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Abstract

At CERN’s Large Hadron Collider, the strategy for machine protection and the quench
prevention of superconductive magnets heavily relies on the Beam Loss Monitoring
system. For each turn of the beam train, a large amount of data is acquired from
approximately 4000 detectors by 750 digital conversion cards. Within a strict deadline,
the readout electronics compare the measured loss radiation with unique per detector
thresholds, thus deciding whether the particle beams are permitted to continue cir-
culating or trigger an interlock. In view of the accelerator High-Luminosity upgrade,
this protection device needs to be improved in terms of resolution and response speed,
enhancing its ability to detect potential hazardous scenarios promptly. Such targets re-
quire an entirely renewed electronic front-end that withstands a TID of at least 3 kGy
and can be positioned as close as possible to the detection spots. Compared to the
currently installed equipment, it will also provide a four times faster sampling rate
of 100 kHz. Here, the research activities and the development of such upgrades are
reported. They involve the engineering, implementation and validation of a real-time
system that digitises the output current of the detectors, forwards the results to a non-
radiation area and performs an optimised signal processing, in order to obtain precise
and accurate beam loss current measurements. Amongst them, the support for the
design and the characterisation of an application-specific integrated circuit is also in-
cluded, which plays a crucial role in the analogue to digital conversion. A frequency
domain analysis of the produced data stream is conducted, demonstrating the advan-
tages of this approach over conventional methods. In this way, a detailed evaluation of
the digitiser’s behaviour has been carried out, in response to a wide range of inputs,
and appropriate filtering techniques have been identified. Hence, the assembly of an
overall system test-bench and the standardised measurement procedures have led to
the validation of the readout firmware, the signal treatment chains and the system con-
version performance. The devices successfully complied with the design specifications,
including the input dynamic range of more than 160 dB and the tolerance to radiation.
In addition, the novel processing has provided optimal measurement precisions or, com-
plementary, fast step responses. Finally, the flexibility of the developed instruments
allows them to be easily adapted beyond the original scope, such as for medical and

technological applications or in other particle accelerators.
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Chapter 1

Introduction

1.1 Statement of Intent and Objectives

CERN [S1], the European Organisation for Nuclear Research, represents the largest
centre in particle physics, one of the most respected in the world. Designers at CERN
develop and employ groundbreaking instruments to discover the primary constituents
of matter and study its subatomic interactions. This allows us to provide insights into
the fundamental laws of Nature and advance the boundaries of human knowledge by
delving into the smallest building blocks of the Universe. Furthermore, the multitude of
subjects and the breadth of challenges addressed at the centre extend the CERN mis-
sion to quality education for tomorrow’s scientists, constructive cooperation amongst
countries and significant enrichment of the technological know-how.

In order to accomplish these goals, CERN includes a massive complex of cascaded
particle accelerators and detectors. Accelerators boost bunches of particles up to near
the speed of light and produce controlled collisions within each other or towards fixed

targets. The detectors observe all the types of scattered particles produced in the events

Figure 1.1: Tllustration of the LHC area (by Max Degtyarev, from the Reddit page of CERN).
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and they record the results of interest. Thus, a worldwide team of researchers, having
different expertises, analyse such data to validate new theories, investigate unknown
phenomena and improve the precision of measurements of already known Physics.

The most powerful accelerator built at CERN is the Large Hadron Collider (LHC) [S2],
which has been active since 10th September 2008. The LHC is a synchrotron with cir-
cular layout and provides collisions of opposite moving proton beams, with a centre of
mass energy up to 14 T'eV. Following the discovery of the long-awaited Higgs boson [1],
[2], achieved thanks to the active cooperation amongst ATLAS and CMS experiments,
LHC continues to represent a worldwide reference for fundamental science research.
Therefore, it will most likely retain its leadership as the world’s highest energy accel-
erator for at least the next two decades.

Even though the accelerator optics are constantly optimised to impose strict con-
finement of the beam, a variety of phenomena cause particles to escape from the desired
trajectory and spread outside the beam pipes. Therefore, it is very likely that they will
interact with the surrounding materials, producing extensive secondary particle show-
ers and electromagnetic radiation. These events lead to unwanted energy deposition in
the various machine elements. Their probability of occurrence and harmfulness grow
as more powerful accelerators are built.

The Beam Loss Monitoring system [3], hereafter referred to as the BLM, is re-
sponsible for keeping the level of radiation surrounding the beam pipes under control,
estimating the magnitude of energy depositions and acting promptly in view of pro-
tecting the accelerator components. The system is extended throughout the particle
path and it involves thousands of measurement spots, which are located according to
the expected radiation levels and the criticality of the installed equipment. At each
turn of the LHC beam train of bunches, a large amount of data are acquired from ap-
proximately 4000 detectors by 750 readout cards. Then, within a period of a few tens
of microseconds, the back-end electronics compare the measured loss radiation with
unique per detector thresholds, so they decide whether the particle beams are permit-
ted to continue circulating, or an interlock should be triggered. The major challenge
faced by the BLM concerns the need to carry out the sequence of operations within a
strict deadline, allowing a reliable machine protection system.

