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Abstract

This paper present an overview of the criteria for choosing
radiation test facilities, the test strategy and procedures,
adopted considering the type of the Accelerator Sector
Equipment, its individual list of required components, as well
as the radiation levels of the area where it will be installed.

I. INTRODUCTION

The radiation environment encountered at high-energy
accelerators differs from the environment relevant for space
applications. The mixed field expected at modern accelerators
is composed of charged and neutral hadrons (protons, pions,
kaons and neutrons), photons, electrons and muons, ranging
from very low (thermal) energies up to the TeV range [1].

This complex field is due to particles generated by
primary particle collisions in the experimental areas,
distributed beam losses around the machine, and the
circulating beam interacting with the residual gas inside the
beam pipe. Electronic components and systems exposed to a
mixed radiation field will experience at once all three
different types of radiation damages: Single Event Effects
(SEEs), damage from Total lonizing Dose (TID) and
Displacement Damage (DD), where in all cases, not only the
particle type, but also the respective energy distribution are to
be considered. One important example of the latter are latch-
up errors (possibly destructive) where in the context of
accelerator environments their cross section can still increase
until energies in the GeV range, especially if high-Z materials
are present near the device's sensitive region [2]. In addition,
for some devices the impact of thermal neutrons is not to be
neglected; and when it comes to dose, pure gamma test
measurements are partly not fully representative.

For the CERN accelerator sector, the control and the
functioning of the Large Hadron Collider (LHC) requires
many systems and equipment partly to be installed in
radiation areas, such as power converters providing up to 13
kA current to the super conducting magnets, safety and
monitoring electronics, actuators for discharging the
superconducting coils, pumps for creating the required
vacuum conditions in the beam pipe, in the magnets, and in
the helium distribution line, cryogenic systems to reach the
temperatures down to a few Kelvin, and many others.
Moreover, depending on the functionality, each system is
replicated 10, 100 or 1000 times along the LHC and its
injections lines, thus amplifying even low failure rates in
terms of their possible impact to the accelerator operation.

Within these constraints, the conception of full custom
solutions down to the component level is often not possible
and must be adopted according to each individual design

limitations, defined by the electrical specifications on the one
side and the harsh radiation environment on the other.
Depending on the latter, in the context of accelerators,
equipment can thus be either a fully commercial system, or a
custom development, based on hardened or qualified
electronic components, or a mix of the two solutions.

Therefore, all exposed electronic systems have to be
qualified for their radiation tolerance. The latter has to include
a failure analysis and an estimation of the respective impact
on accelerator operation. In this context, the device
degradation due to cumulative effects, or its functional
limitations due to single event failures, is not a limitation by
itself, but must be quantified. In terms of respective design
acceptance criteria, the performance degradation must not
prevent the proper use of the component or the system up to
its defined (and qualified) TID and DD targets, as well as the
rate of SEE must remain sufficiently low in order to cause
only a limited (and acceptable) number of stops of the
accelerator, while also keeping as short as possible the
consequent machine downtime.

Combining all accelerator operation, control and
monitoring systems, the R2E project [3] aims for an
accelerator operation with an overall radiation induced
‘Mean-Time Between Failures’ (MTBF) greater than or equal
to one week for nominal, ultimate and later high-luminosity
operation conditions, therefore finally assuming a peak
luminosity of ~5x10%* cm?s? allowing for an annual
integrated luminosity of more than 200 fb™.

In order to keep the overall failure rate under control and
to reach the goal defined by the MTBF target, one requires a
long-term radiation test and qualification strategy trimmed to
the needs of the accelerator radiation environment and its
applications.

After presenting the structure of the R2E project and the
mandate of the RADiation Working Group (RADWG), this
paper will describe the radiation levels in the accelerator
sector, the criteria for choosing radiation test facilities, both
standard facilities as well as a new CERN-based one
(CHARM), the test strategy and procedure, with flow charts
of the radiation tests to be performed, taking into account the
type of the equipment, its individual list of required
components, as well as the radiation levels of the area where
it will be installed. A generic architecture of the electronic
systems used in the accelerator is described highlighting the
critical parts which could be developed as radiation hard
ASICs (Application-specific integrated circuit) for future
applications.

1. R2E PROJECT ORGANIZATION



Figure 1 reports the organization of the R2E project which
was set in 2007. In order to reduce the radiation failures, the
equipment, which is or will be installed in areas where
radiation levels are critical, must be radiation tolerant. The
designers of that equipment participate to the RADWG
meetings [4]. The R2E project advices that at least one
member of each accelerator group has to attend the meeting.
The RadWG provides support to the accelerator sector
equipment groups for the assessment of radiation tolerance of
electronic equipment to be installed in radiation exposed
areas. The RADWG is as a forum for electronic engineers to
discuss common design practices and appropriate radiation
tests, as well as observed radiation induced failures in the
accelerators and their follow-up. The group also coordinates
radiation test campaigns within CERN and at external
facilities. The RADWG assists the R2E Project leader for the
evaluation of the technical aspects of the proposed mitigation
actions with the representatives of the equipment groups, and
is used by the R2E project leader to inform the equipment
groups of the action proposed. The relocation of the
equipment and the shielding of exposed areas are also among
the possible countermeasures to protect electronics against
radiation but are not discussed in this document. The RadWG
furthermore informs about simulated and measured radiation
levels in the various underground areas, delivered by the
Monitoring and Calculations Working Group (MCWG). The
MCWG studies the radiation levels of the LHC and its
injection lines with FLUKA Montecarlo calculations and
collects the on-field data of the monitoring devices (Beam
Loss Monitor, Radiation Monitors, passive dosimeters) to
weekly provide the evolution of the radiation levels during the
operation.
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Figure 1. Organization of the R2E project.

I11. ENVIRONMENT AND RADIATION LEVELS

The variety of radiation source terms present in a particle
accelerator results in a unique radiation field composed of
different particles at various energies which will provoke the
three different types of radiation damage [1]. High Energy
Hadron (HEH, >20 MeV) radiation levels range from a few
10" cm™ (protected, shielded areas) to 10" cm™ (tunnel areas)
per year, corresponding to an annual TID range of 1 rad-100
krad(Si) [1]. In the CERN injection lines, several smaller
particle accelerators which feed the main LHC ring, where
radiation levels up to 100-1000 krad (Si) (with hadron fluence
to 102 cm?) are to be expected at the location of the
electronic equipment. Electronic systems containing only

COTS components, installed in the shielded areas, can already
fail at hadron fluences as low as 10’ cm™; damage to COTS
components, used in custom designed boards, is not negligible
starting from doses of 1-10 krad (Si). Therefore, the LHC
tunnel and its injection lines present radiation levels induced
by a hadron fluence ranging from a few 10’ to 10" cm™
Figure 2 reports the range values in terms of HEH fluences,
TID, and 1MeV neutron equivalent, considering the ratio
among those quantities provided by means of the FLUKA
Monte-Carlo calculations.
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Figure 2. LHC and injection lines radiation levels. The typical values
of radiation levels at sea level (New York), avionic altitudes and
international space station are also indicated.

IV. TEST FACILITIES CHOICE

Several areas close to the accelerator tunnel and partly not
sufficiently shielded, are equipped with commercial or COTS
based systems which are mostly affected by the risk of SEEs,
whereas electronics installed in the accelerator tunnel, based
on custom design, will in the long-term also suffer from
additional cumulated damage (TID and DD, Figure 2). On this
basis, all three types of radiation effects must be considered
for testing although they will not impact in the same way the
electronic systems. The radiation tolerance of electronic
devices can be estimated by using different particle types.
Protons are able to trigger all three types of radiation effects
but create synergistic effects among SEE induced failures and
total dose and displacement damage. Neutrons at ~1 MeV are
used to test the robustness to displacement damage; neutrons
at high-energy are exploited to study the SEE without creating
total dose effect. Gamma irradiations are conceived to
characterize the TID of the DUT (Device Under Test) without
creating any displacement damage. Two, partly parallel,
strategies can be pursued:

- The first one consists in selecting and using external
facilities which are recognized by the radiation community:
e.g., a) the Paul Scherrer Institute (PSI) providing a
monochromatic proton beam, b) the Centre Energie
Atomique (CEA) providing a neutron environment at ~1
MeV, c) Fraunhofer INT institute offering a ®°Co or
neutron source, d) the European Space Agency (ESA)
offering a ®Co source and several others. In addition,
specific facilities, such as the PTB (Physikalisch-
Technische Bundensanstalt), the Nuclear Research Institute
(NRI in Rez), and the nuclear reactor in Kijeller can be
exploited for calibration purposes. (e.g., for the Radiation
Monitor project).

- The second strategy aims at building a mixed radiation
facility capable of reproducing the representative



accelerator environments (e.g., of both the shielded and
tunnel areas). In the past, two test areas, CNRAD and
H4IRRAD, have been used for this purpose, although their
operation was not fully optimized for radiation testing
(limited availability, intensity, etc.). On the basis of this
experience, a dedicated new radiation facility (CHARM)
has been built [5].

A collection of the available test facilities is available on

the RADWG website [4].
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Figure 3: Timeline of a new electronic accelerator system
development where radiation test is a dedicated phase of this process.

V. TEST AND QUALIFICATION STRATEGY

The test of the components and/or the system is part of a
process with defined phases which starts with the definition of
the requirements of a given project (Figure 3). Once the
designers will specify the type of systems to be used and its
components, the radiation effects to be considered are
analysed by knowing the environment, which depends on the
installation area. The test strategy will then strongly depend
on the radiation environment and the complexity of the
electronic system to be qualified. The LHC equipment and its
subsystems can be classified in two main categories:

- fully commercial system, here referred to as COTS
system;
- custom electronic systems based on COTS components.

In order to define the test strategy and the requirements, first
the location of the equipment is to be considered. We can
distinguish the following areas where one usually can find
electronic systems:
- Accelerator tunnel areas
0 LHC areas close to experiments (e.g., inner triplets)
or areas with high losses (e.g., collimation areas):
very high radiation levels generally excluding the
installation of electronic systems
0 LHC Dispressor/suppressor (DS): tunnel area with
higher radiation doses
0 LHC ARC: tunnel area with lower doses
o Injectors: wusually higher radiation doses, partly
excluding the installation of electronic devices
- Shielded areas
o Critical zones (areas with annual fluences above 10°
n/cm?)
o Safe zones.

Radiation hardened devices as used in space or military
applications are evidently advisable for custom solution, but
are used only in a limited amount due to component costs and
the additional limitation that they do not always offer the
electrical performance required for an individual application.
Therefore, keeping in mind the target radiation levels and the
fact that repair interventions are not impossible but only have
to be limited in terms of time and number, the use of radiation
hardened parts is limited for the actual designs. In terms of
radiation tolerance required for individual applications,
starting from the radiation levels, one obtains for each
application a list of locations and corresponding radiation
levels for TID, DD and HEH. To this, depending on the
location and the component or equipment type, one must take
certain safety margins into account:
i. the uncertainty of the radiation levels (if not known by
measurements; x2),
ii. the low dose rate effects (x3, to be considered only for
bipolar devices),
iii. the traceability of the components (x3, absence of lot
codes or respective characterization).

The last two parameters only apply for the calculation of the
TID levels in the tunnel for the test of COTS components,
whose traceability and quality assurance strategy will be
described later.

In order to obtain an estimate for the expected global failure
rate, the equipment group needs also to specify the number of
exposed systems/components. This collected information can
then either be used to estimate the failure rate and life-time
based on radiation test results, or determines the target levels
required for radiation tests.

Based on the radiation levels already present at CERN
accelerators and those expected for future operation, it can be
concluded that:

- commercial systems: are ideally tested in order to allow
for an estimate of the global failure rate and can only be
installed in shielded and relatively low radiation areas,
provided that mitigation measures (e.g., remote reset)
reduce the impact on accelerator operation and that they
are not linked to safety systems

- COTS based systems can be installed in tunnel areas but
require a respective radiation tolerant design and
dedicated radiation test program. Depending on the
details taken into account during the qualification process
(e.g., lot testing) more or less safety factors have to be
applied

- systems based on hardened electronic components shall
be considered for the most exposed location (in case these
cannot be avoided).

Based upon this general framework, we describe the CERN
test strategy and requirements per installation area and per
type of equipment by indicating the goal of the test, the
modality, the suggested facilities, and the consequent follow-
up actions to be taken on the basis of the collected fault
scenarios.

V1. SHIELDED AND LOW-RADIATION AREAS (<1O9
HEH/cM?/Y)

TID and the DD are not a concern for the equipment
installed in the shielded areas where the SEEs remain the



unique source of radiation effects. The difference between
safe and critical areas depends on the level of cumulated high-
energy hadrons. We recall that radiation tests are not required
for areas where the annual cumulated high-energy hadrons
fluence is lower than 10° n/cm?.

A. COTS system

COTS systems are fully commercial devices. Among
others, we can find an Uninterruptable Power Supply (UPS), a
commercial solution to monitor the voltage distribution of the
area, fire detectors with its central unit, PLC stations of
different branches, and so far so forth. The traceability of this
equipment is difficult. The products are purchased from
external companies and there is no control of the single
components whose reference can even change from one
system to another. The main phases of the project
development and the respective radiation test period are
shown in Figure 4. It is important to note that depending on the
annual radiation levels, as well as the failure impact of the
system, each installation case must be evaluated individually
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Figure 4: Design, Test and Procurement phases for a COTS system
used in low radiation areas.

In this case it is required to qualify the entire system for
their overall SEE vulnerability only. The test aims at finding
an indicative cross section for soft SEEs and verifying if
destructive events can occur. Those types of systems can only
be tested in CERN test areas where big volumes can be
placed. Although the system is almost a black box for the
equipment owner, the survey of the total current consumption
and the monitoring and logging of accessible analogue test
points or digital data are required during the radiation test.
The evaluation of the cross section for the different types of
soft SEEs and the knowledge of the expected radiation levels
provide a good indication if the system failure rate is
acceptable in terms of MTBF. Should the failure rate not be
acceptable, mitigation techniques at the system level, such as
the implementation of automatic resets, software fault
diagnostics, use of redundant subsystems, are to be put in
place.

As far as hard single events are concerned, the evaluation
of the cross section is usually not possible for such partly
large and complex systems, especially if only one or two units
were tested. If observed, the study of a mitigation technique is
performed to verify if the destructive event can be intercepted
and controlled. If this study does not provide a robust
solution, either an overall equipment redundancy is to be

considered, or the failure can be accepted in case the
equipment responsible prepares a strategy to promptly replace
the defective unit in case of a destructive SEE (without major
impact on accelerator operation).

