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on behalf of the RD53 Collaboration

Abstract

The phase II upgrade of the HL-LHC experiments within the LHC intends to deepen the studies of the Higgs boson and to allow
the discovery of further particles by adding an integrated luminosity of about 4000 fb™! over 10 years of operation. This upgrade
would overwhelm the installed pixel detector readout chips with higher hit rates and radiation levels than ever before. To match
these extreme requirements the RD53 collaboration, a joint effort between ATLAS and CMS, developed RD53A, a new generation
pixel detector readout chip prototype manufactured in a 65 nm CMOS technology. It is half the size of the final pixel chips and
designed to meet requirements in the face of 3 GHz/cm? hit rate after irradiation to 500 Mrad. The detector is able to use 50x50 um?
or 25x100 um? pixels with high readout speed of up to 4 links per chip with 1.28 Gbit/s each. Shunt-LDO regulators integrated on
the bottom of the chip provide the required voltages to the two power domains, analog and digital. These regulators enable serial
powering of the pixel modules, which is the only feasible, radiation hard scheme to ensure acceptable power cable losses and to
stay within the material budget for the future pixel detectors. An overview of the status and challenges of serial powering and the

Shunt-LDO regulator development will be given.

Keywords: RDS53A, front end electronics for detector readout, serial powering.

1. Introduction 20

The high luminosity LHC (HL-LHC) project [[1] is foreseen
to allow the detailed exploration of the TeV scale with total inte-
grated luminosity of 4000 fb™!. The HL-LHC will reach a factor
of five larger instantaneous luminosity compared to the one at
the LHC, enabling the ATLAS [2]] and CMS [3] experiments to
achieve the full physics potential beyond 2025: precision mea-
surement in the Higgs sector, searches for new particles at high
masses and studies of rare B-decays. The significant increase of
the pile-up density requires replacement of the current tracking s
detectors with a new generation pixel detector in order to have
fully performant experiments at HL-LHC. A new readout chip
for the upgraded pixel detector has to meet specifications after
500 Mrad total dose received in the HL-LHC conditions.

In 2013 the RD53 Collaboration was constituent with the
purpose to develop pixel readout integrated circuits for the next
generation of pixel readout chips to be used for the ATLAS and *
CMS Phase II pixel detector upgrades [4]. The RD53 Collab-
oration consists of 24 Institutions from Europe and US with

*Speaker
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andreas.stiller@fh-dortmund.de (Andreas Stiller)
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almost equal contributions from the ATLAS and CMS experi-
ments [4].

A first large scale prototype, called RD53A [3], is produced
in 65nm CMOS technology. RD53A is the basis for the produc-
tion designs of ATLAS and CMS but it is not intended to be a
final production chip and contains design variations for testing
purposes, making the pixel matrix non-uniform. The RD53A
chip size is 20.0 mm by 11.8 mm and the pixel matrix is 400
pixels wide by 192 pixel tall, where a pixel cell is 50x50 um?.
The main specifications of the RD53A are derived from HL-
LHC conditions: pixel hit rate 3 GHz/cm?, trigger rate 1 MHz,
total power per pixel less that 10 4W with low noise and low in-
time threshold, the details can be found in [5, [6]. The RD53A
chip was submitted in summer 2017 and the chip testing and
characterization started in early 2018.

2. Serial Powering

Serial powering is the baseline choice for powering in CMS
and ATLAS pixel detectors to reduce power losses on the sup-
ply lines and the amount of required cables. In these detectors
pixel modules will be serially connected in chains of up to 13
units and supplied by a constant current source. Since the cur-
rent is reutilized when flowing from one module to another the

April 23, 2019



45

50

55

60

65

supply current does not scale with number of installed modules
in a chain. However, the current must be selected in such a
way that the maximum module load current requirement can be
reliably covered (Figure|[I).

[y

1 Modul n-

Modul n Modul

&
a2
&

<
<

%

Figure 1: Example of a serial power chain.

RDS53A achieves its serial powering capability using one on-
chip Shunt-LDO regulator each for the analog and the digital
domain. This regulator is characterized by a low mass, radiation
hardness and robust parallel operation.