In addition, the BLM provides an efficient diagnostic tool for the optimisation and
inspection of the accelerator, since it can concurrently detect both local and extended
anomalies. This does not only concern the spatial multi-spots monitoring, but it also
includes the possibility of recording a long time history of measurements, paving the
way for a more high-level assessment of the system behaviour.

The exploitation of the full performance of LHC has been the foremost priority
stated by the European Strategy for Particle Physics Update (ESPPU) in 2013 [4].
Later, it was recognised that a further improvement of its components would allow an
enhancement of its discovery capabilities. The upgrade design study began in 2011 and

it has set the goals of increasing the instantaneous collision rate by a factor of 5 and
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the integrated luminosity by a factor of 10, with respect to the nominal design values.
The renewed accelerator will be named High-Luminosity LHC (HL-LHC) [5], [S3].

Fig. 1.2 shows the work plan for developing and commissioning the HL-LHC, up-
dated in 2022. Design efforts, which have been going on for ten years, have currently
achieved relevant challenging features [5], amongst which: novel tuning of accelerator
dynamic optics, groundbreaking superconducting magnet working up to 12 7', inno-
vative design of magnets (such as Canted Cosine Theta and super-ferric), compact
superconducting RF cavities for beam rotation and ultra-precise phase control, new
technologies and materials for beam collimation and high-current superconducting links
with almost null dissipation. Furthermore, in the context of such a modern accelerator,
the Beam Loss Section (SY-BI-BL [S4]) is providing its expertise to develop a cutting-
edge version of the BLM, exploiting completely renewed electronics. This choice is
configured as a natural upgrade of the system, which has proven to be very robust and

reliable during its entire lifetime, but is getting outdated and difficult to maintain.

In view of the HL-LHC commissioning, during the Long Shut-Down 3 (see Fig. 1.2),
the renewed BLM system will be installed. Its mission-critical electronics shall provide
an increased radiation tolerance of factor 6 at least [S5], a step response 4 times faster, a
lower conversion noise and improved diagnostic features. The present work reports the
design activities, the implementation and the validation of a real-time system, which
1) digitises the currents produced by the ionisation chamber detectors, minimising the
lengths of analogue transmission lines, 2) propagates the results to a non-radiation area
and 3) performs an optimised signal processing to obtain precise and accurate beam

loss current measurements. Particular attention has been devoted to the choice of the
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design solutions and the components, in order to guarantee the commissioning of a
reliable system whilst reducing the costs and facilitating maintainability during its life
cycle. Furthermore, a new analysis technique in the frequency domain has been imple-
mented. In particular, by illustrating the theoretical foundations and specific numerical
procedures, it can be proved how operatively assist the design of such instruments and
improve the methodologies adopted for their characterisation. Actually, this approach
not only provides a formalisation of the signal processing and an effective way of investi-
gating the noise sources, but also makes it possible to accurately estimate the precision
of the outcomes for any desired linear filtering. Thus, instead of performing extensive
iterations of measurements and averaging, the validation of the conversion precision
can now be replaced by a more efficient and flexible computation.

Finally, the device performance has been exhaustively validated both under the Sec-
tion laboratory conditions and the radiation-controlled environments provided by the
CERN X-Ray facilities and the proton accelerator at PSI (Villigen, Switzerland) [S6].
The results showed that all the design specifications had been fulfilled, which enabled
us to overcome the prototyping stage successfully. Since the project challenges have
involved, in an integrated fashion, pure hardware solutions, efficient processing tool
developments and theoretical studies, the delivered product and the acquired expertise
provide a class of accurate real-time measurement instruments. Their applications go
beyond the specific commissioning target, contributing to the scientific enrichment of

the topic.

1.2 Thesis Content Organisation

Before presenting the specific contents, we recall that part of the whole material has al-
ready been published in the papers [6], [7] and presented as posters at the International
Beam Instrumentation Conference 2020 & 2021 by the author of this work.

In Chapter 2, the work begins with the architectural description of the state of
the art BLM, the involved devices and the grounds justifying an update of the sys-
tem. Thus, the design specifications for such renewal will be established, highlighting
those demanding the development of improved electronics and processing. Later, inte-
grated circuit solutions to perform the conversion of beam loss currents into digital data
streams are introduced in Chapter 3. In particular, they are focused on the BLMA-
SIC integrated circuit, which represents a key component for the new BLM front-end.
The preliminary validation of its performance, by means of developed test-benches,
and the data analysis software will be reported in Chapter4. The theoretical expla-
nations of the novelty signal processing methods and their prototype implementation
are described in Chapter 5. The same includes examples on real measurements and the
design of the filter bank. The development of the new radiation tolerant front-end is
reported in Chapter6. Its technical specifications, the electronic schematics and the

