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Introduction
• HL-LHC will reach pileup of approximately 200 simultaneous interactions!
• Precision timing can help maintain detector performance
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• CMS MIP Timing Detector: provide 30-50 ps timestamp for every track.
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Low-Gain Avalanche Detectors
• CMS Endcap: high occupancy & radiation

→ Highly granular silicon detector

• LGADs: novel ultra-fast silicon detectors
- Moderate internal gain (10-20)
• Large signals, but low noise

- Thin (50 micron depletion region)
• Uniform field & fast rise-time
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3.2. Silicon sensors 101

Figure 3.5: A cross-section diagrams comparing a standard Silicon detector and an Ultra-Fast
Silicon Detector. UFSDs have an additional p implant providing the larger electric field needed
for charge multiplication.

each pad has an extension of at least 1 mm in each direction, while the thickness is2616

about 50 µm, yielding an almost perfect parallel plate configuration. Distortion due2617

to non saturated drift velocity is minimized by operating the sensor at a bias voltage2618

where the carriers’ velocity is saturated.2619

• sTDC: the effect of the TDC binning is discussed in Sec. 3.3.5.2620

3.2 Silicon sensors2621

3.2.1 Design and specifications2622

The design requirements for a hermetic MIP precision timing detector in the CMS endcap re-2623

gion present a number of challenges. What is needed is a uniform and efficient device capable2624

of operating with sufficient radiation resistance to maintain performance throughout the life-2625

time of the HL-LHC. To meet these needs the ETL will be instrumented with Ultra-Fast Silicon2626

Detector (UFSD), planar silicon devices based on the LGAD technology [21, 22].2627

UFSDs are planar silicon sensors incorporating a low, controlled, gain in the signal formation2628

mechanism, see Figure 3.5. Charge multiplication in silicon sensors happens when the charge2629

carriers are in electric fields of the order of E ⇠ 300 kV/cm. Under this condition the electrons2630

(and to less extent the holes) acquire sufficient kinetic energy to generate additional e/h pairs.2631

A field value of 300 kV/cm can be obtained by implanting an appropriate charge density that2632

locally generates very high fields (ND ⇠ 1016/cm3). The gain has an exponential dependence2633

on the electric field N(l) = Noea(E)l , where a(E) is a strong function of the electric field and l2634

is the path length inside the high field region. The gain layer is realized through the addition2635

of a p-type implant and, to avoid breakdown, its lateral spread is controlled by deep n doped2636

implant, called JTE. Typical gain values are in the 10-30 range, modest compared to gains of2637

thousands or more in APDs or SiPMs.2638

Three vendors have successfully produced optimized UFSDs which have been tested by CMS2639

and are being considered for providing the ETL sensors, including Centro Nacional de Mi-2640

croelectronica (CNM), Barcelona [21, 56, 57], Fondazione Bruno Kessler (FBK) [58, 59], and2641

Hamamatsu Photonics (HPK) [60, 61].2642

Achieving good time performance at low gain requires silicon pixel sizes typically less than a2643

few mm2, to limit the sensor capacitance, implying that a large number of pixels are required2644

to cover the 7 m2 of each ETL endcap. The design studied in the 2017 CMS MTD Technical2645

Proposal (TP) used very large sensors, 5 cm ⇥ 10 cm, with 3 mm ⇥ 1 mm pixels. Our R&D and2646

Si diode LGAD

5x5 LGAD array, HPK

4x4 LGAD array, HPK
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LGAD timestamps
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 4-Dimensional Tracking with Ultra-Fast Silicon Detectors  
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3 Detectors optimized for time measurements 
 
 

 
 
Accurate time measurements rely on the capability of the read-out electronics to determine the time of 
passage of a particle using as input the signals generated by the sensor. The most important signal 
characteristic is to have a constant shape that scales with the amount of energy deposited. As we will 
see later on in this section, the signal-to-noise ratio (SNR) and the signal slew rate (how fast the signal 
rises, dV/dt) are also key ingredients, however if the response of the detector varies depending on the 
impinging particle position, then the time capability is compromised. Figure 8 shows the main 
components of a time-tagging detector.  For a review of current trends in electronics see for example 
[15][16]. The sensor, shown as a capacitor with a current source in parallel, is read-out by a preamplifier 
that shapes the signal. The preamplifier output is then compared to a threshold Vth to determine the 
time of arrival. Not shown in Figure 8 is that the comparator output is then digitized in a time-to-digital 
converter (TDC).  In the following we will use this simplified model to explore the timing capabilities 
of various detectors, while we will not consider more complex and space-consuming approaches such 
as waveform sampling.  
 

Sensor Pre-amplifier Time measuring circuit 

S 

tr 

Vth 

Comparator 

Cd 
Iin 

Vth 

Figure 8 Main components of a time-tagging detector. The time is measured when the signal crosses the threshold. 