75

2.1. Shunt-LDO

The Shunt-LDO has been initially designed for the FE-14[7]]
readout chip and has been redesigned in 65 nm technology with
an increased shunt current capability of up to 2 A. As is shown
in Figure [2] the IV-curve has a resistive characteristic to ensure s
that shunt current balancing across parallel connected regula-
tors. The I'V-curve slope is defined either by an internal or an
external resistor. As a new feature the regulator comes with a
configurable offset voltage, which is defined by means of an ex-
ternal resistor Rofs and is used as an additional parameter for
the optimization of the power consumption (Figure[3). Another
enhancement is addition of an improved control loop to assure
stability even when driving high on-chip capacitive loads with
low ESR.
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Figure 2: Simplified V-I curve of the RD53A Shunt-LDO.

The Shunt-LDO is a combination of a low drop-out linear
voltage regulator and a shunt regulator (Figure[3) and as a result
can operate in two possible modes. The first is the pure LDO
regulator mode for use in conventional voltage-based powering
schemes. The second mode is an extension to the first and adds

dedicated shunt circuitry to enable current based powering in
serially connected supply chains.
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Figure 3: Simplified schematic of the Shunt-LDO: LDO (orange) Shunt
(green).

For a balanced power distribution the pass device M1 and the
shunt device M4 are split into four parts and spread across the
pad frame.

2.1.1. Test Results

Measurements in LDO and Shunt-LDO modes and on ana-
log and digital integrated regulators operated independent and
in parallel, showed that the line regulation behavior is domi-
nated by the bandgap voltages, used as references (Figure[h,c).
Using external references, the line regulation performance is
enhanced by a factor of 10 (Figure @b,d).

2 T
= Vrefd

RD53A
2T

= VDDD
PWR_IN1 (digital)
VDDA

Chip SN: Ox0CAS Chip SN: Ox0CAS
(ARARRARS T

VDDD
PWR_IN1 (digital)
16t . veefa

Voltage [V]
Voltage [V]

VDDA PWR_IN2 (analog)
PWR_IN2 (analog)

Lol
S I
S

1
oo
> @
T

N

A T T T I P
0 02040608 1 121416 18 2 0 02040608 1 121416 18 2

Input Voltage [V]

(a) (b)

Chip SN: 0x0CAS
T T

Input Voltage [V]

Chip SN: 0x0CAS
T T 3

Voltage [V]

N

>

<

]

g

g
Voltage [V]

-
N
<
S
<]
El

Lol

Input Current [A]

(©) (d)

Internal reference voltages External reference voltages

Input Current [A]

Figure 4: Line regulation measurements of (a,b) independent supplied regula-
tors for analog and digital domain in LDO mode (c,d) parallel supplied regula-
tor for analog and digital domain in Shunt-LDO mode

Further measurements show that the bandgap circuits have
nearly no influence on the load regulation performance which
is in the region of a few mV/A. Also, the transient response even
during massive load changes of 0.5 A/ns shows small peaks of
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about 50 mV which are regulated out in less than 1us. Measure-
ments of chip performance described in this note were made
using the LDO mode with internal references.

3. The RD53A Characterization

3.1. Analog Front Ends

The RDS53A pixel matrix is built up of 50 x 30 identical cores
with 8 x 8 pixel each. Within one core the 64 front ends are
placed as 16 analog islands with 4 fronts ends each, which are
embedded in a flat digital synthesized ”sea” [3]. One pixel core
contains multiple pixel regions with shared logic and trigger la-
tency buffering. The RD53A contains three different front end
designs which are identified as synchronous, linear and differ-
ential.

The synchronous front end uses a baseline ”auto—zeroing”125
scheme that requires periodic acquisition of a baseline instead
of pixel-by-pixel threshold trimming.

The linear front end implements a linear pulse amplification
in front of the discriminator, which compares the pulse to a
threshold voltage. e

The differential front end uses a differential gain stage in
front of the discriminator and implements a threshold by un-
balancing the two branches.

The front end designs share the pixel matrix area as shown in
Figure[5] The synchronous front end is 16 core width while lin-"
ear and differential are 17 core width. The detailed description
of the different analog designs can be found in [J5].
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Figure 5: Arrangement of front end flavors in RD53A with indicated digital
readout architecture. The pixel column number range of each flavor is shown
along the bottom.