B. Custom systems based on COTS components

Custom systems are electronic boards, devoted to control
actuators, acquire signals, manage power converters, which
have been designed by CERN engineers based on COTS
components. Those systems are not black boxes for the
equipment responsible who masters both the design and the
component choice. Conversely to the case of COTS system,
individual electronic boards are to be considered for the
testing. Whenever it is possible, the designer uses
components, which have already been tested or qualified.
However, in this case the test of the single parts and the lot
traceability against SEESs is not required because the radiation
levels are sufficiently low. Thus, we do not apply the
corresponding safety margin on the lot to calculate the
required radiation tolerance criteria. The R2E strategy
recommends at least a SEE test of the boards to investigate on
SETs and quantify soft and hard SEE cross sections at the
defined radiation tolerant levels (see Figure 5). The radiation
test can be performed either at a CERN test area or at PSI. For
the latter case, if the board is larger than a circle of 5 cm
diameter, a scan, and thus multiple runs are required to
irradiate all the components. The current consumption of the
board and other analogue test points, which can suffer SETs
potentially harmful for the board, are to be monitored and all
numeric data of digital components are to be checked.
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Figure 5: Design, test and procurement phases for custom board with
COTS components used in low radiation areas.

The respective evaluation of the cross section for the different
types of SEEs and the knowledge of the expected radiation
levels indicate if the system failure rate is acceptable in terms
of MTBF. Should the failure rate not be acceptable, mitigation
techniques can be applied at design level for individual
components, such as replacement of sensitive parts, the use of
filters for SETs, or at system level, such as the
implementation of automatic resets, software fault
diagnostics, or the use of redundant subsystems. As far as
hard single events are concerned, the evaluation of the cross



section can be done if an active current consumption monitor
is put in place during the test. The mitigation techniques can
be applied at component level if the sensitive part is
individuated or at board level by using an anti-latchup system.
The latter anti-latchup circuit can then be also considered as
final mean of mitigation, depending on the eventual
application case. As an ultimate option the redundancy of the
board can be considered. Table 1 summarizes the radiation
test facilities, test modalities, and the possible mitigation
actions for systems installed in shielded areas.

VII. TUNNEL AND HIGH-RADIATION AREAS (>109
HEH/cM?/y)

In this case all three types of radiation effects are to be
considered for the installed equipment. The CERN injector
areas, as well as the LHC DS zones impose a more severe
limit on the TID and DD radiation tolerant criterions. In those
areas, the installation of the equipment is allowed only when
electrical and functional constraints make it necessary, i.e. no
other reasonable installation solution can be found in more
protected areas. The use of fully commercial system is not
anymore allowed because of their possible high sensitivity
and their traceability and qualification constraints; moreover
their internal design is often not known.

Table 1: Summary of the test type, facilities, test modality and
mitigation actions for systems of the shielded areas.

Location System | Test Facility | How MiFigation
type type actions
Test points
for SET
CERN Current System
g/(s)t-:; ; SEE | test consumption | Software
area SEE on | Redundancy
numeric
Shielded data
area Test points | Component
CERN for SET Board
Custom test Current design
on SEE | area consumption | Firmware
COTS SEE on | Software
PSI numeric Redundancy
data

All custom developed systems must be radiation tested,;
moreover, the traceability and the qualification of the lots of
the critical components are required, or respective safety
margins are to be taken. The process of design, test and
procurement is depicted in Figure 6. The ideal test process
foresees a component screening test, the lot qualification after
the component purchase and then an additional verification of
the entire board/system with the chosen components. The
component selection is a phase of the system design and
depends on the project specifications. Apart a few exceptions,
the design of a system can go in parallel with the screening
tests, the purchase of the components lots and their
qualification. Finally a prototype board is produced, populated
with the qualified components, and tested for production
acceptance, to be followed by the verification of the latter.
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Figure 6: Flow chart of the test strategy for custom boards based on
COTS components.

The lot qualification demands a significant amount of work
and requires a defined time schedule, which might sometimes
not fit within the overall available time planning of a new
installation (often driven by accelerator requirements and
available shut-down periods). In such cases, the management
can decide to proceed with the production and installation of
the boards whose components were selected on the basis of
radiation screening tests but do not belong to a qualified lot.
Since this is a scenario which CERN faced and might also
face in the future, two general strategies (discussed in the
following sub-sections) are defined to assure the radiation
tolerance of custom equipment. Only the first one foresees the
lot qualification of the critical components.

The definition of a “lot” for COTS components is not trivial.
The components are often bought through vendors who
collect the components from different foundries or assembly
factories. Among the accelerator electronic groups, it was
agreed to try as much as possible contacting vendors in order
to get the samples from the same foundry (e.g., through
combined purchases). However, that is not always feasible
since the number of parts required for the accelerator projects
is often not sufficiently high to justify a dedicated production
follow-up. However, to a certain extend one can rely on the
assumption that COTS samples belong to the same lot when
they have the same imprinting on the chip as well as the same
production date. That definition is often used for accelerator
applications although there is no absolute guarantee that all
the samples will have the same internal design; that risk can
be accepted depending on the component importance and
failure consequence in the design.

Saying this, it is useful to clarify also the definition of a
“critical component”. A component is critical if:

- the main functionalities of the board depend on it

- it can potentially suffer or trigger destructive events

- the performance degradation due to radiation cumulative
effects makes it useless for the application.



Those definitions are generic and the list of components of a
custom board to be considered as ‘critical’ needs to be
decided upon a dedicated analysis.

In the following we briefly describe the two general test
strategies and, then, guidelines will be given on the radiation
test methods of the components against TID, DD, and soft and
hard SEE, high-lightening the facilities which can be
exploited for each type of the test.

A. Test strategy with lot validation

The first strategy to select a COTS component for a
custom developed board is sketched in Figure 7.

‘ Use the
QO components in
‘ other projects

Figure 7: COTS components (to be used in high-radiation areas)
selection process with (left) and without (right) the screening phase.

This method is applied when there is the necessity to
evaluate different candidates for the same type of the required
component (ADC, DAC, differential amplifier, or voltage
regulator). The candidates fulfilling the electrical and
functional requirements of the application, which they are
chosen for, are tested against radiation to determine the best
choice. In this case, the best radiation test facility is the one
which allows the test of all three types of radiation effects (in
a representative way), thus

- PSI, where the test can be done in short time, although
ELDRS, which can be an issue for bipolar devices, is then
not taken into account and also safety margins for the
maximum beam energy have to be taken into account for
destructive effects.

- CERN mixed-beam test facility is usually a very good
and efficient alternative.

If only TID is a concern for the device under test, then a
%9Co source can be used. The DD test is used as a screening
test only if the device under test has to work until relatively
high fluences (>1x10® n/cm?®) or is known to be very
sensitive to non-ionizing damage (e.g., optical components).
Concerning destructive single events, Section VIII will give
the details of the applied strategy. The final facility and test
choice is then to be confirmed by the CERN radiation test
expert on a case-by-case study depending also on the
contingency plan of each individual project (Table 2). Once a
component candidate has been chosen, a quantity of parts is
bought to fulfil the requirement of the project at long term
(including spare parts). If possible, the manufacturer will be
asked to provide the samples from the same lot, according to
the definition we have provided. The number of samples to be
tested for each lot has to be between 5 and 10. The lot should
ideally be tested in the same facility where the screening test
was performed. If the SEE test is not possible because of

time-line constraints, the lot must be qualified against TID.

Table 2: Screening tests and facility option summary.

Facility Features Comments
Fast test
Proton PSI TID, DD, No ELDRS
SEE h
(bipolar)
Individual
Mixed TID, DD, components,
field CERN SEE Batch screening,
System tests
0cg ESA,
source Fraunhofer, TID ELDRS option
CERN (>=2015)
1 MeV Recommended if
neutron CEA DD ® >1x10" n/cm?

The respective risk is acceptable since the literature shows
that SEE vulnerability does not change that much from lot to
lot. If a TID test at low dose rate (100-400 rad/h) is to be
performed, then a dedicated *°Co source at Fraunhofer INT or
at ESA (and in the near future also at CERN) can be used.

For urgent projects, the above strategy can be simplified,
without any impact on the final quality, but still allowing to
avoiding the screening test (Figure 7 right). However, the
required component is then purchased immediately for the full
required quantity, thus ideally only when (i) a good
component candidate already exists and was already tested
for, or (ii) the component is not that expensive and also used
in other projects of the groups at CERN. Then, the same test
criteria as for the previous case are applied.

B. Test strategy without lot validation

Tight time schedules or emergency upgrades sometimes
do not allow for a proper selection of the COTS components
followed by a detailed lot qualification. In these cases, the
designer tries to use components which have been already
tested for and whose behaviour under radiation is known.
Whenever that is not possible and a new unknown component
is used, a radiation test is to be foreseen for each of the most
critical components and/or for the entire board. The flow chart
of the process is the same as in Figure 5. As far as the test of
the single component is concerned, the same criteria described
in the previous subsection (A) apply. This then has to be
validated by a verification of the entire board once produced
(see test criteria of Section VI-B), however including TID and
DD effects, as well as ideally a larger random sample in order
to compensate for possible lot variations, if not traced during
the production process. The CERN R2E strategy foresees as
such a series of tests of individual random boards to qualify
for SETs and determine soft and hard SEE cross section at the
defined radiation tolerant levels, as well as the TID and DD
limits, either by including a larger random sample or by
applying required safety margins. In this case radiation tests
can be done preferably in a CERN test facility (allowing to
test a larger set of boards at the same time) or also at PSI. For
the latter, if the board is larger than a circle of 5 cm diameter,
a scan, and thus multiple runs, is required to irradiate all the
components. The current consumption of the board and other
analogue test points are to be monitored in detail. The
numeric data of digital components are to be checked in a
continuous way. The evaluation of the TID and DD limits will
indicate if the board can stand the radiation levels at which it



will be exposed; the calculation of the cross section for the
different types of soft SEE and the knowledge of the expected
radiation levels will determine if the system failure rate is
acceptable in terms of MTBF. Should the failure rate not be
acceptable, or the TID, DD limits be lower than the radiation
acceptance criteria, then the critical components must be
replaced with better candidates. In addition, mitigation
techniques can be applied at design level, such as filters for
SET, drift correction; or at system levels, such as the
implementation of automatic resets, software fault diagnostics
and correction, or the use of redundant subsystems. As far as
hard single events are concerned, the evaluation of the cross
section can be done if an active current consumption monitor
is put in place during the test. A respective mitigation
technique can then be applied at component level if the
sensitive part is individuated or at board level by using an
anti-latchup system. As an ultimate option the redundancy of
the board can be considered.

VIIl. BAsIC GUIDELINES

In the following sub-sections, more details are given on
the guidelines for the component test, which can also be
adopted for the test of custom boards. In particular, specific
considerations will be added for the test of the destructive
single events.

A. TID and DD testing

Total ionizing dose affects almost all types of components
and must be carefully considered for the qualification of
components that will be used in accelerator tunnels. The TID
test requires following the main parameters of a component
during the test in an on-line mode, by means of a continuous
acquisition during the run, or in off-line mode by performing
the measurements at intermediated dose steps (with shortest
possible annealing times). It is advised to power the
component and to bias it as it will be used in the real
application. Measurements in a different bias mode can be
done to better understand the behaviour of the DUT at
intermediate dose steps. If the real application case is not
known, the test must aim at figuring out the DUT
characteristics as a function of the dose. The main parameters
indicated in the datasheet are to be checked. In this case, the
test can get longer and more complicated as more setups are
to be foreseen. Only as a last option the DUT can be tested in
passive mode without the powering and the bias; however this
test mode is not advised for most applications and component
types. For comparison purposes, the parallel test of a chip
which is not irradiated and checked as a reference is strongly
recommended. In addition, often a careful temperature
logging is required as it can provide valuable input for the
final data analysis. An available test standard [6] requires
checking the components after irradiation to verify if the
observed effects are stable in time or if annealing effects
occur. This is especially important as the average dose rate in
accelerator tunnels is usually relatively low and unpractical to
be tested for. Therefore, a dose rate range 100-360 rad/h
(ESCC22900 [7]) is usually chosen for bipolar components as
a trade-off for testing of low dose rate effects in a reasonable
time. CMOS components can be tested at higher dose rate
which is considered a worst case condition for this

technology. TID test for CERN equipment are usually
performed at:

- the ®°Co source at Fraunhofer INT or ESA/ESTEC and in
the future also at CERN: this allows for lot validation of
components which are known to be immune to
destructive events and displacement damage, as well as
optional low dose rate tests.

- Proton beam at PSI: DUTs will also suffer DD and any
destructive single event can stop the test. Synergetic
effects can thus occur, but often also provide a more
global picture of the device under test. However, low
dose rate tests are not possible and available beam
dimensions do not allow for testing many DUTs at the
same time.

- CERN mixed-beam test areas: here tests can be carried
out in representative environments and — if required- also
at sufficiently low dose rates in order to account for
ELDRS. Synergetic effects of DD and destructive SEE
have to be accounted for.

For most of the CERN accelerator radiation environments
and applications, displacement damage can be considered as a
second order problem when compared to the TID effects for
two main reasons: the DD only affects a specific category of
components (optical components, Zener and integrated
bipolar circuits); in addition, in many accelerator areas of
concern the expected levels of 1-MeV-equivalent neutron
fluence are not that high (<5x10™ n/cm?ly) to induce
significant damage to the components. In addition, 1 MeV
conversion tables for proton tests and also the mixed-beam
environment are available and are often sufficient to
characterize the DD behaviour alongside the TID tests when
performed in proton or mixed-field facilities. It is important to
note that the equivalence also depends on the material and is
given for Si generally. DD tests can be conducted with bias or
in passive mode. As for the TID case, it is advised either to
test the device at intermediated fluence levels in bias
conditions close to the real application or to verify all generic
parameters of the DUT. The flux at which the irradiation is
carried out does not play a significant role as DD effects are
generally stable along time. The test facilities usually used in
the CERN accelerator context are:

- CEA, nuclear reactor: allowing for an almost pure DD
test since only very low TID levels will be accumulated
along the test. The facility is usually used either (i) to
specifically check for DD effects on optical and other
sensitive devices, or (ii) to reach relatively high fluences
(~1x10™ n/cm2) in the order of one day

- The neutron gun of the Fraunhofer institute, especially
indicated for small components and intermediate fluence
range (<10* cm?)

- Proton beam at PSI: It is important to note that synergetic
effects of TID can occur. In this sense, the test is more
representative for the final accelerator application where
also both effects are present at the same time. The
equivalence of the proton fluence in 1 MeV-equivalent
neutron fluence depends on the used proton energy and
on the material substrate of the DUT. As previously noted
for SEE and TID testing, beam dimension limitations do
not allow for testing many DUTS at the same time.



-CERN mixed beam test area: as for the PSI case,
synergetic effects of TID can occur. However, as
representative fields of the final application are used, test
results are fully appropriate for the final installation.