LGAD signal
• Basic timestamp: find crossing time 

for simple threshold Vth
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LGAD timestamps
• Basic timestamp: find crossing time 

for simple threshold Vth

• Must consider Time Walk: larger 
signals reach threshold earlier

• Two mitigation techniques:
- Constant Fraction Discriminator (CFD): 

threshold as fraction of peak amplitude
- Time Over Threshold (TOT): shift 

timestamp later for longer signals
- Comparable performance → choose 

simpler TOT.
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LGAD signal
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3.1.1 Time walk 

The term Time Walk indicates the unavoidable effect that larger signals cross a given threshold earlier 
than smaller ones, Figure 10 left pane. Let’s assume for simplicity a linear signal, with amplitude S and 
rise time tr. This signal crosses the threshold Vth with a delay td, Figure 10 right pane. Using the 

geometrical relationship td/trise = Vth/S, the moment when the particle crosses the threshold can be 

written as: !! = ! !!"#$!!!! .  Time Walk is then defined as the rms of td:  

!!"#$%&'( = [!!]!"# = [ !!!
!/!!"#$

]!"# ∝ ! [
!

!"/!"]!"#! 
where we used S/trise = dV/dt, and the fact that the threshold is often expressed as a multiple of the 
system noise N. Time walk is therefore minimized by systems with low noise and high slew rate. Time 
walk mitigation techniques in the readout electronic are analyzed in Section 6.4. 

 

Figure 10 Left side: Signals of different amplitude cross a fix threshold at different times, generating a delay td on the 
on the firing of the discriminator that depends upon the signal amplitude. Right side: a linear signal, with amplitude S 
and rise time tr crosses the threshold Vth with a delay td.  
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Figure 9 Simulation of the energy deposition by an impinging MIP in a silicon detector and the corresponding current signals. 
Figure taken with permission from [10].  
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LGAD resolution performance
• LGAD resolution reaches plateau: 

- Jitter subdominant for gain ≥ 10
- Main contribution:                       

Landau fluctuations in ionization
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3.2. Silicon sensors 119

Figure 3.19: Variation of the jitter and total time resolution as a function of the UFSD gain, as
measured on a Hamamatsu 50 µm thick UFSD sensor [64]. The jitter term decreases with gain
while the total time resolution flattens around st = 30 ps.

3.2.4.6 Time resolution

The time resolutions achieved in the development phase of ETL are due to a combination of
good sensor performance and very good read-out electronics. The front-end electronics used
in laboratory studies and beam tests is custom made, using a very low-noise design based on
a Si-Ge frontend, and is operated without a power limitation. Consequently, these results are
considered a measurement of the intrinsic time resolution of the sensors. A description of the
front-end electronics is provided in Refs. [65, 89]. As explained in Eq. 3.1, non-uniform charge
deposition determines the intrinsic time resolution; this limit is a function of the sensor thick-
ness and is about st ⇡ 25 ps for 50 µm thick sensors [64]. The results shown in Fig. 3.19 [70]
illustrate the behaviour of the UFSD time resolution as a function of gain. The total time res-
olution decreases with increasing gain and then saturates when the jitter component becomes
smaller than the intrinsic time resolution. The plot also shows that the time resolution at dif-
ferent temperatures depends only on the gain value; for equal gain the same time resolution is
achieved, regardless of the temperature. The gain increases at low temperature as the electron
mean free path increases, roughly doubling between +20 �C and �20 �C.

The evolution of the time resolution as a function of neutron and proton irradiation for HPK
and FBK sensors has been examined in Refs. [83–85]. These studies are consistent in demon-
strating that UFSDs maintain a time resolution below 40 ps up to fluences of 1.5 ⇥ 1015 neq/cm2.
Figure 3.20 shows in the right panel a summary of the time resolution studies on the second
FBK production (UFSD2) [90], while the left panel shows a summary for the HPK production.
The time resolution for both families of sensors is measured to remain in the interval st = 30–
40 ps throughout the HL-LHC lifetime, and to moderately degrade to st = 40–50 ps at a fluence
of 3 ⇥ 1015 neq/cm2, which is twice the maximum foreseen CMS fluence.
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Time resolution w/ 
time walk correction

Jitter contribution

Total LGAD resolution

σ ~ 30 ps at gain ~ 10

H. F.-W. Sadrozinski, A. Seiden, and N. Cartiglia, “4D tracking with ultra-fast silicon  
detectors”, Reports on Progress in Physics 81 (2018), no. 2, 026101. 

https://iopscience.iop.org/article/10.1088/1361-6633/aa94d3


7/29/19 Ryan Heller

LGAD resolution performance
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Figure 3.19: Variation of the jitter and total time resolution as a function of the UFSD gain, as
measured on a Hamamatsu 50 µm thick UFSD sensor [64]. The jitter term decreases with gain
while the total time resolution flattens around st = 30 ps.

