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Pixels of the future: Higher bandwidth, hit rate, rad damage 2

GHz/cm2

Gbps/cm2

1 Grad (TID) and 1016 neq/cm2 (NIEL)

~0.1%/pixel/BC 
~streaming live audio from each pixel
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3Challenges for pixels at the HL-LHC

Generation Run 1
(FEI3, PSI46)

Runs 2+3
(FEI4, PSI46DIG) Runs 4+5

Chip Size 7.5 x 10.5 mm2

8 x 10 mm2
20 x 20 mm2

8 x 10 mm2 > 20 x 20 mm2

Transistors 3.5 M
1.3 M 87 M ~1 G

Hit Rate 100 MHz/cm2 400 MHz/cm2 ~2 GHz/cm2

Hit Memory / Chip 0.1 Mb 1 Mb ~16 Mb

Trigger Rate 100 kHz 100 kHz 200 kHz - 1MHz

Trigger Latency 2.5 µs
3.2 µs

2.5 µs
3.2 µs

6 - 20 µs

Readout rate 40 Mb/s 320 Mb/s 1-4 Gb/s

Radiation 100 Mrad 200 Mrad 1 Grad

Technology 250 nm 130 nm
250 nm 65 nm

Power ~1/4 W/cm2 ~1/4 W/cm2 1/2 - 1 W/cm2
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4Working toward an HL-LHC chip: RD53A

RD53A is a chip-of-chips with 3 analog front-ends
(output of the cores is the same for each)

20 mm ; 400 pixels
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Synchronous Linear Differential
5.1 Differential Front End Design

Figure 15: Schematic of the Linear analog front end flavor

The Linear front-end is shown in figure 15. The readout chain includes a charge sensitive
amplifier (CSA) featuring a Krummenacher feedback complying with the expected large radiation315

induced increase in the detector leakage current. The choice of a single amplification stage in
the front-end channel has been simply dictated by power consumption and area constraints. The
signal from the CSA is fed to a high-speed, low power current comparator that, combined with the
time-over-threshold (ToT) counter, is exploited for time-to-digital conversion. Channel to channel
dispersion of the threshold voltage is addressed by means of a local circuit for threshold adjustment,320

based on a 4-bit binary weighted DAC generating the current IDAC. The front-end chain has been
optimized for a maximum input charge equal to 30000 electrons and features an overall current
consumption close to 4 µA. The CSA can be operated in high gain (floating CF2) and low gain
mode (CF1 in parallel with CF2) by acting on the GAIN_SEL bit, whereas the recovery current,
IK /2, in the Krummenacher feedback network, can be set by means of a peripheral DAC. IK current325

equal to 25 nA results in a ToT close to 400 ns for an input charge equal to 30000 electrons in
high gain configuration. The designed sensitivity in the high gain configuration is 15 mV/ke-
, and 7.5 mV/ke- in the low gain mode. The core element of the charge sensitive amplifier
is the gain stage shown in figure 16. This is a folded cascode architecture including two local
feedback networks, composed by the M4-M5 and M7-M8 pairs, boosting the signal resistance330

seen at the output node. With a current flowing in the input branch equal to 3 µA and a current
in the cascode branch close to 200 nA, the CSA is responsible for most of the power consumption
in the analog front-end. The DC gain and the -3dB cutoff frequency of the open loop response,
as obtained from simulations, are 76 dB and 140 kHz respectively. The noise performance of the
charge preamplifier is mainly determined by the contributions from the CSA input device and from335

the PMOS transistor part of the feedback network. The simulated equivalent noise charge, for a
detector capacitance of 50 fF, is equal to 87 electrons. The front-end channel includes a high-speed,
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5.2 Linear Front End Design

The Differential front end is a pure analog circuit: it contains no memory latches, flip-flops or
counters. Static configuration values are provided by the digital core, which receives only the
comparator out signal from the analog part. The design is a small-area low-power free-running
front-end, for negative input charge. The ADC function is implemented entirely in the digital core,350

by digitizing the time-over-threshold (ToT) of the comparator pulse. Fig. 18 shows the Diff. FE
block diagram.

Figure 18: Schematic of Differential front end flavor.

The pre-amplifier or first stage (Fig. 19) has a simple straight regulated cascode architecture
with NMOS input transistor in weak inversion. It has a continuous reset and adjustable gain by
choosing between two possible values of feedback capacitance (this choice is made globally, not per355

pixel). The preamp can operate at very low currents and has three bias currents: the main preamp
bias (input transistor current), voltage follower, and continuous feedback current. The feedback
current is set globally and cannot be trimmed in each individual pixel. Prototype measurements
showed that fall time dispersion (which leads to a ToT dispersion) has an acceptable level without
any need for per-pixel trimming. The preamp is single ended, but the feedback ensures that, in the360

absence of signal, input and output are at the same potential. Input and output are thus taken as a
differential input to the next stage.

The DC-coupled pre-comparator or second stage (Fig. 20) provides additional gain in front of
the comparator and also acts as a differential threshold circuit. The global threshold is adjustable
through two distributed voltages (VTH1 and VTH2) which introduce an offset between the two365

branches of the pre-comparator. The threshold is trimmed in each pixel using one 4-bit resistor
ladder in each pre-comparator branch. The branch current is turned into additional voltage offset by
these resistor ladders. An effective 5-bit adjustment is obtained by adjusting one branch resistance
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Figure 21: Schematic of the Synchronous front end flavor.