B. SEE testing

SEE is a common name to refer to a large category of

stochastic radiation effects on electronics due to single-
particle interactions. Here we focus on the distinction
between soft and hard or permanent single events.
Soft single events can happen on digital devices (upset of a
memory or register bit) or analogue devices (transients on an
amplifier output) or mixed signal devices such as ADCs or
DACs. SEFlIs, single functional interrupts possibly freezing
the component operation, form a border case of the category
of the soft single events. All those effects are non-destructive
and respective SEE testing requires reading the numeric data
of the DUT, checking for data coherence, eventually rewriting
the data after a failure is observed or making a power cycle
after a SEFI, finally counting the number of failures.
Respective radiation tests can be either static (e.g., fixed
register data until an upset occurs) or dynamic (e.g.,
continuous read/write operation on numeric registers). In
many cases a tester board, based on a FPGA or
microcontroller is used to control the test. Concerning the
SET, which is an analogue transient, it can be either detected
via a dedicated hardware circuit and then counted for, or
transmitted along a cable to acquire its shape on a scope.
These few general lines are intended to illustrate that the setup
for SEE tests can easily get complicated also imposing cable
length constraints, as the maximum distance between the
DUT and the tester or the scope often has to be limited in
order to conserve the signal integrity and assure the
correctness of the test. For direct monitoring during
accelerator operation, or tests in large mixed-beam facilities,
this has to be correctly accounted for. Since soft SEUs are due
to the flux of high-energy hadronic particles, the actual
radiation flux is a very important parameter to set in order to
have an error rate which can be monitored and allow to
correctly counting the events. In addition, also the
representativeness of the radiation environment (e.g. the
energy of the hadrons) has to be considered (for SEUs in a
limited amount, but possibly important for calibration
applications which have to consider also the contribution of
hadrons at energies between few MeV and tens of MeV). Soft
SEU tests for accelerator applications are usually performed
at:

- PSI (proton beam): monochromatic beam from 30 to 230
MeV; generally the beam energy of 230 MeV is used; the
irradiation flux can be accurately regulated, however not
lower than ~10” cm™s™; synergetic effects of TID and DD
have to be considered, but are often of advantage as also
representative for accelerator applications. Specific tester
boards can be installed close to the DUT and scanning
can allow compensating for limited beam dimension
which do not permit testing of many DUTSs at the same
time.

- CERN mixed-beam test area: the radiation field is not
monochromatic but representative of the accelerator
areas; the radiation field and flux can be regulated by

choosing the installation position; synergetic effects of
TID and DD have to be considered, but are often of
advantage as also representative for accelerator
applications; specific tester boards have to be used in the
facility, considering that not only DUTs but also the
directly surrounding components are exposed to radiation.

- Neutron beam facilities (e.g., at Uppsala): this test avoids
having synergetic TID effects. The flux can be regulated
but the beam is not monochromatic (distributed or white
spectrum with lower high energy tail as applicable to
accelerator applications).

Special care must be taken when analysing hard or
permanent single events radiation failures as they can lead to
device damage if the cause which provoked them, is not
removed in due time (e.g., a power switch can be affected by
a Single Event Burnout, or a mixed signal device as an ADC
can suffer a Single Event Latchup). Without going into the
details of the mechanism, in both cases, a current higher than
in normal condition, passes through the device and can lead to
a possible damage. Therefore, protection methods are required
to limit the current and save the device in order to continue
the test and cumulate the necessary statistics. Moreover,
during the test all critical parameters of the DUT must be
checked to verify if the occurrence of a hard single event did
not compromise its overall and representative functionality. In
addition, if there is no protection method applied or possible,
then a significant quantity of DUTSs has to be tested. As for
soft SEEs, the hadron flux must be regulated in order to be
able to count the events in a significant way (i.e. reset cycles
and downtime have to be short as compared to failure
periods). The setup might also require a scope to acquire the
current shape when the event occurs in order to carefully
analyse the impact on the system level (e.g., accelerator
control). The choice of the facility for testing hard single
events is not easy as accelerator environments are
characterized by the presence of high-energy hadrons up to
several GeVs and there is no mono-energetic test facility
easily and sufficiently available providing such high energies.
In a mixed beam and high-energetic hadron environment,
destructive events are caused by the secondary recoil products
created by the impinging particle on the material used within
the DUT. The production probability and the LET of the
recoil depend on the energy of the impinging particle and on
the atomic number of the DUT material. As a rule of thumb,
the higher the atomic number of the material, the higher the
maximum recoil LET can be with the production probability
largely increasing for heavy elements as a function of the
impinging beam energy. E.g., if one considers Tungsten of the
metallization layer and the vias of the integrated circuit,
which is the material with the highest atomic number among
the ones used, the recoil can have an LET of up to 40
MeV.cm?/mg. In case mono-energetic facilities (e.g., PSI) are
to be used, a safety margin on the target fluence has to be
taken into account, in order not to under-test the device,
ranging from a few up to more than 10 (depending on the
radiation hardness of the application location) [2], [8]. This
consideration and the respective safety margin are also to be
considered for the characterization of soft single event cross
section of critical devices. The criteria to apply the safety
factor are reported in [8] for three cases:



I. alow LET onset case (for which the tungsten volume
is irrelevant)

1. a high LET onset example with 0.5 mm3 of tungsten
per cell, using a simulated cross section of a COTS
SRAM

I11. a simulated, worst-case, tungsten-dominated response,
taking the geometry of the SRAM of case (Il) while
considering 10 times more tungsten per cell and a step-
function heavy ion cross section with a threshold value
of 20 MeV.cm2/mg and therefore above what can be
produced in silicon

In order to evaluate the impact of the specific energy
dependence on the estimated SEL rate value for a given
operation environment, we fold the response functions of the
above three cases with the HEH energy spectra of different
environments. The respective failure rates per unit HEH
fluence are presented in Table 3 for the different
environments, normalized to the 100 MeV proton value.

Table 3. Expected failure rate for different responses and
environments normalized to the 100 MeV case. Marked in bold are
environments for which the respective cross sections are at least 3
times larger that at 100 MeV. For these cases, the increase with
respect to the 230 MeV case is also shown in brackets [8].

Environment Casel | Casell | Caselll
230 MeV 1.8 2.8 3.4 (1.0)

LHC- high Shielding 0.7 0.8 0.9

Polar Orbit 0.9 1.6 2.5
Atm 375m 1.0 2.1 3.3(1.0)
LHC Low Shielding 1.3 5.2(1.9) | 9.7 (2.8)
LHC tunnel 15 9.6 (3.4) | 20(5.8)
Atm 20 km 1.2 10 (3.6) | 23(6.7)
LHC Exp 1.6 18 (6.3) | 40(12)

As can be seen in Table 3, for Case | (low LET onset,
saturated proton cross section example) the failure rate for all
environments is within a factor 2 of the 100 MeV value,
which can therefore be considered as representative for them.
However, for Cases Il and Il (tungsten driven, saturating at
13 GeV), the dependence of the SEL rate with the
environment is very strong. For cases with tungsten present
near the SV and high LET onset values, the differences are
significant (e.g. the LHC tunnel cross section for the Case Il
model is a factor 3-4 larger than that at 230 MeV). The failure
rate is underestimated by a factor ~20 if one considers the 100
MeV cross section for a component with a response of the
type of Case Il used in an LHC tunnel or atmospheric 20 km
altitude environment. Even considering the 230 MeV mono-
energetic response, the operational SEL rate could be 6-7
times larger than the one extracted experimentally, which
depending on the application can lead to crucial limitations.
Therefore, the representativeness and corresponding safety
margins to be applied for each case need to be carefully
considered.

However, radiation tests can be carried out without taking
these important (and possibly costly) safety margins if
performed in a CERN test area where the detailed accelerator
environment is correctly reproduced. Alternatively, an
optional or additional heavy ion test can be performed in
order to analyse the threshold LET. This allows for a partial
answer; if the DUT shows a threshold larger than 40

MeV.cm?mg, then it can be safely used for accelerator
applications. Conversely, if the threshold LET turns to be
lower than 40 MeV.cm?/mg, it means that destructive failures
can happen with a rate which is difficult to evaluate as it is not
trivial to translate a heavy ion cross section into a hadron
cross section without applying again significant safety
margins.
In summary, the radiation test facilities that can be used in
these cases are:
- CERN mixed beam test facility: as it reproduces exactly
the accelerator radiation spectra
- Proton beam at PSI: one possibly underestimates the risk
of destructive events unless a proper safety margin is
applied on the target proton fluence (Table 3).
- Optional or additional heavy-ion tests in order to decide
on a possible usability of a component candidate.

Table 4 provides a brief overview of the radiation effects,
test facilities and methodologies for COTS components and
COTS based boards used for accelerator applications in
relatively high radiation areas. Furthermore guidelines and
standards from the space community can be consulted: a list is
provided in Figure 8 and the on-line links are available at [9].

ESCC 229004 X

X

MIL-STD 883J X
Method 1019.9
MIL-STD 883J
Method 1017.3 Neutrons

EIA JESD57 Heavy ions

Neutrons

MIL-STD 7501 MOSFETS
Method 1080.1 Heavy ions

ESCC
MIL-STD US Military Standard
EIA-JESD Electronic industries Association / JEDEC Standard

European Space Component Coordination

JEDEC Joint Electron Device Engineering Council

Figure 8. List of test standards used by the space community.

IX. TYPICAL ARCHITECTURE OF THE ACCELERATOR
EQUIPMENT

Figure 9 reports the list of the accelerator groups which
develop radiation tolerant equipment. The column System
indicates if the equipment is entirely designed at CERN
(Custom) or partially uses commercial solutions (Semi-
Custom). Most of the applications are based on COTS
components and only a few groups use in their designs
radiation hard devices, developed by the Microelectronic
group of the Physics (PH) department at CERN. Medium and
high power components are especially used for the power
converters and the kicker magnets applications. The other
groups use analogue, digital or mixed devices to have
equipment which is able to read external sensors and inputs,
threat the signals, and execute commands by means of
actuators.



Table 4:

Summary of the test type, facilities, test modality and
mitigation actions for COTS components and COTS based boards

used in high-radiation accelerator areas.

Test Facility How Mltlgatlon
actions
Test points for Filter
SET TMR
CERN test area De-Rating
Current
SEE PSI : (Power
Heavy lon consumptlon_ switches)
SEE on numeric -
data Anti-latchup
Redundancy
Fraunhofer Test points for Foresee the
ESTEC drift checking -
TID drift effect at
CERN Co-60 and parameter desian stage
PSI degradation g g
Test points for
CEA, drift and Foresee the
DD drift effect at
Fraunhofer parameter desian stage
degradation 9 9

Devices
e components
Team Activity SO
igita
Analoy Power
% Mixed
TE/MPE Qs x _ coTS
TE/EPC Power Converter x % x _ COoTS
TE/CRG Cryogenics x _ COTS/Rad hard
BE/ABT Interlock and Kicker x x X - COTS
EN/STI Radiation Monitor _ COTS
BE/BI Bears instrumentation % P I corsmad e
BE/RF RF Cavities % X _ COTS
BE/CO Control equipment x x - COTS
EN/MEF Survey - CoTS
TE/VSC Vacuum equipment % % - COTS
) IT tools [Semicisom)  cots
ENJEL Light, LED x | Semi-Custom coTs
GS/ASE Safety, Alarms x x _ COTS

EN/STI Radiation test activities x x X .
Figure 9. List of the Accelerator groups developing radiation tolerant

equipment.

A typical board of a radiation tolerant equipment installed in
the LHC tunnel (e.g. power converter controller, Quench
Protection System cards, beam screen heaters, RadMon), is
based on the architecture depicted in Figure 10. The block
diagram, extremely simplified with respect to the real
implementation, aims at showing the parts which are common
to several designs. The FPGA is the core unit which manages
the analogue and digital inputs, the other peripherals, the
outputs, the signal processing and the communication with the
high level front-end via a field bus. Analog to Digital (AD)
and/or Digital-to-Analog (DA) converters are used to acquire
signals from sensors and send analogue waveforms to
actuators. In many cases, multiple inputs and outputs signals
are to be managed, requiring the use of multiplexer and
analogue switches. Depending on the dynamic range of the
input/output signals, amplifiers are integrated. Each system
uses about 50-200 number of digital 1/0. For a few
applications, optical transceivers are used to treat high rate
data from optical fibres. Furthermore Flash and RAM
memories are used to store fix configurations and buffer data,
respectively.

Making this typical board radiation tolerant requires a
significant amount of testing if COTS components are used.
As explained above, several candidates are to be tested in

order to choose a good candidate; then a batch of component
is acquired and qualified.

q | [Mg!tiflex

— .  Field Bﬁs -
Figure 10. Architecture of typical accelerator equipment.

Although each application has its own peculiarities and
requires specific electrical performance for a given
component, there are several parts which are common to
different projects and are reported in Figure 11. The
Intellectual Property (IP) of functionalities very similar to
those in Figure 11 exist and can be implemented with
radiation hard library of semiconductor fabrication facilities.
Although the rad-hard single ASIC is more expensive than an
equivalent COTS part, proposed by the manufacturers for
large markets, the price can still be competitive if an ASIC is
used by several groups and a volume of 1000-5000 units is
required. Furthermore, the accelerator applications require
neither special packaging, nor the qualification of the part
over large temperature range and against mechanical
vibrations, as it happens for the space projects. On this basis,
implementing the required commune functionalities with
radiation hard ASICs could be an option to be considered for
future developments and design.

X. CONCLUSIONS

This paper described the test strategy and procedures to be
applied for the radiation qualification of the equipment
installed in the LHC and its injectors. The type of equipment,
its location, the actual impact of radiation induced failures on
the overall accelerator operation are considered to drive the
most convenient and appropriate radiation assurance. The
radiation environment encountered at CERN accelerators, the
large number of electronic systems and components, as well
as the actual impact of radiation induced failures on the
overall accelerator operation, strongly differ from the
environment and systems usually relevant for space
applications. Additional constraints, but in some cases also
simplifications, which have to and can be considered with
respect to the test and monitoring standards, have been
respectively summarized. To date, most of the accelerator
applications rely on COTS devices; however, there are a few
functionalities, needed and critical for the single application,
such as AD converters, optical transceivers, or analogue
switches, which are very demanding in terms of electrical
performance. Thus only a few (and in some cases just one)
candidates can be chosen from the COTS market; furthermore
this selected device must be radiation tolerant. Up to now it
was always possible to find a good solution but in the future it
can be considered to implement the critical functionalities,



which are in common to several applications, in order to have
a significant volume of unit, in radiation hard ASIC.