3.2.4.6 Time resolution

The time resolutions achieved in the development phase of ETL are due to a combination of
good sensor performance and very good read-out electronics. The front-end electronics used
in laboratory studies and beam tests is custom made, using a very low-noise design based on
a Si-Ge frontend, and is operated without a power limitation. Consequently, these results are
considered a measurement of the intrinsic time resolution of the sensors. A description of the
front-end electronics is provided in Refs. [65, 89]. As explained in Eq. 3.1, non-uniform charge
deposition determines the intrinsic time resolution; this limit is a function of the sensor thick-
ness and is about st ⇡ 25 ps for 50 µm thick sensors [64]. The results shown in Fig. 3.19 [70]
illustrate the behaviour of the UFSD time resolution as a function of gain. The total time res-
olution decreases with increasing gain and then saturates when the jitter component becomes
smaller than the intrinsic time resolution. The plot also shows that the time resolution at dif-
ferent temperatures depends only on the gain value; for equal gain the same time resolution is
achieved, regardless of the temperature. The gain increases at low temperature as the electron
mean free path increases, roughly doubling between +20 �C and �20 �C.

The evolution of the time resolution as a function of neutron and proton irradiation for HPK
and FBK sensors has been examined in Refs. [83–85]. These studies are consistent in demon-
strating that UFSDs maintain a time resolution below 40 ps up to fluences of 1.5 ⇥ 1015 neq/cm2.
Figure 3.20 shows in the right panel a summary of the time resolution studies on the second
FBK production (UFSD2) [90], while the left panel shows a summary for the HPK production.
The time resolution for both families of sensors is measured to remain in the interval st = 30–
40 ps throughout the HL-LHC lifetime, and to moderately degrade to st = 40–50 ps at a fluence
of 3 ⇥ 1015 neq/cm2, which is twice the maximum foreseen CMS fluence.
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Preamble: simulator Weightfield2
Available at:
http://personalpages.to.infn.it/~cartigli/Weightfield2/Main.html

It requires Root build from source, it is for Linux and Mac.
It will not replace TCAD, but it helps in understanding the sensors response

Mean signal

Simulated LGAD waveforms

Variations in 
ionization

Can reduce variation with thinner sensors, but pay 
price in lower total charge. Sweet spot: 50 microns  
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LGAD resolution after irradiation
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Gain = 10 achievable to end of life.
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Figure 3.19: Variation of the jitter and total time resolution as a function of the UFSD gain, as
measured on a Hamamatsu 50 µm thick UFSD sensor [64]. The jitter term decreases with gain
while the total time resolution flattens around st = 30 ps.

3.2.4.6 Time resolution

The time resolutions achieved in the development phase of ETL are due to a combination of
good sensor performance and very good read-out electronics. The front-end electronics used
in laboratory studies and beam tests is custom made, using a very low-noise design based on
a Si-Ge frontend, and is operated without a power limitation. Consequently, these results are
considered a measurement of the intrinsic time resolution of the sensors. A description of the
front-end electronics is provided in Refs. [65, 89]. As explained in Eq. 3.1, non-uniform charge
deposition determines the intrinsic time resolution; this limit is a function of the sensor thick-
ness and is about st ⇡ 25 ps for 50 µm thick sensors [64]. The results shown in Fig. 3.19 [70]
illustrate the behaviour of the UFSD time resolution as a function of gain. The total time res-
olution decreases with increasing gain and then saturates when the jitter component becomes
smaller than the intrinsic time resolution. The plot also shows that the time resolution at dif-
ferent temperatures depends only on the gain value; for equal gain the same time resolution is
achieved, regardless of the temperature. The gain increases at low temperature as the electron
mean free path increases, roughly doubling between +20 �C and �20 �C.

The evolution of the time resolution as a function of neutron and proton irradiation for HPK
and FBK sensors has been examined in Refs. [83–85]. These studies are consistent in demon-
strating that UFSDs maintain a time resolution below 40 ps up to fluences of 1.5 ⇥ 1015 neq/cm2.
Figure 3.20 shows in the right panel a summary of the time resolution studies on the second
FBK production (UFSD2) [90], while the left panel shows a summary for the HPK production.
The time resolution for both families of sensors is measured to remain in the interval st = 30–
40 ps throughout the HL-LHC lifetime, and to moderately degrade to st = 40–50 ps at a fluence
of 3 ⇥ 1015 neq/cm2, which is twice the maximum foreseen CMS fluence.
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Table 3.1: Summary of the measured c(rA(0)) for proton and neutron irradiations. The last two
columns show the NIEL factors calculated from these measurements.

