt‐LDO 
regulator. It is also critical that short current peaks are effectively filtered out as not to pose 
malfunctions. This must be handled by an appropriate combination of decoupling capacitances 
inside the chip and decoupling on the pixel module as sketched in Figure 24. With appropriate 
decoupling on the pixel chip and pixel module it has been estimated that dynamic current peaks 
from the pixel chip can be low pass filtered with a time constant of the order of 1‐10us. 

 

Figure 24. Decoupling capacitances at different levels of pixel chip and pixel module to filter short dynamic current 
peaks. 

The power‐up/down sequence of a serial power chain requires special attention (oscillations have 
been seen with FEI4 depending on how system is powered up) . Correct cooling of the pixel 
chips/modules must be assured/verified before the full power chain current is driven by external 
power‐current supplies. When pixel chips are configured (or starts up) to be in a low power mode, 
the shunt regulator will “burn” all the remaining power not used actively by the pixel chip. It must be 
possible to start with a low power chain current just enough to power the pixel chips in a low power 
state with fully functional control and monitoring features. When correct function of pixel modules 

Distribuzione di HV in parallelo

Studio di transienti, power-ON/OFF e 
variazione dei consumi



Possibile proiezione sul back-end

I ~ 10A
V ~ 10-20 V
~ 500 power loops

~ 1.4V

~ 1.4V

~ 1.4V

x 10

• AC/DC + 2-stage 
DC/DC

• Current and 
voltage regulated 
➡ I and V 

comparators 
controlling the final 
PWM circuitry)

• Imax 2.3 A
• Vmax 10.5 V