» 18-24 bit resolution, Sampling rate 10-50 kSps
» 16-18 bit resolution, Sampling rate 50-200 kSps
* 14-16 bit, Sampling rate 60 MSps

ADC

+ 12-16 bit resolution

DAC + 10V range
Sigmal = « FIR filter
1gnal process e Median fiter
MUX * Multiple channels for AD/DA

» ADC, DAC (if not embedded)
» Field bus

» Optical transceivers

» Serial ports

Peripheral Management

ULA

* Programmable logic
* 100 to 200
» LVDS drivers

+ SERDES input for optical transceivers (2.4 Gh/s-5 Gh/s)
« No SEL (> 40 MeV.em? /mg)

» No SEFI on the reading/writing circuitry

» Limited TID effect

+ Sensitive to SEU to measure hadron fluence

1/0

SRAM

Figure 11. List of ASICs of interest for the accelerator groups.
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Abstract

In 2013, within the ECI (European Component Initiative)
program of the European Space Agency, the activity
“Assessment and characterisation of Mixed Signal
Technology” has been initiated. In this paper the activities
performed for the assessment of an European mixed signal
technology for the development of ASICs for space
applications will be described. The assessment has been
conducted through different surveys and the results obtained
from them will be presented and analysed. Finally a brief
description of the test vehicle for the technology
characterization will be provided.

I. INTRODUCTION

The “Assessment and characterisation of Mixed Signal
Technology” activity has been funded by European Space
Agency in order to collect information of mixed signal ASIC
processes with particular focus on their capability for space
applications. The information on requirements to be supported
by mixed signal technologies have been collected from [1],
[2] and [3] and through a survey with the collaboration of
space community. The tentative was addressed to look for
information about similar on-going activities and on existing
analogue, digital and mixed signal libraries or ASICs for
space applications already manufactured or designed to avoid
to duplicate the efforts.

The collected data on the user need has been compared
against the processes capabilities available in Europe for
mixed signal ASIC manufacturing. At the end of this review
one particular process has been choosen for a further
reliability and radiation characterization.

The paper is organized as follows: in the Section II the
surveys carried out will be described. The results will be
shown and discussed in Section III. In Section IV, a
description of the test vehicle will be reported together to the
test procedure and the list of the parameters to be measured;
finally the conclusion will be reported in Section V.

II. DESCRIPTION OF SURVEYS

The assessment of an European mixed signal technology
for ASIC design and manufacturing has been driven by 3
different surveys. In the first survey a comparative assessment
and verification about the availability of several existing
European mixed signal technologies has been performed. In
the second survey, inputs covering the needs for mixed-signal

ASICs from the space community and the Agency's planned
missions have been collected. In last survey, information
about the existing rad hard libraries and design kits in terms of
primitive devices, SEEs, TID and reliability performances
have been collected.

In the next paragraphs each survey will be described and
detailed.

A. First Survey: Mixed Signal Technologies

Availability

This survey has been addressed to European foundries
accessible to the Agency's member states. Twelve (12)
European and Non-European manufacturers have been
contacted obtaining reply from six (6) of them: Atmel, Austria
Micro Systems (AMS), IHP Microelectronics, ON
Semiconductor, Telefunken Semiconductor and XFAB. In
total, data from 18 technology processes have been collected
and analyzed.

The survey was split into 2 sections.The first part focused
on general items related to the foundry availability, in
particular addressing following questions:

o Licensing and conditions for use

o Foundry expected lifetime
Foundry loading and product range
Foundry process options
Manufacturing turnaround time

Manufacturing options (Full mask, MPW, MLM; Runs
per year; longer availability) and their cost

O O O O

o

Cost of the supported tool chain (external and custom)

Cost of the digital and analogue design-kit (front- and
back-end)

o Supported batch manufacturing

o Supported Digital and Analogue development flows and
constraints

o  Foundry macro libraries cost

o Third party macro libraries access, conditions, cost and
license

o Design kit for usage within space user community and
the right for modifications

o Eventual technical support and maintenance of space-
DK/libraries for European Space community

In the second part of the survey, specific information
about environment, quality, digital performances and



analogue performances of different processes have been
collected.
i. Environment
The questions related to environment features have been:
o Temperature range (operational and storage)
o Voltage range

o Radiation tolerance (TID, SEE: SEL, SEU, SET, SEGR,
)
o ESD and EMC levels supported

ii. Quality
The questions related to quality features have been:
Intrinsic reliability data/performance
Wafer thickness
Process lifetime
Mean time to failure (FIT)
Manufacturing yield

Manufacturing quality systems

O O O O O O O

Inspectibility of the manufacturing quality system and
PID

Cost associated with quality inspection

o

o Reporting and inspectibility of the process control
monitors

o Process stability reporting the manufacturing process
changes

o Failure analysis support
o  Manufactured high-reliability and space qualified
flows/components
iti. Digital Performances

The questions related to digital performances features
have been:

Gate density

Power consumption
Clock frequency
Supply voltage range
Number of metal layers

Leakage

O O O O O O O

Cell library (combinational and sequential; commercial
and radiation hardened variants)

o Foundry and/or Third party digital macro libraries
(commercial or radiation-hardened;
development/qualification state)

o 10 Pads (Voltage levels, ESD, EMC, ...)

o Manufacturing spread (power consumption, clock
frequency, leakage)

o Accuracy of the models
o Development tool flow supported

o Sign-off tool chain

iv. Analogue Performances

The questions related to analogue performances features
have been:

Analogue 10 Pads (Voltage levels; ESD; EMC; ...)
Number of poly layers

Sub-threshold conducting model

Accuracy of the models

MOS transistors availability

Bipolar transistors availability

Diodes availability

Passives availability

Development tool flow supported

Sign-off tool chain

o o0 o 0O 0O O o O O o o

Foundry or Third-Party analogue macro libraries
(commercial or radiation-hardened;
development/qualification state) and their support

Table 1 summarizes the list of contacted foundries and the
corresponding 18 processes analyzed (processes  which
require manufacturing steps in USA have been excluded from
the analysis due to the resulting ITAR export restriction which
may be implied for space applications):

Table 1: Foundry processes analysed.

Foundry Process Process Features
C35B4C3 0.35um
Austria Micro H35B4D3 High Volt. 0.35um
System C18 0.18um
HI18 High Volt. 0.18um
AT77.9K High Volt. 0.15um
ATMEL ATS58K85 High Volt. 0.15um
IHP SGB25RH 0.25um
Microelectronics | SG13RH 0.13um
C3/D3 0.35um
C05 0.5um
ON-Semi 13T25 High Volt. 0.35um
13T50 High Volt. 0.35um
13T80 High Volt. 0.35um
Telefunken TFSMARTI-HV | High Volt. 0.8um
TFSMART2 High Volt. 0.35um
XHO035 High Volt. 0.35um
XFAB XHO18 High Volt. 0.18um
XTO018 High Volt. 0.18um

B. Second Survey: Agency and Space
Community Needs
The survey has been addressed to the space community in

order to collect feedbacks covering the needs of mixed-signal
ASICs for the planned missions.

Twenty-eight (28) companies have been contacted,
collecting eighteen (18) compiled surveys.




C. Third Survey: Investigation about

Comparable Activities

To avoid to duplicate the effort and in order to harmonize
and coordinate with on-going existing activities, a third
survey addressed to the space community has been prepared

to collect information about the existing rad hard libraries and
design kits in terms of primitive

devices, SEEs, TID and reliability performances. The
questions have been grouped in the four (4) sections:
Primitive Devices, Single Event Effects Test, Total Dose
Ionization Test and Reliability Test
i. Primitive Devices

o Funding mechanism used for rad hard libraries
development (self-funding, public funding, private
funding, etc.)

o Availability free of charge of the results (libraries,
design-Kits,... ) for scientific research

o List of scientific papers published about the performances
of Rad Hard libraries

o Technology process used to develop the Rad Hard
libraries

o List of primitive devices with increased radiation
tolerance

o For each primitive device, list of updated parametric cells
(symbol and layout view)

o List of the violated design rules, accepted by the foundry
o List of modification on the fabrication process

o List of the modification on the design and layout-versus-
schematic rules taking into account the modifications on
primitive devices

List of the modified primitive devices model
List of analog simulators supported by these new models

List of digital libraries developed based on this library

o O O O

Type of characterization performed on digital libraries

ii. Single Event Effects

(@)

List of test(s) to evaluate the Single Event Effects

(@)

Description of manufactured test vehicle/custom ASIC
for SEE characterization/modeling

Parts or devices included in the test vehicle
Parts or devices not included in the test vehicle

Parts or devices tested

O O O O

Heavy ions or protons source has been used

o

Description of heavy ions/protons cocktail and LET used

O

List of primitive devices tested against SEE

o Measured performances in terms of SEL, SEU, SET,
SEB, SEGR, SEFI

o Test procedure used (i.e. ECSS 25100)
o Description of the SEE test by laser

o SEE performances obtained with laser test

o Description of simulation model to take into account the
SEE effects

o List of analog simulators supported by these new models

iii. Total Dose Ionization Test

o List of test to evaluate the performances in terms of Total
Tonization Dose (TID)

o Description of manufactured test vehicle/custom ASIC
for TID characterization/modeling

Parts or devices included in the test vehicle
Parts or devices not included in the test vehicle
Parts or devices tested

Description of the source used

Final TID accumulated

What was the dose rate?

List of primitive devices tested against TID
Test procedure used (i.e. ECSS 22900)

Description of simulation model to take into account the
TID effects

o List of analog simulators supported by these new models

o O O O O O O O o

iv. Reliability Test
o Description of reliability test performed on the library

o Description of the obtained results

ITI. ANALYSIS OF SURVEYS

In the next figure haves been summarized the main results
extracted from the three (3) surveys.

Figure 1 summarizes the preferred mixed-signal foundries
expected to be used for future ASIC manufacturing;. Figure 2
-Figure 7 summarizes the users preference with respect to The
process gate length, the technology lifetime, the operational
temperature range, the TID and the SEE performances
expected from technologies for development of mixed signal

ASIC for space applications.
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Figure 1: Preferred mixed-signal ASIC foundries.
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50,00% From Figure 8 to Figure 12 the expected performances and
requested features to the preferred mixed signal technologies
40,00% . . . <
for the digital devices is shown, such as the I/O and digital
30,00% core power supply, the number of metal layers, the digital
output pad current capability, the toggle rate and the
20,00% memories type needs.
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Figure 5: Expected operational temperature range.
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Figure 12: Expected memories type need.

From Figure 13 to Figure 18 the expected performances
and features requested to the preferred mixed signal
technologies for the analogue devices is shown, such as the
analogue core power supply, high voltage needs, the primitive
devices availability, the Fmax, Fr and beta (for bipolar
primitives) expected and the preferred analogue IP cores
availability.
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Figure 13: Expected analogue core power supply.
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Figure 14: Expected High Voltage capability.
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Figure 15: Expected primitives availability.



60,00% o Technologies with up to 5 metal layers, with output pad
with 4 mA of current capability and toggle rate below
250 MHz can cover the main applications

50,00%

o Beside the static RAM (single or dual port) considerable
importance is the availability of nonvolatile memory

¥ Fmax availability such as Flash.
mFt

40,00%

30,00%

o For analogue domain a technology with a 3.3 V of core
power supply and up to 50 V of high voltage capability
appears to cover the needs of most applications

20,00%

10,00%

0.00% A The figures below summarize the conclusions reported

100MHz ~ 10GHz ~ 50GHz ~ 90GHz 100 GHz above giving a grade of coverage of the needs against the
) features of technologies process analyzed; the values have
Figure 16: Expected Fuax and Fr. been calculated by a weight average, taking into account the

requirements, the grade of needs and the process features.
Parameters like cost, qualification, MPW runs per year, ...
have not been taken into account.
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Analysing the data shown in the previous figures has been
deduced that the features requested are mainly:

100%
o Gate length of 0.35um or 0.18um (they can cover almost
the 50% of need) 80%

o CMOS technology with bipolar and high voltage option 60%

and with 15 year of lifetime
o Operational temperature range from -55°C to +125°C o

Figure 20: Coverage of gate lengths and HV requirements.
ETID
W SEL
o A 100Krad of TID limit can cover more than 50% of 20% -
needs as well as a LET of 60MeV/mg/cm? it is enough "
. . 0%
fOI' 60% Of apphcatlons ATMEL TFSMART2 13780 SGB25RH  UMC L180

o Thel.2V, 1.8V and3.3V of digital core power supply
cover the most applications whereas the 3.3 V is the most
requested for the I/O pads

Figure 21: Coverage of the TID and SEL performances (the UMC
L180 process has been introduced as reference).
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Figure 23: Coverage of the number of requested metal layers.
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Figure 25: Coverage of the required analogue core low-range power
supplies.

Figure 26: Coverage of the required analogue high voltage-range
power supplies.

The availability of a process with High Voltage (HV)
capability was a key requirement in order to meet the growing
demand for HV power devices. Up to now no HV process
has been submitted to a complete space qualification
campaign, even if, for some technologies, this activity is
planned for future or it is in development status.

Another important aspect to take into account for the
process technology selection is the availability of Non
Volatile Memory (mainly FLASH memories but also
EEPROM). The status of NVM availability for mixed signal
technology selected is reported in Table 2:

Table 2: NVM availability status.

Foundry Process NVM
C35B4C3 EEPROM
o FLASH
‘g‘;:tte“ri Micro "H35BaD3 EEPROM
Cl8 N/A
HI3 N/A
AT77.9K EEPROM
ATMEL AT58KS5 EEPROM
05 EEPROM
ON-Semi 13T50 EEPROM
13T80 EEPROM
Telofunen TESMARTI-HV | N/A
TESMART2 N/A
XHO35 EEPROM
EEPROM
XFAB XHO18 st
XT018 N/A

By taking the conclusions from above, following main
technology requirements for a mixed signal ASIC technology
has been concluded:

o HV analog core capability
o NVM capability

o RH digital libraries, or analog/mixed signal RH IP, or
analog PDK already developed or in development status
or planned for future work

Based on the review of the data collected by the
questionnaires and by consideration that several ESA and
national Space Agencies activities are currently on-going or



have been completed on various technologies (e.g. ATMEL
mixed signal processes are being characterised in the frame of
a different project) the following candidate short list for the
execution of the characterisation work planned in the phase 2
of this ECI activity has been concluded.

Table 3: Foundry process short list for phase 2

Foundry Process NVM
Austria Micro | py35p4p3 EEPROM
System
ON-Semi 13T80 EEPROM

EEPROM
XFAB XHO018 FLASH

As mentioned above, due to the higher digital density
capability, a 0.18um process is expected to cover more
application needs as compared to a 0.35um process, XHO018
has been chosen for the characterization activities planned in
the second phase of this ECI contract.