c(rA(0)) for: KIT IRRAD JSI KIT/JSI IRRAD/JSI
p, 23 MeV p, 23 GeV n Expected Expected

NIEL = 2 - 3 NIEL = 0.4 - 0.6
Sensor [cm2] [cm2] [cm2] Measured NIEL Measured NIEL

FBK UFSD2 B+C 7.8 3.3 2.1 3.7 1.6
FBK UFSD2 B 16.6 6.5 5.4 3.1 1.2

FBK UFSD3 B LD + C 6.5 1.56 4.2

Figure 3.9: Gain as a function of bias voltage for different neutron fluences for sensors manu-
factured by CNM, HPK, and FBK. The dashed line in each plot shows gain = 10.

The different values of c(rA(0)) determine the evolution of the value of the gain with irradi-
ation, and by how much the bias voltage needs to be increased to compensate for the loss of
doping. Figure 3.9 shows the evolution of the gain value as a function of bias voltage at dif-
ferent fluences for HPK, CNM, and FBK. In each plot, a dashed black line indicates gain = 10.
Figure 3.10 shows the bias voltage required to maintain a gain of 10 as a function of fluence
for sensors from HPK, CNM, and FBK. Interestingly, sensors from HPK and CNM present the
same dependence, while FBK sensors, given the lower values of c(rA(0)) from the presence of
carbon, can obtain a gain of 10 at a lower bias as a function of fluence. The studies performed
so far indicate that all vendors can successfully manufacture sensors able to deliver a gain of at
least 10 up to the end of the CMS HL-LHC lifetime.

3.2.3 Biasing scheme and power dissipation

The parametrization shown in Fig. 3.10 can be used to predict the value of the UFSD bias
voltage as a function of radius at any point in time during the lifetime of HL-LHC. Figure 3.11
shows the bias voltage as a function of radius for 25, 50, and 100% of the HL-LHC lifetime
for FBK (B+C) and HPK or CNM sensors. The plots show that a larger increase of the bias
voltage is needed as a function of the radius to maintain a gain of 10. For CNM and HPK
(right side of Fig. 3.11) the gain layer is almost totally deactivated at small radius by the end of
the lifetime. In this condition, the necessary gain is obtained by applying the highest possible
value of bias compatible with low-noise operation. As Fig. 3.20 shows, after heavy irradiation
(above 1 ⇥ 1015 neq/cm2) FBK (top plot) and HPK (bottom plot) sensors can withstand up to
700–730 V without reaching breakdown, but the time resolution worsens since the gain at the
maximum operating bias voltage is lower.

- 80% of sensors: < 8 x 1014 neq/cm2

- 15% of sensors: > 1 x 1015 neq/cm2

G
ai

n

Bias voltage [V]

prerad
6E14 neq 1E15 neq

3E15 neq

Maintain gain after irradiation 
by increasing bias voltage
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Time resolution in full detector chain
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LGAD

σioniz. ~ 30 ps
σClock < 15 ps

What resolution does ASIC contribute?

ASIC: ETROC

Global clock
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Time resolution in full detector chain

�10

ETROC: ETL Read-Out Chip 
ETROC is bump-bonded to LGAD sensor, to handle a 16 × 16 pixel matrix, 
each 1.3 mm × 1.3 mm. chip size ~21mm x 21mm.
ASIC contribution to time resolution < ~40ps 
Targeted signal charge (1MIP):  6fC
TDC range:   ~5ns TOA and ~10ns TOT 
L1 buffer latency: 12.5 us
with power consumption < 1W/chip
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Readout ASIC: ETROC
H. Sadrozinski, A. Seiden, and 
N. Cartiglia,   Rep.Prog.Phys. 81, 026101

▪Timing resolution plateaus at 
≈30 ps for gain ≥ 10, 
with optimal electronics. 

▪ASIC design challenge is 
extracting TOA of signals, 
which can be small (~5 fC) 
after dose, within a 
constrained power budget.

σIoniz≈30 ps    σTDC≈10 ps     σClk<15 ps     

σ
Jitter

=Noise/(dV/dt)
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3.3 Jitter 
The jitter term represents the time uncertainty caused by the 
early or late firing of the comparator due to the presence of 
noise on the signal itself or in the electronics. It is directly 
proportional to the noise N of the system and it is inversely 
proportional to the slope of the signal around the value of the 
comparator threshold, Figure 13. Assuming a constant slope, as 
in Section 3.1.1, we can write dV/dt = S/trise and therefore: 

 

!!"##$% = ! !
!"/!" !≈ !!!"#$/(!!)   

