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Test results and prospects for RD53A, a large scale 65 nm CMOS chip
for pixel readout at the HL-LHC

Luigi Gaioni∗

on behalf of the RD53 Collaboration1

Abstract

The CERN RD53 collaboration was founded to tackle the extraordinary challenges associated with the design of pixel readout
chips for the innermost layers of particle trackers at future high energy physics experiments. Around 20 institutions are involved
in the collaboration, which has the support of both ATLAS and CMS experiments. The goals of the collaboration include the
comprehensive understanding of radiation effects in the 65 nm technology, the development of tools and methodology to efficiently
design large complex mixed signal chips and, ultimately, the development of a full size readout chip featuring a 400×400 pixel
array with 50 µm pitch. In August 2017, the collaboration submitted the large scale chip RD53A, integrating a matrix of 400×192
pixels and embodying three different analog front-end designs. This work discusses the characteristic of the RD53A chip, with
some emphasis on the analog processors, and presents the first test results on the pixel array.
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bLaboratoire de Physique Nucléaire et de Hautes Energies (LPNHE) Paris,
France cLaboratoire de Physique Subatomique et de Cosmologie (LPSC),
Grenoble, France dLaboratoire d’Annecy-le-Vieux de Physique des Particules
(LAPP), Annecy-le-Vieux, France eRheinische Friedrich-Wilhelms-Universität
Bonn Physikalisches Institut, Bonn, Germany f Fachhochschule Dortmund,

1. Introduction

Very high particle rates and radiation levels will be reached in
the so-called Phase II upgrades of the ATLAS and CMS ex-
periments at the High-Luminosity (HL) Large Hadron Collider
(LHC). the HL-LHC will be delivering a huge amount of data
during its operation, resulting in a set of demanding specifica-
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Figure 1: Functional view of the RD53A pixel chip.

tions for the detectors closest to the collision region, concern-
ing both sensors and readout chips. The front-end electronics
will be required to provide robust operation in a harsh radia-
tion environment, with an estimated total ionizing dose (TID)
of 1 Grad and 1 MeV neutron equivalent fluence of 2×1016cm−2

accumulated during their lifetime, and hit rates of the order of
3 GHz/cm2. Target pixel size will be 50 µm × 50 µm for the
innermost layer of the tracker, with a power budget close to
0.5 W/cm2, needed to keep the material budget and the com-
plexity of the cooling system at a minimum. In order not to de-
grade detection efficiency, operation of the readout channel at
low thresholds, around 1000 electrons or lower, has to be envis-
aged, setting challenging requirements on noise and threshold
dispersion performance.
The design of an advanced pixel readout chip, called RD53A,
has been tackled in a 65 nm CMOS technology in the frame-
work of the RD53 collaboration [1], in view of the development
of the production chip for the ATLAS and CMS experiments
upgrades at the HL-LHC. The 65 nm technology, whose radi-
ation tolerance properties have been thoroughly investigated in
RD53, both for analog and digital circuits [2], enables the in-
tegration of dense in-pixel digital functions, needed to comply
with the bandwidth requirements set by the high rates foreseen
in the experiments.
The main goals of the RD53 collaboration include the detailed
understanding of radiation effects in the 65 nm CMOS technol-
ogy, the development of tools and methodology to efficiently
design large, complex mixed-signal chips and, ultimately, the
design and characterization of a full sized pixel array chip.

2. The large scale chip RD53A

The RD53A chip includes a 400 × 192 pixel matrix with
50 µm × 50 µm pitch and size of 20.0 mm × 11.5 mm, and will
serve the purpose of qualifying the 65 nm technology for the
development of the production chip. RD53A integrates three
versions of analog front ends, called Synchronous, Linear and
Differential. 128 columns are allocated for the first one, and