IV. DESCRIPTION OF TEST VEHICLE

As mentioned above, the second phase of this activity will
focus on the characterisation of the selected process. The
technology characterization test vehicle is currently being
designed and will contain primitive devices and simple
analogue circuits. For each devices type, the evaluation will
focus on I-V and C-V curves extraction, noise
characterization, end of life (EOL) test and Total Ionization
Dose (TID) test. The Single Event Transient (SET) will be
characterized in term of pulse width and charge injected by a
test session based on pulsed laser. At the end of test campaign
analogue models for simulations will be extracted in different
condition (EOL, TID, SET,....) and they will be incorporated
into the design-kit to allowing to designer a more accurate
design and verification under critical conditions.

Since it is difficult to correlate the laser energy with the
equivalent LET, heavy ion beam test for the selected
technology devices are foreseen and are in preparation.

Currently heavy ion beam test for the selected technology
devices are foreseen and are in preparation and it will be
useful because the laser tests do not give indication whether
the HV transistors survive the heavy ions. Moreover the
heavy ion beam test will allow to know what charge injection
is to be expected with LET because this information is not
easily achievable with laser test.

V. CONCLUSIONS

In this paper foundry process appropriate for the
manufacturing of mixed signal ASICs for space applications
have been assessed.

The investigation has been driven by three (3) different
surveys addresses respectively to European foundries, space
community and companies and design centre involved in
similar activities.

A candidate short list for the execution of the
characterisation work planned in the phase 2 of this ECI
activity has been concluded based on the results and analysis
that was performed. Finally a brief description of the test

vehicle for the been

presented.

technology characterization has

Of course different requirements and emphasis might
affect the outcome.
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Abstract

In the frame of the LOFT (Large Observatory For x-ray
Timing) program, a high performance analog Front End ASIC
has been developed for interfacing with a Si Drift Detector
and the control electronics.

The collaboration among IRAP, CNES and Dolphin
Integration targeted an ASIC embedding 16 Analog Front
Ends (AFEs,) a 12-bit ADC for digitization, DACs for the
generation of the threshold for the minimum detectable event,
low noise comparators, multipliers and the full digital
interface used to control the AFEs and to read the measures.
The ASIC was developed using the 180nm mixed technology
of TSMC.

Keywords: ASIC, SDD, Xray, low power, low noise, CPA,
shaper, LOFT, Analog Front End, mix signal, high
performance.

I. INTRODUCTION

A. Context of the development of the ASIC

In the frame of the LOFT (Large Observatory For x-ray
Timing) program, IRAP, CNES and Dolphin Integration have
collaborated to develop a high performance ASIC (SIRIUS2)
for interfacing Silicon Drift Detectors (SDDs, [13]) with the
digital back-end

LOFT was candidate X-ray mission for the M3 slot of the
Cosmic Vision program of the European Space Agency [10],
[14]. It will be proposed again for the M4 mission. The LOFT
objectives are to study the neutron star structure and equation
of state of ultra-dense matter and to explore the conditions of
strong-field gravity.

The primary enabling technology for the Large Area
Detector (LAD) is the SDDs developed for the Inner Tracking
System in the ALICE experiment of the Large Hadron
Collider at CERN, by scientific institute INFN Trieste, Italy.

The project targets a 10 m? detector array for 2 to 80 keV
Xrays detection at high sensitivity (50 — 200 eV) and good
energy resolution (limited by electronic noise, itself limited by
EOL detector leakage current) with a dead time << 1% at 1
Crab.

Such system will require 500 k to 600 k SDD detectors
managed by 35 k to 40 k ASICs.

In Figure 1, the LAD and WFM (Wide Field Monitor)
instruments are shown (The instrument design is described in
detail in reference [10] and [11]).

Figure 1: Loft payload in its original M3 proposal
configuration. At the top the 6 panels of LAD (10 m2 effective area)
and in the center the 6 cameras of WFM: green = LAD, yellow =
WFM, red = Optical bench, purple = Structural Tower.

B. Interfaces with SDD and Module Back End
Electronics

A LAD detector has 112 anodes on each side. 16 detection
chains are implemented in each ASIC to fit with the size and
the number of anodes of the detector

14 ASICs are glued on the rear side of a panel (seven per
detector side). The Figure 2 shows the rear of a panel detector.

The ASIC control/test pads are bonded to the PCB, and
the sixteen inputs directly to the SDD anodes, to reduce as
much as possible the capacitance of the bonding’s and so
minimize the induced noise.

Each ASIC communicates through SPI like interface with
a Module Back End Electronics (MBEE). A trigger line is
provided to indicate that an event has occurred. An internal
register (trigger map) indicates which anode is hit. This
trigger is provided to the adjacent ASICs in order to hold and
then read the 16 ASICs for noise measurements and common
mode correction.



One panel of SDD and the 14 ASICs.

Figure 2:

C. Performance requirements

The project started in 2012 targets the development of a
first testchip (SIRIUS1) for the validation of the analog
performances in a first phase and the development of the
ASIC embedding all required functionalities (SIRIUS2) in a
second phase.

SIRIUS1 embedding 8 Analog Front Ends (AFEs) was
developed using the 180nm mixed technology of TSMC.
SIRIUS2 content has been extended for ASIC version with 16
Analog Front Ends (AFEs,) a 12-bit ADC for digitization,
DACs for the generation of the threshold for the minimum
detectable event, low noise comparators, multipliers and the
full digital interface used to control the AFEs and to read the
measures. The ASIC was developed using the 180nm mixed-
signal technology of TSMC.
The challenging performances of SIRIUS1/SIRIUS2 are the
energy resolution of 200eV @ 6keV (requiring a very high
performance in term of noise corresponding to an ENC of 17
electrons end of life of the SDD), the very low power
consumption (lower than 650 uW/channel) and a full scale
higher than 22200 electrons.

The electrical requirements of SIRIUSI/SIRISU2 are
summarized in the Table 1.

Main requirements impacting the design of the analog
Front End of SIRIUS1/SIRIUS2

SIRIUS
requirements

State-of-the-art

2012

Input charge 500 eV — 50 keV 200 eV — 80 keV
range

ENC (at -30°C) < 30 electrons rms < 20 electrons rms
EOF leakage | <2 pA <10 pA

current of the

SDD

Shaping peak 1-10 ps | 2-8 ps programmable
time programmable

ADC resolution 9-10 bits 13 bits

Dead-time Not available 0.7 %

Baseline Not available 50 us

restoration

In term of radiation challenges, the total radiation dose
expected on the LOFT orbit is low (1 krad), so a standard
technology was used with design precautions. Indeed, the
ASIC was designed using layout mitigation techniques to

reduce the SEU effects and to increase the LET (the LOFT
requirement is LET > 60 MeV):

- guard ring around the various functions

- ring of the opposite polarity around transistors when
NMOS and PMOS transistors are close

- increased distance of active zone from the pads when
they are connected to a pad

- maximized the number of contacts and vias
- differential design and differential routing

- optimized the matching (by reducing the size of the
basic elements if necessary)

- avoided using the polysilicon for routing

The Figure 3 shows the detail of the layout mitigation
techniques.

Figure 3: Detail of the layout showing the rules (rings) used to
reduce the susceptibility to latch-up.

II. SIRIUS1/2: AFE ARCHITECTURE
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. RESET > l
cAL
SHAPER Peak&Hold

EVEL CHECK

Figure 4: Detection Analog Front End (AFE) diagram

In terms of analog design, since the SDD delivers current
pulses of low intensity and short duration, the AFE uses an
integrator to accumulate the corresponding charge in a
capacitor to deliver the resulting voltage output. This structure



is called a charge preamplifier, and will be noted CPA here
below.

In order to add gain and improve signal to noise ratio, the
CPA is usually followed by a pulse shaper, working as a
matched filter.

The output of the CPA plus the shaper is a voltage pulse.
Depending on the application, this pulse is either compared to
a threshold and sent to an event counter, or sampled and
digitized. In order to capture the energy of the Xray events, it
is required to detect the pulse maximum and hold the voltage
by a Peak and Hold, or P&H here below.

The Figure 4 provides an overview of the AFE
architecture.

D. CPA design

The choice of the architecture of the CPA was driven by
the noise performance which had to be lower than 20 ¢”.

The Figure 5 describes a resistor based CPA. The effects of
the resistance on noise and recovery time have been analyzed.
As expected from theoretical analysis, noise is inversely
proportional to feedback resistance (curves at 1 to 100 GQ).
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Figure 5: Resistor based CPA
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Figure 6: Simulation showing the noise performance as a function of
T with a resistor of 1.5 GQ (10pA SDD leakage, t in s). ENC,,, (red)
is the square root of the sum of the square of the various ENC
(ENCy,: CPA thermal noise, green; ENCq,: shot noise due to
detector, blue; ENCy: 1/f noise, violet).

The Figure 6 represents total noise (red), thermal noise of
CPA (green), 1/f flicker noise from preamplifier (blue-green),

Rf thermal noise (light blue) and detector noise -at end of life
worst case leakage current of 10 pA- (dark blue).

E|\|c:tc,t=\/(Ethh 2+ENC 2ENC,,>ENCy. 2)

As shown in Figure 6, simulations and computations prove
that a 1.5 GQ resistor is not sufficient to keep noise within the
specifications: it is mandatory to select a CPA structure
without a feedback resistor. The Figure 7 provides the noise
performances for a reset-based CPA: the noise performances
are achievable!
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Figure 7: Simulation showing the noise performance as a function of
T without resistor (switched reset, 10pA SDD leakage, t in s).

A reset circuit has been used to restore the base line after
each event and when the baseline drift is such that a threshold
is reached. A capacitor is used to inject charges for calibration
purpose (see Figure 8).

Minimal gain Av is 60 dB worst case.
Power consumption target is 250 pW worst case.

Gain feedback capacitor is 75 fF: this is the best trade-off
between signal gain and fast recovery (which requires low
capacitance) and reset rate (which claims for larger
capacitance).

Cal Vth
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Figure 8: CPA architecture.

A. Shaper design

Pulse shaper is a single ended simple RC-CR® semi
Gaussian filter (see Figure 9). Inverting configuration allows
for a simple common mode voltage buffer with low drive
requirements. The time constant is set by a switched network
capacitors and selection logic. This allows maintaining the
input impedance (at high frequency) identical regardless of
time constant T.



Gain settings: nl =8 and n2 = 5.

This is achieved with R =125k W and C=8pF att=1 pus
(C1 =64 pF).

Offset is less than 5 mV per amplifier.
Time constant is programmable between 1us and 4 ps.
Power consumption target is 200 pW worst case.
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Figure 9: SHAPER architecture.
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E. Peak&Hold design

The P&H is based on a peak detector and switched
capacitor based hold amplifier (see Figure 10). Peak detection
is performed by voltage derivation and zero detection, and for
best performance, separate Peak and Hold functions are used.
The feedback capacitor is selected according to Tau value to
optimize the detection.

A 5 pF hold capacitance Ch provides good noise and
retention performances at reasonable power consumption
(target: 150 uW worst case).
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Figure 10: Peak&Hold architecture.

A. SIRIUS2: ASIC ARCHITECTURE

The ASIC version (SIRIUS2, Figure 11), jointly
developed by IRAP and Dolphin Integration, is a fully
functional version implementing all the functionalities
required for LAD-LOFT: various controls capabilities and
serial interface with the Front End Electronics, size and pitch
for LAD, 16 channels, PGA and 10/12/14 bit ADC, threshold
control (16 x 8 bit DACs), calibration DAC (5 bit), reference
band gap and internal test feature. The topology of the ASIC
was also changed with all detector inputs placed at one side of
the chip and the control on the opposite side to comply with
size of the SDD and to reduce the coupling between digital
section and low level signal sections.

No improvement of the analog section (analog chains) has
been added due to the short time before the ESA M3
selection.

The ASIC prototype will be used to perform radiation
tests, aimed at qualifying the ASIC design and technology for
TID and Latch-up.

Control logic

Figure 11: Functional block diagram of the SIRIUS 2 ASIC
designed by IRAP and Dolphin. Orange colour indicates the
functions designed by IRAP

B. SIRIUS1: MEASUREMENTS

The SIRIUSI testchip was tested alone at IRAP, Toulouse
and with the SDD detector at INAF/IASF, Bologna, Italy. The
test tools use modules installed in a PXI Express Chassis:
controller with 16 bit Digitizers, Virtex 5 FPGA and Multi
bank multiplexer (Figure 12 and Figure 13)

Test board for SIRIUS1

Figure 12:



Test bench for SIRIUS1

Figure 13:

The testchip was powered by an external power supply
that provides +5V for the test board electronics. Linear
regulators provide the 3.3V to the digital 1/0’s of the testchip.
A low noise power supply provides the 1.8V to the internal
analog and core digital electronics of the ASIC. It is possible
to power or switch off independently the bias circuits, the 8
CPA’s, the 8 Sampler’s, the 8 Sample & Hold’s and the 12
buffers. We measured (Figure 14) at each temperature, the
power consumed by the 8 analog chains (buffers off). The
power is lower than the expected from simulations and within
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Figure 15: Variation of the noise of the ASIC alone, versus

temperature the post-layout simulations provides the following
performances: 27.3 e- @ +25°C and 13 e- @ -30°C

The performances in term of noise, power consumption
and linearity meet the specification (see Table 2) and the
excellent correlation with the simulations permit to have a
good predictability of the performances of the 40 k ASICs

Measurement at room temperature

Specification Simulations Measurements
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consumption 360 325 317
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Figure 14: Measured power consumption of 2 ASIC versus

temperature (green lozenge and yellow square) compared to post
layout simulations (purple triangle)

We used the testchip built-in capacitor to inject a charge at
the input of the CPA. For each injection 1000 measurements
are made of the hold voltage using a 24-bit ADC. The mean
value is calculated to minimize the noise due to the test
equipment. One thousand identical charges are injected for
each injection level. The mean value of the output voltage is
computed and the sigma of the distribution of the 1000
measurements. The value of noise is computed from this
sigma value. It is not varying much according to the injected
level. We repeated the same measures at various temperatures
(see Figure 15). The ENC is decreasing with the temperature
to reach 16.5 e- below -30°C.

NI 30
Susuanin 09

Figure 16: Test board

Figure 16: the SDD Detector is in the middle. On the
bottom of the detector (LAD side of the SDD), 4 SIRIUSI1
testchip are bonded directly to the pads of the SDD, and on
the top of the detector (WFM side), 2 other SIRTUST.