(3-3) 

This apparently simple equation contains the core of the electronic design optimization which is a 
balance between competing effects: large slew rates require wide bandwidth, which in turn increases 
the noise while the quest for low noise calls for smaller slew rates. An outline on the characteristics of 
the front-end amplifiers and the trade-off between noise and slew rate is presented in section 6.1 

3.4 The “t0” problem 
In systems where the weighting field is not constant over the sensor volume there is an additional 
source of time uncertainties: before the particle signal can become visible, the charge carriers have to 
drift from the impact point to the region of high weighting field. This effect is shown schematically in 
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Figure 14 A non-uniform weighting field causes an additional source of time uncertainties due to the drift time 
from the impact point to the region of high weighting field. 

 

Figure 13 Effect of noise on the crossing of 
the threshold value Vth 

LGAD

σioniz. ~ 30 ps Jitter
σTDC ~ 10 ps

σClock < 15 ps
Vthres

• Main ASIC contribution: pre-amp/discriminator jitter.

Clock
Per hit resolution:
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ASIC contribution from jitter
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Figure 3.28: Leading edge jitter (ps) versus input charge (fC) obtained from the post-layout
simulation of the preamplifier at �20 �C, assuming an ideal discriminator with a threshold
voltage of 3.5 mV above the baseline voltage of the preamplifier. LGAD-like signals are used
in the simulation.

Figure 3.29: Amplitude (mV) versus input charge (fC) obtained from the post-layout simulation
of the preamplifier at �20 �C. LGAD-like signals are used in the simulation.

MPV amplitude is less than 20 mV. The current consumption of the preamplifier at different
bias current settings is shown in Fig. 3.30. The bias current of the input transistor can be se-
lected from four settings, with the so called IBSelB = 0,1,3,7, corresponding to bias current of
0.35, 0.7, 1.05, and 1.4 mA, respectively.

3.3.4 Discriminator design

The discriminator with a three-stage structure is designed to work with the preamplifier. A
simplified schematic is shown in Fig. 3.31. First, three pre-amplifiers are used to amplify the
analog signal from the frontend preamplifier to ease the design of the comparator downstream.
Second, a conventional textbook hysteresis comparator discrminates the analog signal, with
positive feedback to generate hysteresis. The third is a buffer stage to provide driving capa-
bility for the capacitive load. The threshold voltage of the discriminator is generated by an
in-pixel DAC, which covers the range from 0.6 V to 1 V and with a step size of 0.4 mV. The hys-
teresis voltage is programmable with 4 settings. The power consumption of the discriminator
at �20 �C is 777 µW per channel for 10% occupancy and 710 µW per channel for 1% occupancy.
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Readout ASIC: ETROC
H. Sadrozinski, A. Seiden, and 
N. Cartiglia,   Rep.Prog.Phys. 81, 026101

▪Timing resolution plateaus at 
≈30 ps for gain ≥ 10, 
with optimal electronics. 

▪ASIC design challenge is 
extracting TOA of signals, 
which can be small (~5 fC) 
after dose, within a 
constrained power budget.

σIoniz≈30 ps    σTDC≈10 ps     σClk<15 ps     

σ
Jitter

=Noise/(dV/dt)

Ji
tte

r [
ps

]

Input charge [fC]

50 micron LGAD, Gain ~ 10

Simulation of amplifier/discriminator 
jitter with LGAD signal

noise input charge capacitance

• Main challenge: balance low noise & 
fast risetime with power budget-
1 W/chip (4 mW/channel, 250 mW/cm2)

• Key power-saving innovations:
- Single TDC for both ToA and ToT
- Flexible low & high power amplifier modes 

Bottom line: σjitter = 20-30 ps → σper hit = 40-50 ps
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Endcap Timing Layer design
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Chapter 3

The Endcap Timing Layer

3.1 Overview and principle of operation
The endcap regions of the CMS detector will be instrumented with two disks of MIP-sensitive
silicon devices with excellent time resolution, covering a pseudorapidity range from about 1.6
to 3.0. This Endcap Timing Layer (ETL) will be mounted in its own independent, thermally
isolated volume, on the nose of the endcap calorimeter (CE). Specifically, the ETL will be lo-
cated on the interaction side of the neutron moderator at a distance of about 2.98 m from the
interaction point, as shown in Fig. 3.1. It uses a cold, dry volume that is isolated from the CE
so that the two detectors can each be operated independently of the cooling flow in the other
detector. This allows independent access to the ETL during LHC shutdown periods for repairs
and replacements of faulty components.

Figure 3.1: Placement of the endcap timing layer on the calorimeter endcap structure. The ETL
(shown in blue) is placed on the interaction side of the polyethylene neutron moderator (shown
in red). The ETL and CE detectors are in two separate cold volumes, with each detector having
its own thermal screen (shown in yellow). This makes it possible to access the ETL detector for
maintenance during cold operation of the CE detector.