136 for each of the remaining ones, resulting in three different
sub-matrices, featuring 192 rows, whose performance can be
thoroughly assessed and compared. All the three analog front-
ends implement a Time-over-Threshold (ToT) technique to per-
form analog-to-digital conversion, and share other constraints
and features, such as the layout area and the bump bond pads,
making them easily interchangeable on the pixel matrix. The
basic analog front-end building block is referred to as a quad,
and features a layout area of 70 µm × 70 µm, integrating four
front-ends and four bump pads on a 50 µm × 50 µm grid. As
far as the digital readout is concerned, RD53A embodies two
different architectures, called Distributed Buffering Architec-
ture (DBA), adopted for the Linear and the Differential front-
ends, and Centralized Buffering Architecture (CBA), exploited
for the Synchronous front-end. These architectures explore two
different solutions which allow the sharing of the buffering re-
sources in the limited pixel area.
As shown in Fig. 1, two blocks, called Analog Chip Bottom
(ACB) and Digital Chip Bottom (DCB), are integrated under-
neath the pixel matrix. The first one includes a number of ana-
log IP blocks, mainly conceived for providing the pixel matrix
with the proper bias setting. It also integrates blocks for the
monitoring of different signals, temperature and radiation sen-
sors, clock/data recovery circuits, the serializer and power on
reset blocks. All these circuits have been thoroughly tested,
also from the standpoint of radiation tolerance, before their in-
tegration into RD53A. An additional task of the ACB is to pro-
vide two DC voltage levels for the in-pixel calibration circuit
described in section 3.2. On the other hand, the Digital Chip
Bottom integrates the blocks that implement all the control and
processing functionalities, and it is driven by clock signals gen-
erated in custom layout blocks that are part of the ACB.

3. Analog front-ends

Three analog front-end (AFE) flavors are integrated, as already
mentioned, in the RD53A chip. These are improved versions
of readout chains formerly integrated in small prototype chips,
namely CHIPIX65 [3] and FE65-P2 [4]. A summary of the test
results relevant to the front-ends integrated in these small-scale
prototypes was presented by the authors in [5]. An overview
of the RD53A AFEs is provided in the following, along
with a description of the main improvements implemented
with respect to the channels described in [5], and the first
preliminary test results.

3.1. Synchronous, Linear and Differential front-ends

The Synchronous analog front-end is an improved version of
the CHIPIX65 synchronous channel [6]. It consists of a single
stage charge sensitive amplifier (CSA) with a Krummenacher
feedback network providing both the feedback capacitor con-
stant current discharge and the sensor leakage current compen-
sation. The charge preamplifier is AC coupled to a synchronous
discriminator including a positive feedback latch. The latch can
be turned into a local oscillator running up to 800 MHz in order
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to internally generate a clock that can be used for high-speed
ToT digitization. In this design an offset compensation using
internal capacitors has been chosen, making it possible to per-
form a local threshold trimming without the need of a correction
DAC. The total current consumption of the front-end, including
the latch, is close to 5.5 µA.
The Linear front-end is an improved version of the CHIPIX65
asynchronous channel [7]. The readout chain includes a charge
sensitive amplifier featuring a Krummenacher feedback com-
plying with the expected large radiation induced increase in the
detector leakage current. The signal from the CSA is fed to a
high-speed, low power current comparator that, combined with
the time-over-threshold counter, is exploited for time-to-digital
conversion. Channel to channel dispersion of the threshold is
addressed by means of a local circuit for threshold adjustment,
based on a 4-bit binary weighted current DAC. The front-end
chain is optimized for a maximum input charge equal to 30000
electrons and features an overall current consumption close to
4 µA.
The Differential analog front-end is a continuous-time analog
processing channel which implements an improved version of
the analog channel integrated in the FE65-P2 chip [4] . It is
based on a 2-stage comparator and a charge sensitive ampli-
fier whose input is used as a reference for the comparator’s first
stage, referred to as the pre-comparator. The analog to digital
conversion is implemented entirely in the digital core, by dig-
itizing the time-over-threshold of the comparator output pulse.
The CSA stage features a current mirror constant current feed-
back and the gain can be adjusted by choosing between differ-
ent values of feedback capacitance. For leakage currents be-
low 10 nA, the continuous feedback is capable of preventing
the input from saturating. On the other hand, for larger cur-
rents, a leakage current compensation (LCC) circuit has been
envisaged. Local tuning of the threshold is performed by ex-
ploiting one 4-bit resistor ladder in each pre-comparator branch.
The pre-comparator stage is followed by a classical continuous
time comparator stage with output connected to the digital pixel
region through logic gates. The pseudo-differential design re-
duces variation due to mismatch and provides improved rejec-
tion of power supply and digital activity noise.
As aforementioned, the three RD53A front-ends implement a
number of improvements with respect to the analog channels in-
tegrated in the CHIPIX65 and FE65-P2 small-scale chips. The
main improvements are listed in the following:

• reduced area of the front-end analog macro, enabling the
integration of dense in-pixel digital functionalities;

• isolation strategy: two deep N-wells (one for the ana-
log macro and one for the digital) have been adopted in
RD53A. The same approach was used in the FE65-P2 pro-
totype, but not in CHIPIX65, where only the analog front-
ends were integrated in deep N-wells;

• improved stability of the CSA stage integrated in the three
RD53A front-ends;

• dedicated Krummenacher power supply for the Syn-
chronous and the Linear front-ends, which results in a less
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Figure 2: In-pixel charge injection circuit.

sensitive ToT with respect to voltage drops on power sup-
plies;

• increase in size of the offset capacitors of the Synchronous
front-end to reduce discharge effects caused by leakage
currents;

• reduced temperature sensitivity of the Linear AFE thanks
to the integration of a new threshold tuning scheme;

• integration of a set of analog inverters for most of the con-
figuration bits of the front-ends, which results in an im-
proved digital noise immunity;

• usage of a new, common calibration scheme with im-
proved functionalities (described in the following).

3.2. Injection circuit
Each pixel of the RD53A matrix integrates the injection circuit
shown in Fig. 2. This architecture is common for all the RD53A
analog front-ends. The circuit is based on the in-pixel genera-
tion of the analog test pulse starting from two defined DC volt-
ages (CAL HI and CAL ME), distributed across the matrix and
generated with dedicated DACs in the ACB, and a third level,
corresponding to a local analog ground. Two operation modes
are envisaged for the injection circuit, which make it possible
to generate two consecutive signals of the same polarity or to
inject different charges in neighboring pixels at the same time.
The injection circuit enables the fundamental analog tests of
the RD53A chip that are being carried out by means of pur-
posely developed testing systems, called BDAQ53 and YARR.
Presently, both the analog and digital operation of the chip is
being investigated and many test routines have been developed
for this purpose.

4. First test results

Fig. 3 shows the S-curves for the sub-matrix featuring the Lin-
ear front-end flavor as obtained after tuning carried out at a
threshold close to 1000 electrons. Similar results have been ob-
tained for the Synchronous and the Differential front-ends. The
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Figure 3: S-curves for all linear front-end pixels after tuning at threshold around
1000 electrons.

main analog performance parameters can be directly derived
from S-curves data fitting. In the threshold distribution plot,
shown in Fig. 4, the threshold values obtained from the S-curve
fits are histogrammed and a Gaussian distribution is fit to the
data to obtain the mean threshold and the threshold dispersion
for the pixels featuring the Linear front-end flavor. In this exam-
ple, the mean threshold is slightly smaller than 1000 electrons,
with a threshold dispersion around 50 electrons. Noise perfor-
mance is here evaluated in terms of the equivalent noise charge
(ENC), whose distribution is shown in Fig. 5, again, for the
Linear AFE channels. A mean value of 67 electrons has been
obtained in this test. The three front-end architectures are fully
functional and feature moderately different performance from
the standpoint of noise, minimum threshold, threshold disper-
sion and charge-ToT conversion. Nonetheless, they can be op-
erated at stable thresholds significantly smaller than 1000 elec-
trons, with ENC and threshold dispersion not exceeding 100

Figure 4: Threshold distribution of the Linear front-end pixels after tuning per-
formed at 1000 electrons.

Figure 5: Noise distribution of the Linear front-end pixels.

electrons for the non-irradiated, bare chips. A comprehensive
characterization of the chip is on-going, including tests after
irradiation at total ionizing dose levels up to 500 Mrad(SiO2).

5. Conclusions

The RD53A demonstrator has been submitted in August 2017
in the framework of the RD53 Collaboration in a 65 nm CMOS
technology. The RD53A chip, including a 400 × 192 pixel ma-
trix, is being thoroughly characterized and preliminary test re-
sults are very promising. The RD53B design framework, in-
volving around 20 designers, has been established in view of
the development of the final pixel chips for ATLAS and CMS
with a submission planned for 2019.
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