Figure 17 and Figure 18: the resolution of the peaks, (see Fe-
55 spectra) suffers for the charge sharing effect between two
or three adjacent anodes that cannot be taken into account
with this simple setup. The raw spectrum of a single channel
acquired with the shaper signal includes not only the complete
charge collection for one event, by the connected anode
(single-anode events), but also the partial charge due to events
impinging near the adjacent anodes. This is reflected in the
tail on the left side of the peaks.
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Figure 17: Spectrum measurement (*°Fe)
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Figure 18: Spectrum measurement (*°Fe+**' Am)

D. SIRIUS2: MEASUREMENTS

A High Density PCB (Figure 19 and Figure 20) has been
developed to support the test of SIRIUS2: more than 50
bondings are necessary to feed the inputs/outputs; the 16 CPA
input pads are not bonded and left unconnected. Low noise
power supply regulators for the ASIC and the associated
decoupling capacitors are installed on this board. A
temperature sensor placed close to the ASIC is used to

measure the temperature of the ASIC. It is readable through a
SPI like protocol. The interface with the control PC is made
through an Opal Kelly board plugged directly on the test
board.

The characterization is in progress.

ASIC board
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Figure 20: ASIC bonding

E. CONCLUSIONS
Two circuits (testchip + ASIC prototype) have been
developed in 2 years demonstrating:
= State-of-the-art electrical performances in terms of
noise of the Analog Front End

= Good team work between Dolphin Integration and
IRAP to cope with the design, the characterization of
the logic and mixed-signal blocks

= Mastery in controlling high performance analog
blocks in terms of functionality and noise sensitivity
to get compliance to the specifications

=  Performances verified on silicon
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Abstract

The CLARO-CMOS is a prototype ASIC primarily
designed for single-photon counting with multi-anode
photomultipliers tubes (Ma-PMTs). The chip features 5 ns
peaking time, a recovery time to baseline smaller than 25 ns,
and a power consumption at the order of 1 mW per channel. It
was developed in the framework of the LHCb RICH detectors
upgrade at CERN, but also found application in the readout of
Silicon Photo-Multipliers (SiPMs) and microchannel plates.
The prototype, realized in AMS 0.35 pm CMOS technology,
has four channels, each made of a charge amplifier with
settable gain (3 bits) and a comparator with settable threshold
(5 bits) that allow tuning the response of the chip to the gain
spread of the Ma-PMT pixels. The threshold can be set just
above noise to allow an efficient single-photon counting with
vacuum photomultipliers. In the readout of SiPMs, the
threshold can be set above the single photon signals, allowing
to count events with two or more photoelectrons with high
efficiency and good separation of the photoelectron peaks.
The CLARO-CMOS chip was fully characterized on the test
bench. The chip was coupled to a Hamamatsu R11265
Ma-PMT, the baseline photon detector for the LHCb RICH
upgrade, and was found able to read-out single-photon signals
up to the maximum average rate expected in the LHCb RICH
(~10 MHz) with a low power consumption (~1 mW) and a
negligible crosstalk between pixels. In the LHCb RICH
environment, over ten years of operation at the nominal
luminosity expected after the upgrade in Long Shutdown 2,
the ASIC must withstand a total fluence of about
6-10* 1 MeV ng/cm* and a total ionizing dose of
400 krad. A systematic evaluation of the radiation effects on
the CLARO-CMOS performance is therefore crucial to ensure
long-term stability of the electronics front-end. We present
results of multi-step irradiation tests with neutrons up to the
fluence of 10'* 1 MeV n,y/cm?, with protons up to the dose
of 8 Mrad and with X-rays up to the dose of 8 Mrad. During
irradiation, cumulative effects on the performance of the
analog parts of the chip and single event effects (SEE) were
evaluated. The chips were biased continuously and the chip
threshold voltages were measured regularly, in order to detect
possible single event upsets (SEUs) affecting the threshold
DAC settings. Power consumption was also monitored online,
and an additional circuit provided protection against Single
Event Latchup (SEL). S-curves were measured before and

after each irradiation step, to follow the evolution of counting
efficiency, threshold shifts and noise during the irradiation.

[. INTRODUCTION

The capability to detect single photon signals is a
requirement shared between several different applications. For
instance, the Ring Imagining Cherenkov (RICH) detectors
exploit the light emitted by relativistic charge particles
crossing a suitable medium to provide their identification
over a wide momentum range. Such detectors are extensively
used in high energy physics experiments and, particularly, in
the LHCb experiment at CERN.

An update of the whole LHCb detector is foreseen in 2018
in order to make it able to run at higher luminosity and sustain
a proton-proton collision rate of 40 MHz [1]. Also the RICH
detector will be updated and the currently used Hybrid Photon
Detectors (HPDs) will be replaced by Multi-anode
PhotoMultiplier Tubes (Ma-PMTs) coupled with an external
wide-bandwidth read-out electronics [2]. The baseline photon
sensor for the LHCb RICH Upgrade is the R11265 Ma-PMT,
produced by Hamamatsu, which ensures an adequate spatial
resolution thanks to the small pixel size (3 X 3 mm?) [3][4].
The photon detector planes will consists of several thousands
R11265 Ma-PMTs located side-by-side to minimize the dead
area. This results in a high channel density which forces the
read-out electronics to operate at very low power
consumption. Indeed, the front-end electronics must be placed
as near as possible to the photon sensors in order to minimize
the stray capacitance between neighbouring channels or from
the input node to ground which can lead to an increase of the
cross-talk and noise, respectively.

The CLARO chip [5] is a custom designed ASIC realized
in the 0.35um CMOS technology from Austria Micro
Systems (AMS). The CLARO is able to read-out the R11265
Ma-PMTs fulfilling the LHCb RICH Upgrade requirements.
Although a new improved 8-channels version of the chip has
recently been designed (not described in this proceeding), the
first versions of the chip are equipped with 4 channels with a
8-bits digital register each. The good chip performance led the
LHCb collaboration to choose it as the baseline front-end
device for the Ma-PMT read-out [2]. As the CLARO is
supposed to be used in the LHCb environment, radiation
hardness tests are needed to verify the radiation tolerance of
the technology. Thus, some chips were irradiated with
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Figure 1: The block diagram of a CLARO CMOS channel. The typical analog and digital output signals are shown in figure 1.a and 1.b
respectively.

neutrons, X-rays and protons so that the radiation hardness
properties of several CLAROs could be studied in terms of
both total ionizing dose (TID) and single event effects (SEE)
[6].

A Dbrief overview of the main chip features and of its
performance is provided in Section II. The results of the
radiation hardness tests are described in Section III.

II. THE CLARO cHIP

As shown in the block schematic (Fig. 1), the CLARO
chip is essentially composed of an input Charge Sensitive
Amplifier (CSA) and a Discriminator.

When a photon hits the Ma-PMT surface, a photoelectron
is emitted from the photocathode starting the charge
multiplication over the 12 dynodes. The collection time of the
photon detector is very small, of the order of 1 ns. Thus, the
typical signal at the anode consists of a ~ 1 Me™ current pulse
which is injected at the input node of the CLARO.

The CSA provides the amplification and the shaping of the
input current giving a proportional exponential shaped voltage
signal at its output. The rise time constant (7y) of the CSA is
of the order of 1 ns and is proportional to the input
capacitance, while the fall time constant () amounts to
~ 5 ns, large enough for an effective integration of the fast
pulses but short enough to sustain high rates without pile-up.
The CSA is AC-coupled with a PMOS follower buffer and
with a discriminator stage which provide the auxiliary analog
output and the main digital output respectively.

Fig. 1.a shows the superposition of the signals read from
the auxiliary analog output (input charge ranging from
330ke™ to 3.3 Me™). The PMOS follower buffer, which
allows to read the CSA output signal without adding
capacitance at this node, was externally biased with a 1 kQ
resistance. Note that this output is not meant to be used for
single photon counting but only for debugging purposes. As
observable, the baseline is not well restored since an
undershoot occurs after the pulses. Such behaviour is due to
the AC coupling between the CSA and the buffer (~ 55 ns)
and can lead to a threshold shift at photon counting rate higher
than ~ 10 MHz. This is the main reason why in the new
version of the chip the AC capacitance was removed and a
DC-coupled approach was chosen.

The analog signal coming from the CSA is also read by a
discriminator stage which provides a digital pulse in case it
crosses a programmable threshold level (32 values available).
Fig. 1.b shows the superposition of the signals acquired from
the main digital output with a threshold level of 800 ke™ and
for an input charge ranging from 810 ke™ to 5.6 Me™. As
observable, the width of the pulses is proportional to the input
charge, a feature which allows to adopt the technique based
on the time-over-threshold to compensate the time walk in
case the CLARO is used for precise time measurements.
However, even for input signals ten times larger than the
threshold the FWHM of the digital output signals is lower
than 25 ns so that rates of 40 MHz can be sustained avoiding
pile-up. As mentioned, each channel is equipped with a 8-bit
register, similar to a SPI interface, which permits to select the
CSA gain (3 bits, 8 values available) and the threshold level
(5 bits, threshold step 150 ke™).

Another requirement that the CLARO CMOS has to
fulfill is the low power consumption. Despite its wide
bandwidth, the power consumption in idle mode amounts to
about 1 mW per channel and it stays below 2 mW per channel
even at a photon counting rate of 10 MHz. This ensures a low
heat injection in the most illuminated areas of the RICH
detector, avoiding the need for front-end cooling.

As mentioned, in order to ensure a suitable rise time (few
ns), the input capacitance should not exceed few pF.
Moreover, the series noise of the preamplifier is proportional
to the input to ground capacitance, as shown in fig. 2, where
the equivalent noise charge is plotted as a function of the
input capacitance. With the CLARO CMOS mounted in a
small QFN48 package, the total input capacitance was
measured to be ~3.3 pF, mainly due to the input bonding pad,
the bonding wire, the package and the interconnects (the
contribution of the photon sensor is not included). In this best
case condition, the ENC turns out to be ~ 7.7 ke™. Note that
also the stray capacitance between the input nodes of
neighbouring pixels has to be minimized since it would result
in an increase of cross-talk. In particular, the stray capacitance
between the input nodes of neighbouring channels has to be
negligible with respect to that due to the Ma-PMT alone
(~ 0.5 pF). The minimization of the input capacitance guides
the design of the CLARO PCBs and it is one of the main
reasons to keep low the number of channels per chip, so that
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Figure 2: the input referred noise as a function of the input
capacitance

the length of the traces connecting the pixels to the CLARO
can be minimized.

In agreement with the LHCb Technical Design Review
[2], the CLARO CMOS was chosen as the baseline front-end
device for the read-out of the R11265 Ma-PMT for the LHCb
RICH Upgrade. In addition to a deep characterization on the
test benches, the CLARO CMOS performance was studied
while reading the current signal coming from a R11265 Ma-
PMT operating in single photon regime. Fig. 3 shows the
superposition of single photon spectra acquired at different
Ma-PMT biasing voltages. They are measured by illuminating
the Ma-PMT with a LED and by counting the signal rates
during a CLARO threshold scan. As it can be seen, the spectra
look good and the signal to noise ratio is more than adequate
since the single photon peak is clearly resolved. Moreover, the
gain adjustment behaves as expected. Indeed, for analogous
threshold step, setting a gain of 0.5 (points with a circular
marker) the spectra are sampled with a double resolution with
respect to the ones acquired using a gain of 0.25 (points with a
x-cross marker). Anyway, in the last improved version of the
CLARO CMOS, a finer threshold step is available in order to
reach even higher resolution.
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Figure 3: single photon spectra acquired by a R11265 Ma-PMT
coupled with a CLARO CMOS chip.

III. RADIATION HARDNESS TESTS

All the electronic components which are supposed to be
used in the LHCb environment have to pass the radiation
hardness tests. Indeed, the radiation levels reached in the
LHCb experiment could deteriorate the component
performance in terms of Total Ionizing Dose (TID) and Single

Event Effects (SEE). In order to ensure stable operation of the
upgraded RICH detector over 10 years in the LHCb upgrade
environment, a dedicated test of the CLARO performance
under high radiation fields has been done.

Table 1 summarizes the radiation level expected in the
LHCb Upgrade environment. The estimates are based on the
worst case radiation level for a single proton-proton collision
provided by M. Karacson [7] and assuming one year of LHCb
operation (107 s), at a luminosity of L=2-10% s lcm™2,
with a proton-proton collision cross section of 6=84 mbarn.
Note that the values shown in Table 1 do not include any
safety factor and they could be affected by statistical
fluctuations by a factor ~10-30 %. Furthermore, neither the
final geometrical configuration nor the materials to be
adopted are still completely defined and so they are not
implemented in the current estimates.

Table 1: Radiation level expected per year in the LHCb RICH-1
and RICH-2 detectors

Neutrons Hadrons TID

1 MeV neq/cm2 E>20 MeV [cm™] [krad]

RICH-1 6.1-101 2.3-101 39.6
RICH-2 3.1-10% 1-10% 15.9

In a very conservative approach, several CLAROs were
irradiated up to a factor 10 times larger than the radiation
level expected in 10 years of LHCb. The radiation hardness
tests were performed irradiating the chip with neutrons, X-
rays and protons.

A. Neutron irradiation

The neutron irradiation measurements were performed at
the Université Catholique de Louvain-la-Neuve (Belgium) in
May 2013. A cyclotron (T2 Hall) accelerates a deuteron beam
on a beryllium target producing a high flux neutron beam
(average energy ~23 MeV) with a very low gamma (2 %),
proton and electron (0.02 %) contamination. Three CLARO
PCBs were placed in a cascade configuration, powered and
irradiated in three steps that correspond to 4, 40 and 160
equivalent years in LHCb (final cumulative fluence of
~ 10 1 MeV neq/cm2 ). During the irradiation process the
threshold level and the supply current were continuously
monitored so that Single Event Upset or variation in the
supply could be detected. Before and after each irradiation
step bursts of 1000 identical test pulses was sent to all the
CLARO inputs simultaneously and the number of
discriminated output signals was measured for different input
signal amplitudes. This process permits to acquire the “S-
curves”, such as the one shown in Fig. 4. The position of the
edge of the curve allows to evaluate any variation in the
threshold level, while an increase of the noise would result in
a smoother transition. As it can be seen, no significant
increase of the noise was observed and also the variation of
the threshold level turned out to be of the order of few
percentage points. Furthermore, neither Single Event Upset
nor Single Event Latch-up occurred.
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Figure 4: S-curve acquired during the neutron irradiation.

B.  X-rays irradiation

In order to test the CLARO CMOS chip tolerance to the
total ionizing dose (TID), a X-rays irradiation measurement
was performed at the INFN National Laboratory in Legnaro
(Italy) in September 2013. The X-rays were produced using
tube with a tungsten anode biased at 50 kV. Two bare
CLAROs (the lid which covered the ASIC was removed)
were biased and irradiated in three steps that correspond to
about 1, 10 and 110 years of LHCb operation (the final
cumulative dose amounts to 4 Mrad).