103

ETL
(4.5 cm thick!)

CMS 
HGCAL

• Two-layer design: 1.8 hits per 
track                        
• 50 ps per hit → 35 ps per track 

z-r view

Each disk: double-sided, 85% fill factor 
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ETL mechanics
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Module design

Rugged and easy to assemble.

Service hybrid

LGAD

Cover

ASIC

Power
board

Readout
board

LGAD: 2x4 cm2
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ETL layout
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Figure 3.66: Layout of the modules and service hybrids on an ETL wedge, showing the place-
ment on the front and back faces (right and left images), where the left image is viewed facing
toward the IP and the right image is viewed facing away from the IP. The full-sized service
hybrids are shown in orange and the half-sized service hybrids are shown in red. The LGAD
sensors, shown as the gray rectangles, are assembled as either 1-sensor or 2-sensor modules, as
described in Section 3.4. Examples of 1-sensor modules are seen at the edges of the front face,
while 2-sensor modules are used to cover the central region.

the average occupancies are well below that limit, which allows a configuration with up to
the maximum number of 28 ETROCs per lpGBT in the majority of the detector regions. For
those regions of the detector, we use 24 ETROCs, as was shown schematically in Fig. 3.63.
At higher h, the occupancies are closer to the 160 Mbs limit, and the number of ETROCs per
lpGBT is reduced to 12 by using half-sized service hybrids. These smaller boards service up
to 6 sensors, rather than 12, and have 5 DC-DC converters rather than the 9 for the full-sized
boards that were shown in Fig. 3.62. The placement of the full- and half-sized service hybrids
on the cooling disk is shown in Fig. 3.66.

The readout data rate per lpGBT, with this combination of either 12 or 24 ETROCs, is shown
in Fig. 3.67. For all cases, the data rate is well within the 5.12 Gbs bandwidth capacity in low
power mode. The number of lpGBTs needed per wedge is 100. All wedges are identical, apart
from rotations, so a total of 1600 lpGBTs are needed for the 4 wedges per disk, and 2 disks per
z-side. These calculations leave headroom in case of higher occupancies, particularly given the
option of using the higher power 10.24 Gbs mode for the highest h regions.

The number of each type of component, from LGAD sensors to lpGBTs, is listed in Table 3.8.

3.6 Slow control and monitoring
The slow control and monitoring of the ETL detector are performed using the capabilities of
the CERN SCA chip. Each readout board is equipped with an SCA chip that is connected to an
lpGBT via a dedicated E-link. The SCA is powered before the rest of the ETL front-end elec-
tronics and sensors, and controls enabling of each DC-DC converter, provides environmental
monitoring information for safe operation of the detector, and downloads the configuration
information to the frontend electronics (ETROC and VTRx+).

Front of one half-disk

Pad size 1.3 x 1.3 mm2

Sensor size 2 x 4 cm2 (16x32)

Number of 
channels 8.5 x 106

Total active 
surface 16 m2

LGAD
Service hybrid

Half-size hybrids: reduce data volume for highest occupancy 
central region (up to 1 Gb/s per board, well under 5 Gb/s limit)

ETL sensor statistics

Large number of channels, 
but quite modest compared 
to modern trackers 
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LGAD prototyping campaigns
• Two main producers: Hamamatsu (HPK), Fondazione 

Bruno Kessler (FBK)
• First prototypes: optimization of gain layer & thickness for 

best time resolution
• Recent prototypes focus on:
- Improving radiation hardness
- Increasing fill factor
- Developing large arrays

�15
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Wafer Layout (for CMS)

5： 4x24 array (1type)
       ・total： 8pcs/wafer

4： 4x4 array (1type)
       ・total： 5pcs/wafer

3： 3x3 array (1type)
       ・total： 5pcs/wafer

2： 2x2 array (8type)
       ・total： 56pcs/wafer

1： Single (6type)
       ・total： 117pcs/wafer

CONFIDENTIAL
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Prototypes satisfy all ETL requirements:
- Time performance < 40 ps beyond 1015 neq
- Fill factor > 85%
- Large, uniform arrays are achievable
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FTBF tracker
ETL mobile rack

• Extensive campaigns to characterize 
LGAD prototypes:
- Probe measurements (IV/CV)
- Beam test (120 GeV protons)
- IR laser, beta source 

LGAD characterization
Fermilab Test Beam Facility
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FTBF tracker
ETL mobile rack

• Extensive campaigns to characterize 
LGAD prototypes:
- Probe measurements (IV/CV)
- Beam test (120 GeV protons)
- IR laser, beta source 