3.2. Test results

The RDS53A testing and characterization started at the be-
ginning of 2018. An extensive set of measurements were per-
formed in order to characterize the performance of the different
analog front end designs. All three front ends were tested in-
dependently. According to the conditions of the HL-LHC two
operation points were defined corresponding to inner and outer
layer of the pixel detector. Each front end was tuned individ-
ually for each operational point. After tuning, the equivalent
noise charge (ENC) was measured for each front end as a func-
tion of per pixel current. Figure [6] shows noise for synchronous

front end in orange, linear front end in green and differential
front end in blue. The measurements were done at - 20 C with
a bare chip.
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Figure 6: Measurement of noise as a function of per pixel current for different
analog front end flavors for bare chip.

The same set of measurements were performed with irradi-
ated chips. Multiple irradiation campaigns were performed dur-
ing 2018. The bare irradiated chips which were included in this
measurement were irradiated with x-rays at -20 °C to a total
accumulated dose of 200 Mrad, 300 Mrad and 500 Mrad. The
performance of the front ends after irradiation is shown on Fig-
ure[7} where the different front end flavors are shown separately:
(a) synchronous, (b) linear and (c) differential, green points cor-
respond to measurements of a non-irradiated chip, blue points
represent the measurement with a bare chip which received to-
tal dose of 200 Mrad, black points refer to a measurement of a
bare chip with 300 Mrad total dose received and red points are
showing the measurement from a bare chip with total received
dose of 500 Mrad. The performance of all front end flavors does
not degrade with irradiation up to 500 Mrad, which validates a
critical requirement.
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Figure 7: Measurement of noise as a function of per pixel current for different
analog front end flavors (a) synchronous, (b) linear and (c) differential for bare
chip. Measurement is performed with non irradiated chip, after 200 Mrad, 300
Mrad and 500 Mrad total received dose.
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A requirement for the front end pixel readout chip is oper-
ation at low threshold since at the HL-LHC the sensors of the
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pixel detectors will be thiner than in present detectors. Further-1ss
more, the sensor signal will significantly degrade with radia-
tion. In order to estimate minimal threshold for each front end

a measurement of fraction of noisy pixels as a function of mean
threshold has been performed. All front ends are tuned indi-
vidually and number of pixels with a noise occupancy higheriso
than 1079 hits per bunch crossing is measured as a function of a
mean threshold. The global threshold is lowered and the mea-
surement is repeated. This procedure is highly dependent on
the shape of the threshold distribution. It is assumed that the
threshold distributions are Gaussian. The fraction of noisy pix-
els per analog front end as a function of a mean threshold with
bare chip at -20 °C are shown on Figure [8] for the synchronous
front end with orange points, linear with green and differential
with blue points. The gray horizontal line labels 0.1 % of total
pixels per front end.
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Figure 8: Measurement of fraction of noisy pixels per analog front end as a
function of mean threshold for bare chip.
210

All measurements shown here are with a bare chip. For the
full performance of the RD53A chip additional measurement
with 50x50 um? or 25x100 um? pixels sensors are planed. This
technique will be used to characterize the performance degrada-zs
tion as chips are combined into modules and modules integrated
into serial power chains. This measurement is in progress.

RDS53A tests and results show that the RD53A chip prototype
is a solid baseline for final chip development. The first radia-
tion tests show minimal degradation in analog performance up
to 500 Mrad at cold temperature which is in agreement with
simulation using post rad transistor models. All analog front
ends are fulfilling specifications but all need additional modi-
fications for the final chip. Testing and characterization of the
RD53A chip will continue in parallel with the development of
the final production chip.

4. Conclusion

The future upgrade of the HL-LHC requires a new genera-
tion readout chip for the pixel detectors, which should provide
higher granularities and extraordinary performance in term of
noise, speed, and readout. The new pixel readout chip has to
meet specifications after unprecedented levels of radiation flu-
ence and dose. The RD53 collaboration is a common effort of
experts from ATLAS and CMS communities focused to deliver
a pixel chip satisfying the main specification of both experi-
ments for the HL-LHC. The RD53A, a readout chip prototype
manufactured in a 65 nm CMOS technology, is showing very

promising results. The Shunt-LDO regulator and consequently
the serial powering scheme has proven to be very stable and
reliable in all tests. A new bandgap scheme and some further
safety features are being developed for integration in the final
production chips, which will be submitted in July (ATLAS) and
December (CMS) 2019, to improve reliability and robustness.
The measurement results shown in this paper form a basis for
performance characterization in a serial power system.
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