The measurements performed are similar to those
described in the previous section. Again, no Single Event
Upset nor Single Event Latch-up occurred, while the supply
current decreased by a factor 10-15 %. From the S-curves (see
Fig. 5) a variation in the threshold level by a factor 10-15 %
can be evaluated, while the noise did not change significantly.
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Figure 5: S-curve acquired during the X-rays irradiation.

C. Proton irradiation

Finally, the proton irradiation tests were performed at the
Institute of Nuclear Physics, Polish Academy of Sciences in
Krakow (Poland) in February 2014. The proton beam had an
average energy of about 60 MeV and ensured a good
uniformity over the CLARO CMOS area (beam diameter
~ 1 cm). Three bare CLARO were biased and irradiated in
four steps that are equivalent to 1, 10, 100 and 190 years in
the LHCb environment (final cumulative dose of 7.6 Mrad).
Performing the usual measurements, no Single Event Latch-
up was observed, a decrease by a factor 10-15 % in the supply
current was recorded, while the threshold level reduced by a
factor 15-20 %. Furthermore, a Single Event Upset occurred
(see Fig. 6) which made the DAC output move abruptly from
~1.13 V to ~ 1.1 V. This event suggests to equip the new

version of the CLARO with a register protected with triple
modular redundancy and a SEU internal counter in order to
monitor and correct such events.

threshold voltage [V]

0 20 10 ws o “ ) w00 »0 100
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Figure 6: Single Event Upset observed during the proton irradiation.

IV. CONCLUSIONS

The CLARO CMOS chip has been described. It is an
ASIC designed in 0.35 pm AMS CMOS technology for the
readout of Ma-PMTs. The CLARO was chosen as the
baseline front-end device to be used in the upgraded RICH
detectors in the LHCb experiment. The main features of the
chip are the capability to sustain high photon counting rate
(up to 40 MHz) with a low power consumption (~ 1 mW per
channel). The relative old technology also meets the
requirements of minimizing the costs, enhancing the yield.
The performance of the chip have been briefly described also
when coupled with the R11265 Ma-PMT, produced by
Hamamatsu. The results of the radiation hardness tests have
been presented. The CLARO turned out to be tolerant to
neutrons, X-rays or proton irradiation up to levels 10 times
larger than those expected in 10 years of LHCb operation.
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Abstract

In situ studies of the geospace environment, including
space weather monitoring, is mainly based on the
measurements of particles and fields. The particle content of
the Earth’s magnetosphere is studied with electron and ion
detectors in various energy ranges, from the cold and dense
eV solar wind to the MeV radiation belts. Here, the in situ
high-energy (50 keV to 725keV) electron measurement is
targeted. The design and development of space embedded
electronic equipment require a specific approach. An Analog-
Front-End (AFE) design methodology is proposed to optimize
noise, bandwidth, consumption, crosstalk and radiation
hardness performances of such AFEs for Si semiconductor
detectors. The conception of an Analog-Front-End optimized
in noise, bandwidth, consumption, crosstalk and radiation
hardness, dedicated to a silicon (SiA) detector. Each channel
includes an 8 bits successive approximation register (SAR)
ADC in order to digitize

the incident electron energy. The chip was designed in a
0.35 pm HV CMOS process. The ASIC measurements have
shown that for a charge range of 0.6 fC to 32 fC , the charge-
to-voltage conversion gain is approximately 60 mV/fC. The
equivalent noise charge (ENC) is 3119 e- for 40pF input
parasitic capacitance while consuming 2.5 mW. The circuit
can perform measurements up to a 650 kHz rate. The next
step is to characterize the ASIC associated with the SC
detector in a vacuum chamber. Furthermore, the total
ionisation dose (TID) and the single event effect (SEE)
tolerances must also be evaluated.

I. INTRODUCTION

Particle instruments incorporate sensors that are used to
convert particle energy into quantifiable electrical charges.
These sensors with their corresponding analog electronics
circuits, also called Analog-Front-End (AFE), form detection
channels called “sensor heads” [1-3]. The necessity to
improve both spatial and spectral resolutions requires the
design of multichannel integrated electronics. Thus, space-
borne detectors with Application Specific Integrated Circuits
(ASICs) should be developed. These integrated circuits allow
not only to perfectly adapt the readout circuits to each sensor
in order to optimize performances but also to benefit from the
various advantages inherent to the use of monolithic
technologies: reduced power consumption, smaller size,
shorter transit time signals [4] and higher integration [5].

However, specific design methodology should be
employed in order to withstand constraints due to space
applications. The radiation environments can especially
damage electronic systems on spacecraft and orbital satellite
[6-7;16]. Nowadays, instead of using CMOS technologies
dedicated to space (such as specific BICMOS or SOI) in order
to improve the radiation hardness of integrated circuits, it
seems appropriate to use specific design techniques (radiation
hardening by design (RHBD)) [7-8] applied on standard
CMOS technologies which are less expensive [9], provide
higher performances and for which parasitic effects are
studied and well known [10-11]. Knowing the duration of the
mission as well as its corresponding radiative environments,
an 0.35 um CMOS technology was chosen because it can
naturally withstand more than 50 krad [8] and provide high
enough dynamic ranges as its standard operating supply
voltage is 3.3V. Note that a previously designed AFE allowed
us to assess the TID behaviour of this technology [17]. The
tests showed that the ASIC tolerates doses up to 360 krad
without any relevant impact on the performance (degradation
of the amplifier by the increase of leakage currents). In
addition, to protect circuits from latchup, the extensive use of
guard rings is required. Furthermore, in order to minimize
crosstalk which can cause faulty detections, reduce the ASIC
sensitivity, and improve power supply rejection, isolated-well
technology process option was used. This feature is usually
provided by High Voltage (HV) technologies where the
transistors have almost the same characteristics as the ones
used in the standard technology. Therefore, a 0,35 um CMOQOS
HV technology has finally been chosen.

Once the technology is chosen, it is necessary to perfectly
understand the detector and propose an equivalent electrical
model of the detector before design the ASIC. With this aim,
the GEANT4 simulator is used to model the various physical
effects associated with particles interacting within
semiconductor detectors. The number of generated electron-
hole pairs can thus be estimated as a function of the incident
particle energy. Further, the main electrical characteristics of
the sensor such as its charge collection time, its parasitic
capacitance as well as its leakage current, can also be
retrieved to correctly create an equivalent electrical model of
the detector. With this aim, a sensor based on semiconductors
(SCs) is presented in section 2.

Then, a description of the designed AFE that should
linearly quantify the amount of detected charges in order to
reconstruct the electron energy spectrum is given in section 3.
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Finally, in section 4, ASIC experimental results are
presented.

Il. THE DETECTOR MODEL

The detector is an electron energy spectrometer based on
semiconductors. This instrument is intended to analyze the
atmosphere-ionosphere-magnetosphere interactions during
Transient Luminous Events (TLE) that can occur during
atmospheric storms, in order to understand the physical
mechanisms responsible for vertical impulsive coupling
between the atmosphere and the ionosphere. The final aim is
to assess the impact of these phenomena on the earth
environment [12]. The purpose of the instrument is to provide
a high resolution electron energy spectrum with its
corresponding angle distribution. It is designed to measure
electron energy in a wide range of fluxes. For instance, these
fluxes can range from ~1 to 106 cm™.s™ for the 70-100 keV
energy level inside the low altitude radiation belt, including
the South Atlantic Anomaly, and from 1 to 5.10* cm?s™ for
the 4 MeV energy level which are reached during terrestrial
gamma flashes (runaway electron beams). The instrument
consists of two spectrometers, each having a maximum view
angle of 30°x150°. The instrument is covered with an
aluminium foil of 6 um thickness to stop any incoming stray
photons (~ 100% and 70% mitigation of respectively 1 keV
and 5 keV soft x-rays). This foil also stops the protons with
energies below 600 keV.

In order to detect the particle energy within this range, the
use of semiconductors (SCs) of different kinds is necessary.
By using different ionization energy SCs as well as different
semiconductor thicknesses, each particle within the required
energy range can be stopped while providing a linear charge
amount. Therefore, stacking different kind of SCs allows not
only to analyze a larger energy spectrum but also to use the
method of coincidence in order to determine the direction of
arrival of the particle. Here, the detection heads are made of
two superposed plates of SCs to measure both the energy and
the trajectory direction of electrons. The top plate is made of
silicon (Si) and the bottom one of Cadmium Telluride (CdTe)
with ionization energy per e/h pair of 3.6 and 5 eV
respectively. The use of these two SCs allows to characterize
the electrons over the whole energy range (from 60 keV to 4
MeV). Si can detect energies from 10 keV to 500 keV and
CdTe starts stopping energetic particles beyond 500 keV up to
4 MeV.

The Si detector is divided in five cells: four large cells
called Si A (10 mm x 10 mm) and one smaller cell called Si B
(0.4 mm x 10 mm) placed in the centre. This SiB cell is
required to avoid saturating the instrument in the South
Atlantic Anomaly and to improve the determination of the
electron trajectory when the detector is working in
coincidence mode between Si and CdTe. The CdTe detector
consists of 64 CdTe cells of 10 mm x 10 mm. This CdTe
matrix is used to detect the electrons that completely traverse
the Si plate.

The complete response of a given semiconductor to an
energetic electron beam is difficult to predict because many

physical effects occur (probabilistic domain). However,
GEANT4 software (for GEometry ANd Tracking) [13-14],
developed by CERN, can be used to predict all these
interactions. Both the SCs geometry and thickness are key
input parameters for GEANT 4. The amount of electron-hole
pairs produced by incident electrons can be obtained using
Monte Carlo simulations over the whole electron energy
range. The GEANT4 results are presented in the following
paragraph.

A.  Simulation results

The 3D and cross sectional views of the detector are
represented in figure 1.

Al ||Si CdTe

Figure 1: 3D (left) and sectional (right) diagrams of both cells
forming the SCs detector and covered by aluminium foil.

Once the design of the detector is completed, Monte Carlo
simulations are run to assess its performances for different
incident electron trajectory angle and energy. These
simulations allow to take into account all the physical
phenomena that can occur along the particle path through
detector. The thicknesses of both kinds of SCs can thus be
tuned in order to obtain the required energy detection ranges
[6]. The Si and CdTe thicknesses are d=0.3 mm and d=5 mm
respectively. Note that electrons with an energy level lower
than 10 keV cannot cross the aluminium foil. From energy
higher than 500 keV, electrons traverse the Si and start to lose
their remaining energy in the CdTe. Up to 4 MeV, the CdTe
captures completely the electrons. For energy levels higher
than 4 MeV, the bremsstrahlung effect starts to be significant
[15]. For the most energetic electrons > 6 MeV, the emission
of bremsstrahlung is dominant and as a result, the electrons
can pass through the CdTe. Note also that the simulations take
into account the effects of the photons generated by electrons
(Compton scattering, photoelectric effect...). However, such
events are too rare at these energy levels to noticeably
influence the detector response. The number of electron-hole
pairs, n., generated in the semiconductors by an incoming
electron that transmits an energy £, to the semiconductor, is
given by:
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with E; the ionization energy (energy per pair) of the
absorbent material.

B. OQutput response

Using GEANT4, the energy loss along the incoming
electron path can be computed for each SC. Consequently,
using eq.(1), the total n,., generated within each SC can be
deduced. As GEANT4 uses physics probabilistic models,
Monte Carlo simulations need to be run in order to
statistically characterize n.;, as a function of the incident
electron energy ranging from 10 keV to 6 MeV. In Fig. 2, the
mean, standard deviation, maximum and minimum number of
pairs generated in each SC are represented with Si and CdTe
thicknesses of d=0.3 mm and d=5 mm respectively. It can be
observed that the semiconductor response to incoming
electrons is sufficiently linear to retrieve the electrons incident
energy from the number of pairs generated in the detector in
specific ranges. The linear energy range of the Si is [20 keV -
500 keV] (Fig. 2). Within this range for d=0.3 mm, the
average number of pairs 7, s;generated is defined as:

Npairs _Si = 166 Ein — 683 (2)
where E, is the energy of the incident electron in keV.
To define the charge input range of the AFE, the minimum
and maximum values observed for each SC are taken into

account to avoid any loss of information. Si can generate
1.10" to 2.10° electron-hole pairs.
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the holes at the cathode and the electrons at the anode. Table 1
summarizes the estimated characteristics of the SiA detectors
found.

+ HV

ASIC front-end

|

o= IB
.
«.

Figure 3: Biasing circuit of the Si cell (type A) and connection to
the electronic “front-end”.

Based on the previous detector analysis, Si cells can be
modelled by a pulse current source I, to simulate a charge
injection Q,, in parallel with the equivalent capacitor (,,, of
the cell. Also, leakage current 7, estimated is included in this
model by a constant current source at this value.

Table 1 : Characteristics of the Si detectors used in the

instrument
Characteristic Symbol Si A
Size (mm) 10%x10x0.3
Pairs range (e ou e") 1'4X1504 to
2x10
Equivalent charge (fC) i 2.2t032
Collection time (ns) ﬂ 50
Equivalent capacitor (pF) 34.8
Leakage current (nA) E 2
Anodes number - 4

I1l. ANALOG FRONT END DESIGN

The first step is to convert charge into a voltage using a
charge preamplifier (CPA). The CPA consists of a
transconductance amplifier (OTA) with a feedback
capacitance C; to perform the charge integration. Then, in
order to improve the Signal-to-Noise Ratio (SNR), the CPA
output voltage is filtered by a circuit called pulse shaper (PS).
These two blocks are widely used in the type of application
[1-3; 18]. Therefore, the analog-to-digital converter (ADC)
input signal noise is reduced, which thus decreases the
detection threshold level and increases the AFE achievable
precision. To save power as well as reduce the influence of
any external parasitic signals, analog-to-digital conversions of
the CPA+PS output should be performed within the same
chip. Thus, each channel has the following architecture: a
CPA+PS, a comparator with an adjustable threshold voltage

level, a peak detector (PD) and an 8 bits Successive
Approximations Register (SAR) ADC. To summarize, the
CPA+PS converts the incident charge into a proportional
voltage and the comparator detects if the incoming charge is
higher or lower than the desired threshold level. Note that the
minimum detection threshold level can be obtained by setting
the threshold voltage of the comparator just above the noise
floor. The PD is used to store the maximal peak value of the
PS output voltage, which is proportional to the electron
energy. This stored voltage is then digitized by the SAR
ADC. A control logic block of the system is also designed to
manage the communications between the blocks. The AFE
schematic is represented in Fig.4 and the design of the SiA
AFE has been detailed in [19].
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Figure 4: AFE conversion system to measure the transmitted energy
by an incident electron in a SC detector.