LGAD characterization
Fermilab Test Beam Facility

More details in presentations by
- Andrés Abreu (this session)
-Meraj Hussain (poster)
- Tanvi Wamorkar (poster)
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ASIC prototyping
• Philosophy: test early and often

�18

16 x 16 clock H-Tree

ETROC0: 1x1 pixel channel with preamp + discriminator (submitted Dec 2018, chip in March 2019)

ETROC1: 4x4 clock tree,  preamp + discriminator + TDC.    (Aug 2019)

ETROC2: 8x8,  full functionality, and ¼ clock tree. (Q4 2020)

ETROC3:  16x16 (full size):         (Q1 2022)       

ETROC Development Plan & Schedule

Production Q4 2022

Goal: core front-end analog performance

Goal: full chain front-end,  4x4 clock tree

Goal:  supporting circuitries, 8x8 clock tree
PLL, phase shifter, fast/slow control, I/O, L1 buffer…

Goal:  full size with full clock tree
intended as pre-production ASIC

5/2/19 3

ETROC0:  single channel, test each analog component 

3 June 2019David Stuart LHCC reviewETL Overview 10

▪ETROC0 prototypes the critical preamp & discriminator blocks 

▪Submitted in December and received in March. 
▪Measurements of power consumption and time resolution for 

injected pulses are consistent with simulation. 
▪Tests with LGADs starting soon.

Readout ASIC: ETROC0 prototype results
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ETROC1: 4x4 full digital chain (Aug 2019)

ETROC2: 8x8 (Q4 2020)

ETROC3: 16x16, 
full size (Q1 2022)

Charge injection tests, ETROC0

First tests match expected performance,
results with LGADs coming soon.16 x 16 Clock H-Tree
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Summary
• Rapid development of LGAD technology enables high-granularity timing 

detector sensitive to MIPs and able to survive in a high radiation environment

• CMS Endcap Timing Layer poised to be a first of its kind timing detector 
- 2-layer design optimizes performance and minimizes risk
- Frequent prototyping & testing will lead pathway to success.

�19

Stay tuned for Andrés’s talk about LGAD characterization!
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CMS MTD impact on physics performance
• Substantial reduction in pileup mis-association 
- Improved isolation, tagging efficiency, MET resolution..

• Particle ID for heavy ion/B-physics
• Enhanced sensitivity to BSM long-lived particles

�21

4 Chapter 1. Overview of the MIP Timing Detector Project

Figure 1.2: Simulated and reconstructed vertices in a bunch crossing with 200 pileup inter-
actions assuming a MIP timing detector with ⇠30 ps time resolution covering the barrel and
endcaps. The horizontal axis is the z position along the beam line, where the “0” is the cen-
ter of the IR. The vertical axis is the time with “0” being the point in time when the beams
completely overlap. The simulated vertices are the red dots. The vertical yellow lines indicate
3D-reconstructed (i.e. no use of timing information) vertices, with instances of vertex merging
visible throughout the display. The black crosses and the blue open circles represent tracks and
vertices reconstructed using a method that includes the time information and is therefore re-
ferred to as “4D”. Vertices that are merged in one spatial dimension are clearly separated when
time information is available.

interaction vertex. This reduction is quantified in Fig. 1.3. The left plot shows the mean number
of tracks incorrectly associated to the primary vertex as a function of the line density of the col-
lision vertices. For a line density of 1.9 collisions per mm, which is the peak density for the
case of 200 pileup collisions, the mean number of incorrectly associated tracks reaches over 20
without the use of timing information.
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Figure 1.3: (left) Number of pileup tracks incorrectly associated with the hard interaction ver-
tex as a function of the collision line density for different time resolutions. (right) Distribution
of the number of incorrectly associated tracks with the use of a 3 s (where s = 35 ps) selection
on timing information and without use of timing information. The vertical axis is the frac-
tion of primary vertices which have the number of pileup tracks shown on the horizontal axis
associated to them.

Paolo Meridiani

PARTICLE ID

 31

Time-of-flight particle identification: full simulation of 
Heavy Ion minimum bias events  

Full  SIM+RECO performance close to back of the 
envelope calculations for !/K (up to p~2.5 GeV) 
and K/p separation (up to p~5 GeV) 

Same performance also in PU200 events: important 
new handle for heavy flavour physics
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Radiation tolerance requirements
• Radiation tolerance:
- 80% of sensors: < 8 x 1014 neq/cm2
- 15% of sensors: > 1 x 1015 neq/cm2

�22
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ETROC details

�23

3.3. On-detector electronics 147

ing radiation tolerance up to at least 200 Mrad [105]. Alternatively, a FIFO approach, planned
to be tested for radiation-hardness by the RD53 collaboration, may be considered for its poten-
tially smaller footprint and/or power consumption.