(Fig. 23) is designed to provide both the sensor leakage current compensation and the constant390

current discharge of the feedback capacitor. The larger the current the faster the preamplifier signal
returns to the baseline. As a reference, a 10 nA current results in a 400 ns long signal for an input
charge of 10ke-, which is reduced to around 100 ns for a 40 nA current. Two capacitors, equal
to 2.5 and 4 fF, respectively, have been included in order to implement different gain values. The
calibration injection circuit is described in Sec. 5.4. The preamplifier open loop gain is around395

60 dB.

Figure 22: Sync. FE Charge Sensitive Am-
plifier (CSA) schematic.

Figure 23: Sync. FE Krummenacher feedback
schematic.

Due to mismatch effects, considerably relevant in deep submicron technologies like 65nm,
the output baseline of the first stage is subject to quite large fluctuations (of the order of tens

– 21 –

synchronous 
discriminator can 
be used for a fast 

ToT counter

differential threshold 
reduces coherent noise

single amplification 
stage for minimal 

power consumption 



See Simone's talk from yesterday

�5Testbeam at SLAC

ESA

Santa Cruz
~1 hour San Francisco

~30 min

Berkeley
~1 hour

Stanford
~10 min

SLAC National Accelerator Laboratory, Archives and History Office
~1 week in May / June 2018

~1 week in December 2018
~1 week in November 2018

https://indico.cern.ch/event/731649/contributions/3237255/attachments/1780906/2897204/170119_SLAC_TB_BTTB_CERN_Mazza.pdf


�6Motivation



�7Setup

Telescope 

plane 2

RD53A

Timing 
detector 
sensor

5 Hz, 11 GeV e- beam

Angle reference tape

Motorized rotation stage

Motorized 
translation stage SLAC End 

Station A



�8Setup II

For the Nov. testbeam, 
we also brought an 
independent FEI4 
telescope, readout 

with RCE.
Mimos telescope

FEI4
telescope



�9Integration w/ EUDAQ

We recently updated to EUDAQ 1.7  
(not a small feet without internet on the host computer!)

EUDAQ User Manual

EUDET

EUDAQ User Manual

EUDAQ Development Team

Last update on October 2016
for EUDAQ version v1.7

This document provides an overview of the EUDAQ software framework, the
data acquisition framework used also by the EUDET-type beam telescopes [1].
It describes how to install and run the DAQ system and use many of the
included utility programs, and how users may integrate their DAQ systems into
the EUDAQ framework by writing their own Producer – for integrating the
data stream into the acquisition – and DataConverterPlugin – for converting
data for o✏ine analysis (e.g. the EUTelescope analysis framework).

1

…in addition, we had to swap our TLU system from 
running on the NICrate (MS W7) to a linux machine.

Many thanks to Jan Dreyling-Eschweiler for help to make this happen!



�10Integration with EUDAQ
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EUDAQ 1.7 + YARR

We wrote a YARR 
producer/converter 

to integrate the RD53 
data with EUDAQ.

Here is an occupancy 
map from one of the 
early runs with RD53! 

(N.B. beamspot is a 
wedge, not a circle)

https://gitlab.cern.ch/YARR/YarrEudaqProducer/blob/master/YarrConverterPlugin.cc


�11Making friends with Mimosas
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EUDAQ 1.7 + YARR After integrating RD53 with 
EUDAQ, we noticed that 

there were no correlations 
with the telescope planes*.

*Could not see this in the online monitor because RD53 was rotated.  
Was critical to be able to quickly analyze the data offline!

After some quick 
debugging, we found that 
there was some garbage 

data being sent to EUDAQ. 
After fixing this …



�12Telescope tracks !
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EUDAQ 1.7 + YARR
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EUDAQ 1.7 + YARR

Noisy pixels in telescope plane



�13June Run Summary (Nov. still processing)
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(remember, 
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�14Data Analysis

Two streams:

“Simple”

“Full”

Use EUDAQ script (standalone) 
for converting .raw to .root

Data analysis on these .root.  This 
is all I will show today.

Fit tracks from full telescope 
(proper alignment, etc.) using 
EUTelescope.  Work ongoing.



�15First analysis: <ToT> and cluster length
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Shallower angle -> less path 
length per pixel -> less charge

Shallower angle -> go 
through more pixels
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�16First analysis: <ToT> and cluster length
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SLAC End Station A, 11 GeV electrons
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-1

~1/cos(angle)

All FE’s are tuned to 3ke, but the threshold 
(variation) is not the same for all of them.
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�17Conclusions / Outlook

We have exercised the full setup at SLAC for RD53A + YARR + EUDAQ 
multiple times in 2018 and the data are still being analyzed.

SLAC is a convenient and 
flexible testbeam location.
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EUDAQ 1.7 + YARR

Even though the rate is low, 
the energy is high(ish) and the 

pulse is very narrow.

(we even saw and resolved 
double pulses!)

Unfortunately, the SLAC beam 
is now in a shutdown period.



�18Motivation

Questions?