IV. MEASUREMENTS AND PERFORMANCES

The AFE have been implemented in a CMOS HV 0.35 um
technology. Fig. 5 shows the layout view of the SiA channel
(CPA+PS (1), discriminator (2) and ADC (3)). Each channel
occupies a surface area of approximately 0.21 mm2. To reduce
crosstalk, analog and digital circuit wells are separated from
each other and the corresponding circuits have their own
power supplies VDD and GND (implementation of insulated
wells, only available in BICMOS or HV technologies).

CPA+PS  Discriminator

Figure 5: Die layout of the SiA channel implemented in a CMOS HV
0.35 um technology.

On the analog test blocks, the measured value of the
shaping time is 105 ns. Also the measured power
consumption for one Si channel is 2.5 mW including static
and dynamic power consumption of CPA+PS, discriminator
and ADC.

The linearity of the system can be evaluated by analyzing
the ADC output. Its dynamic range is 44 dB with a linearity



error of less than 0.32 %. Then the particle detection delay,
which corresponds to the time between the arrival of the
charge and the start of its conversion at the output of the ADC
(DATA_CS =1, can be estimated by observing the outputs
of the SiA channel (DATA_OUT and DATA_CS) for a 50 ns
(T_(C_MAX)) input charge of 2235 fC (see Fig.
6)corresponding to the digital output '10101001'. The
measured detection delay is equal to 320 ns. The ADC
conversion time is 1 ps and the reset time of the digital blocks
is 200 ns. So, the final effective operating frequency of the
chains is approximately equal to 650 kHz.

Vo rooninV/di 7_1‘_]_,1

reset=200 n$

el

Figure 6: ADC outputs measurement (DATA_OUT and DATA_CS)
of the Si A channel conversion for a 50 ns input charge of 22.35 fC
and Cyg = 40pF.

The linearity is plotted in Fig. 7 obtained for 50 acquisitions
for each charge step and averaged over three different ASICs.
The conversion gain is 57.7 mV.fC™ with an ENC of 3119 e’
(or 0.5 fC) in the linear region and the saturation value is
approximately 32 fC for linearity errors less than 0.81%. The
minimum detectable value is approximately 0.6 fC which is
different from the measured ENC values. That is explained by
the fact that the detection thresholds are affected by the noise
mass supply of the PCB.

Crosstalk measurements similar to those made in [17] have
shown that crosstalk is non-existent. So using an isolated-well
technology (HV) and a differential pair in the CPA bring a
major interest in the integration on a multichannel same chip.

In Table 2, the specifications, the simulated and measured
data are summarized for the SiA channel. Measurements are
very close to simulations which validate our design
methodology.
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Figure 7: Linearity of the SiA channel deduced from the output of
the 8-bit ADC, for 50 acquisitions, 3 ASICs and Q;, varying between
0.6 fC and 35 fC (Cgye = 40pF ). Averages (line), standard deviations
(error bars), maximum (green +) and minimum (red -) values of 50
measures by step.

Table 2 : Summarize of SiA instrumentation channels performances

- — M
Specifications Simulations ez':t.lsrem
i h
nput charge range 0,6 t0 32 053t0>32 | 0.61t032
(fC)
D
etector 40

capacitance (pF)
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Abstract

The IDE 3465 is an application specific integrated circuit
(ASIC) that has been designed for the readout of silicon
detectors for charged particles. The chip has 20 inputs of
charge sensitive pre-amplifiers (CSA), a total of 37 digital
logic trigger outputs, and one analogue multiplexer output for
pulse heights. Out of the 20 channels, 16 have a high gain
with saturation at 2.6 pC, and 4 have a low gain with
saturation at 26 pC. In the high-gain channels, the charge
sensitive pre-amplifier is connected to one slow shaper of 1-
ps shaping time and two fast shapers of 250-ns shaping time,
while the low-gain channels have only one slow shaper and
one fast shaper of 1-ys and 250-ns shaping time. Each fast
shaper output is connected to a comparator, which triggers
when the pulse shape exceeds the reference level that can be
programmed by 8-bit DACs. The two fast shapers and
comparators of the high-gain channels are used for charges in
the range from 1 fC to 100 fC and from 100 fC to 2.6 pC,
respectively. The fast shapers and comparators of the low-
gain channels are designed for charges in the range from 1 pC
to 26 pC. Each comparator feeds a mono-stable output, which
can be connected directly to an FPGA. The chip requires
negative and positive voltage supplies (-2V, +1.5V and
+3.3 V) and one reference bias current to generate its internal
biases. The total power consumption is less than 65 mW,
depending on the input event rate and options enabled. The
chip has a 356 bit register, programmable via serial interface,
which allows one to set various functions, to program digital-
to-analogue converters (DACs), and to tune parameters. All
amplifier inputs are protected by diodes against over-voltage
and electro-static discharge (ESD). The chip is SEU/SEL
radiation hardened by design and manufacture.

I. Introduction

A. Objectives

The IDE3465 is a full custom-application specific
integrated circuit (ASIC) for the readout of space based
charged particle detectors that use silicon sensors for charged
particle tracking and/or counting. Such instrumentation can
help providing answers to scientific questions and support
space weather data acquisition. The ASIC is developed from
the IDEAS TAP-family of trigger ASICs and have been
designed in two versions, the IDE3464 engineering model
(EM) and the radiation hardened IDE3465 flight model (FM).
The IDE3465 is integrated into the Next Generation Radiation
Monitor (NGRM) [1] and the ASIC development has reached
an ESA technology readiness level (TRL) > 6. The NGRM
shall be used for example in the EDRS-C. The development is

also relevant for other applications, and will be the baseline
ASIC for the upcoming RADEM radiation monitor for the
JUICE mission [2].

B. Radiation Detector Readout Principle

Figure 1 shows the detector readout principle. A charged
particle interacts in the silicon sensor and generates an electric
charge that is proportional to the energy deposited in the
interaction. The electrodes of the sensor are biased to generate
an electric field inside the sensor, which moves the free
charges and thereby generates a current. The electrodes are
connected to the inputs of the charge sensitive amplifiers
(CSA) in the ASIC. The CSAs integrate the induced currents
over time and deliver a pulse height that is proportional to the
energy dissipated in the particle interaction. The ASIC
delivers individual trigger signals for every channel when a
pulse height exceeds the programmed threshold. In addition,
the system can read out the pulse height from all channels.

Charged particles

Silicon detector

Electrical interconnect,
Charge sensitive inputs

ASIC

Digital outputs

‘ FPGA/Counters

Figure 1: Radiation detector readout principle.

A. Specific Goals

The ASIC has charge sensitive amplifiers with two
different fixed gains to accommodate different charged
particles (e, p, ions) in the silicon sensor. There are up to two
comparators per channel and their reference voltages can be
programmed independently using 8-bit DACs. Each
comparator result can be a direct input a field-programmable
gate array (FPGA), which provides coincidence logic and
digital counting. Important goals of this development were the
low power dissipation and the relatively high radiation
tolerance against single event effects, i.e., 50 MeVcm?/mg
linear energy transfer threshold (LET,,).

A. Design Heritage for Space Instrumentation

Our group has designed similar ASICs in previous years. For
this type of ASIC, our space heritage includes the analogue
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Figure 1: Timing diagram

I11. SRAM ARCHITECTURE

A. Radiation hardening

The applied strategy for making the generated SRAMs
radiation hardened attacks the issue on 2 levels, TID and SEE.
The hardening for SEE of the addressing circuit is done by
drive strength. This prevents reading or writing the wrong
word. Protection against latch-up is foreseen by placing p+
guard bands between all n- regions. It has been chosen to not
protect the data within the memory cells in a hard way: an
error-correction code can be used for such purpose as an
additional external layer. In order to minimize TID effects
(drive loss, Vt shift) no minimal width transistor are used in
the design but a larger width was chosen for the nMOS and
pMOS transistors based on TID measurement data [1]: all
nMOS are larger than 200nm and all pMOS are larger than
500nm.

B. Architecture

The SRAM is composed out of a set of memory blocks
either in series (increasing word size), in parallel (increasing #
words) or a combination of both. A bank of flip-flops is
foreseen to store the target address of the word. A self-timing
clock generator will generate all the clock signals at the
correct time. 2 sets of decoders will convert the address to
select the correct word. A buffer to insure signal integrity.
Figure 3 illustrates the architecture more clearly. To achieve
the required pseudo dual-port behaviour, there are 2 banks of
flip-flops that will clock in the write address in one bank, and
read address in another. The address is decoded in 3 pieces,
the 3 LSB will be used for selecting the interleaved word
(more info in subsection E. Periphery), the MSB (1 or 2 bits)
will be used to select the memory block row, and the
intermediate bits will select a specific memory block.
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Figure 2: Scalability of the SRAMs

To improve the aspect ratio in case of big word sizes, the
SRAM can be cut into X pieces and stacked on top of each
other. To prevent confusion with multiple memory rows for
increasing # words, these stacked rows are called mosaic
rows. To calculate how many mosaic rows are needed to get
the aspect ratio below a specific amount; the formula below is
used to define numbers of rows needed to get a targeted
aspect ratio:

current aspect ratio

#mosaic rows = -
target aspect ratio

C. The Memory cell

For the memory cell the classic 6-transistor design was
used. The schematic was changed to fulfil the requirements of
the minimal transistors widths for TID mitigation. The design
was verified across process/voltage/ temperature (PVT)
variations to confirm that the specifications for speed and
stability are met. The static noise margin is larger than 18% of
the supply voltage over the full PVT range.

D. The DICE flip-flop

The DICE flip-flop [3] is the cornerstone of the SEU
protection strategy for the periphery and addresses storage.
They have been hardened against SEU thanks to the well-
known DICE latch structure (see figure 4). Internal SETS in
the flip-flops are mitigated thanks to the redundancy of the
DICE memory and the addition of cCell. In the DICE memory
there are 2 times 2 identical outputs (see figure 4: A=C &
B=D). This redundancy may be used to filter internal SET in
the flip-flop by using A and C or B and D as input of the
cCell. In case of SET, only one of the inputs is
affected/toggled, it means that the cCell is in high impedance
(i.e. the SET is not propagated).

For the hardening of the flip-flops used to store the write
and read address, the output cCell has been sized such that the



cCell itself is insensitive to SET (hardening by drive
strength).
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Figure 3: Block diagram of the architecture
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Figure 4: The Dice latch structure

E. Periphery

The memory cells in the memory block are interleaved by
8 words. This has a dual benefit. First of all it improves the
aspect ratio to have 8 words on 1 row. Second of all it
provides extra radiation hardening. When a charged particle
hits the memory block under an acute angle, the particle can
hit 2 neighbouring cells and alter both contents. A multi bit
upset (MBU) would occur if these 2 bits belong to the same
word.

To correct this, multiple parity bits would need to be
added to the word. Alternatively by interleaving (figure 5), the
particle will not hit 2 bits in the same word, causing less
corruption within the data word. To decode this interleaving
during write and/or read operations MUXs have been foreseen
between the BIT-lines and the sense amplifier.

A1|B1|C1|D]]...|A2|B2|C2

D2]...

Figure 5: Interleaving

F. Memory block

Memory blocks have been made in 2 flavours, 128 words
by 8 bits and 512 words by 8 bits, respectively 16 word lines
and 64 word lines high. As mentioned before 8 words are
interleaved per word line.

The word line itself is split up into multiple sections with
one backbone, a global word line that is buffered inside every
memory block. The advantage is that the local buffers inside
the memory blocks can be better optimized for the load than
one big central buffer.

All memory blocks have multiplexing gates on the
outputs, so that multiple rows can be used to increase the
number of words without shorting any outputs directly.

G. Clock generation

The timing of all signals is generated with continuous
calibration on the background. This self-timing is achieved
with a dummy memory block at the end of the memory. The
clock generator will control the charge and discharge cycle of
the BIT lines dummy block.

The Clock generator will also select the needed address from
the flip-flop banks, either the read address or the write
address.

The clock generator is build around 2 flip-flop. One controls
the read and write phase, the other one read discharge
duration.



The radiation hardening for the flip-flops is done by using
DICE flip-flops. Other nodes in the clock generator are not
hardened by drive strength, but the cross-section is low
enough for the application.

IV.LAYOUT

The layouts are built upon 2 floorplans, one for 128w
memory blocks and one for 512w memory blocks.

All block are optimized for compiler assembly and have
been simulated post layout in all PVT corners.

The floorplan is always built up with the clock generator,
address flip-flop banks, buffers and decoders located on the
left side. Data flip-flops are located on the bottom of the flip-
flop. The dummy memory is located the furthest form the
clock generator to be sure that all parasitics are taken into
account in the self-timing. Dimensions for a 1024w x 32b is
approx. 450um x 375um.
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Figure 6: Layout of 1024word x 32bit SRAM

V. COMPILER

The compiler is build up out of 2 layers, a virtual design
layer which is abstraction of SRAM design and an
implementation layer that will generate the actual SRAM
design database.

The compiler works in 2 stages. In the first stage the user
can try out different possible designs and immediately see key
parameters of that design e.g. physical dimensions, buffer
configuration, etc. The name of this layer is “Virtual Design
Layer”. In the second stage the Implementation Layer, will
create the requested SRAM design.

The communication between the 2 layers happens via a
TCP connection. This has the advantage that the

implementation layer can run on a powerful server, while
virtual design layer runs on a workstation.

Characterisation is done by interpolation between multiple
pre-characterized instances. This has the major advantage that
no expensive tools are needed for creating the liberty files at
the user site.

The output from the compiler is an OA library containing
the schematics, layouts, abstracts and symbol views.
Additionally it will generate the needed liberty file, lef file
and verilog model.

V1. FURTHER WORK

The first compiler version will be finished by the mid of
Q3 2014. Two SRAM instances will be put on a test chip in
July 2014 to prove the functionality in silicon.

VIl.  SUMMARY

In this paper, the development of a 65nm SRAM compiler
was described. The SRAMs have clock-synchronous
write/read operations and pseudo dual-port addressing, and
are using the LP version of the technology with only standard
Vt devices.

Synchronous write/read operations are controlled by the
clock generation module. This module uses a dummy memory
block with continuous calibration in the background.

The SRAMs are designed to be radiation hardened against
cumulative and transient effect (TID and SEE). This is done
by restricting the minimum dimensions of the devices, using
DICE flip-flops and drawing p+ guard bands between the n-
regions

The SRAM memories exist of combinations of memory
blocks of either 128w x8b or 512w x8b. The word lines of
these memory blocks are buffered locally to reduce power
consumption. Additionally 8 words are interleaved per word
line to mitigate MBU.

The compiler has the ability to first build a virtual design
of the SRAM, so that the engineer, project leader or manager
can use the tool to get an idea of the physical dimensions and
the buffer sizing. When the virtual design satisfies the user, it
can be fully generated and characterized.
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