3.3.11.2 SEE mitigation strategies

As ionizing particles pass through the readout chip they may deposit enough energy to re-
sult in a bit-flip or signal glitch that causes errors or undesired subsequent chip behavior. To
reduce such events, analog designs are hardened against SEEs by increasing capacitance at
sensitive nodes and digital designs are hardened by using triple modular redundancy (TMR).
Dedicated studies are underway to refine the TMR implementation by optimizing the spatial
separation between signal replicas and by potentially adding time delays to also separate signal
replicas in time [106]. In addition to protecting pixel and global configuration registers, TMR
will also be used for the clock and reset signals. For clock signals, we are also studying the
possibility of using three separate clock domains as opposed to creating multiple clock repli-
cas sourced by the same clock domain. The SRAM memory compiler, used to implement the
Level-1 buffer, employs drive strength increase to harden the reading/writing of addresses and
flip flops based on the Dual Interlocked Storage Cell (DICE) for address storage [105]. Finally,
to ensure that any residual SEEs are minimized, similar to the approach taken in the RD53
chip design, we plan to continuously refresh the ETROC configuration simultaneously with
data-taking, a method referred to as “trickle configuration”.

3.3.12 Optimization of power consumption vs performance

The power consumption obtained from simulations described in the previous sections are sum-
marized in Table 3.7, where the results are given for both the low-power and high-power
preamplifier current settings. As shown in Fig. 3.35, the default, low-power setting provides
single-hit time resolution matching the specification of 30–40 ps at the beginning of operation
and 50–60 ps at the end of operation, while the higher preamplifier power setting would pro-
vide time resolution of 30–40 ps per hit for the full lifetime. With either power setting, the
expected power consumption meets the 1 W per ASIC specification listed in Table 3.5.

Table 3.7: A summary of ETROC power consumption for each circuit component. The pream-
plifier, discriminator, and TDC values are obtained from post-layout simulation with conser-
vative assumptions about occupancy and operating temperature. The SRAM and global cir-
cuitry power consumptions are conservative extrapolations from similar circuits used in the
ALTIROC.

Circuit component Power per channel [mW] Power per ASIC [mW]
Preamplifier (low-setting) 0.67 171.5
Preamplifier (high-setting) 1.25 320
Discriminator 0.71 181.8
TDC 0.2 51.2
SRAM 0.35 89.6
Supporting circuitry 0.2 51.2
Global circuitry 200
Total (low-setting) 2.13 745
Total (high-setting) 2.71 894

These simulated power estimates will be verified and made more precise with prototype test-
ing. Power consumption verified to be less than the requirement will provide an opportunity
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Table 3.5: A summary of ETROC requirements.

Requirement Value Comments

Process

TSMC 65 nm
MS RF LP 2.5 V
with metal stack
1P9M_6X1Z1U_RDL (CERN)

Power supply 1.2 V

Timing resolution 40 ps
Total timing resolution per
hit including 30 ps contribution
from sensor is 50 ps.

Pixel size 1.3⇥1.3 mm2

Pixel capacitance 3.4 pF 50 µm thickness
Pixel matrix size row x column 16 ⇥ 16
Power consumption below 1 W/chip
Data storage capability 12.8 µs Level-1 trigger latency
Trigger rate Up to 1 MHz
Operation temperature �30 �C to +20 �C
TID 100 Mrad
SEU TBD system requirements

Subsequent stages involve the production of prototypes with increasingly more complex struc-
ture to test and further optimize the ASIC design. A first single-pixel prototype including a
preamplifier and a discriminator has been submitted for production. A prototype with dedi-
cated waveform sampling capability will be submitted in Summer 2019 and will allow more
detailed understanding of the pulse shape after the preamplifier stage, thus enabling further
optimization of the timing measurement. A detailed plan for the subsequent larger scale proto-
types is presented in Section 3.3.13. The remainder of this section describes the design of each
of the ASIC building blocks together with results from relevant studies.

3.3.2 Design study with waveform analysis using test beam data

Data from LGAD sensors collected at the Fermilab test beam are used to guide the design of the
front-end stage of the ASIC. Much information can be extracted from the sampled waveforms
of different sensors, with different irradiation levels, operated at different bias voltages. This
is shortening the development cycle for the ASIC. Some questions that are being studied using
the beam test waveform data are:

1. The performance of different types of timing algorithms, e.g. leading edge (LE) discrimi-
nation based on measuring TOA/TOT vs. using a constant fraction discriminator (CFD),

2. The impact of front-end amplifier bandwidth and S/N,

3. The required time quantization of the TDC,

4. The minimum sampling frequency and the minimum number of bits needed for the sam-
pled waveforms in order to be able to efficiently update the thresholds and the correction
algorithms as the sensors age and receive increasing radiation doses.

Power consumptionSummary