PCB layout are there displayed in detail. Following the hardware implementation,



the back-end architecture and the firmware, which is in charge of carrying out the data
acquisition and the diagnostic monitoring, are described in Chapter 7. It also includes
the feasibility study of the novel signal processing implementation into an FPGA de-
vice, demonstrating the possibility of using a floating-point representation logic. Within
Chapter 8, the overall system test-bench is presented together with the undertaken val-
idation sessions. The data calibration procedures will be exposed and all the precision
characterisation results will be reported and discussed. It will follow an analysis of
the converter accuracy and the behaviour above the full-scale. The proton irradiation
test carried out at PSI will be presented, showing the performance drifts due to the
sustained TID and the single event effects (SEE) occurred in the front-end electronics.
Conclusions of research will be discussed in the final Chapter 9. Finally, the appendices
include: an introduction to the effects of radiation in electronics, technical details of

the employed devices and the complete schematics and layout of the front-end board.
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Chapter 2
System Architecture

An introduction to the CERN LHC accelerator is provided, including the description of
its operational characteristics during the most recent runs. Then, the beam loss phe-
nomenon and the risks that it poses to the plant are explained, highlighting the need for
a monitoring system. The architecture of the operational BLM will be presented, includ-
ing the details concerning the employed detectors, the digitisation electronics and the
readout. Afterwards, the reasons for an upgrade of the electronics in view of HL-LHC
are outlined, emphasising the necessity of developing a completely renewed front-end
board, based on radiation-tolerant components. Finally, the technical specifications for

the new system are reported.
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Figure 2.1: Geographical location of LHC and SPS ring accelerators.
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2.1 Overview

Fig. 2.1 shows a map of the Franco-Swiss border area with the nearby city of Geneva.
The ring paths of LHC and the linked accelerator SPS (450GeV) are represented in blue,
while red is used for the injection transfer lines. Eight interaction points are present
alongside the large accelerator, each including a variety of surface and underground
infrastructures. The points P.1, P.2, P.5 and P.8 concern the main user experiments
of LHC, which are named: ATLAS [S7], ALICE [S8], CMS [S9] and LHCb [S10],
respectively. The main beam cleaning collimators are installed in P.3 and P.7, to
reduce the off-momentum and the beam halo particles. Finally, the accelerating radio
frequency cavities are installed in P.4 and the beam dumping system in P.6.

The LHC accelerator is made of eight arcs and eight insertions, which are 2.45 km
and 545 m long, respectively, and it is extended for almost 27 km in total circumfer-
ence. Each arc consists of 23 cells, which integrate a variety of magnets to bend and
tune the geometry of the particle beams. On the other hand, the accelerator inser-
tions are made of straight sections, which end with proper transition regions called
dispersion suppressors. The layout of each insertion depends on the specific role that
it plays in the system, such as experimental area access, injection, beam dumping or
cleaning. The bending arc dipoles can currently produce a magnetic field of a nominal
magnitude of 8.33 T, which is 10° times greater than the natural geomagnetism. Such
a performance is only feasible by exploiting superconducting electromagnets of special

Niobium-Titanium alloy coils, cooled down to the cryogenic temperature of 1.9K.

ALIGNMENT TARGET
_ MAIN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE
SUPERINSULATION
SUPERCONDUCTING COILS
BEAM PIPE
VACUUM VESSEL
BEAM SCREEN
AUXILIARY BUS-BARS
SHRINKING CYLINDER / HE I-VESSEL
THERMAL SHIELD (55 to 75K)
NON-MAGNETIC COLLARS
IRON YOKE (COLD MASS, 1.9K)
DIPOLE BUS-BARS

SUPPORT POST

Figure 2.2: Cross section of an LHC dipole.



This minimises the power losses and allows current flows up to 11,850 A. In Fig. 2.2,
it is shown the cross-section of an LHC dipole, where it is possible to distinguish
the structural mechanics, the vacuum vessel, the two beam pipes surrounded by the
superconductive coils and the related cooling plant.

The working parameters of LHC and the relative beam features during Run 1 and
Run 2 are reported in Tab. 2.1 [8]. During the latest period, LHC operated at 6.5 T'eV
with 2556 bunches of ~ 1.15 x 10! protons for each of them. Thus, it achieved the peak
luminosity of 2.01 x 103* ¢m~=2s7!. In these conditions, the kinetic energy of the beam
alone is about 340 M J, hence even minor particle losses may have a severe impact on the
systems. The most representative example concerns the radiation-induced quenching of
the superconductive magnets [9]-[13]. This occurs when a coil section mutates from the
superconducting to the normal resistive state, due to the energy locally deposited by
a beam loss event. The consequent Joule heating causes an abrupt temperature rise,
which quickly extends the process to the surrounding areas and develops in a chain
reaction. At the LHC nominal beam energy of 7 TeV, the deposited energy density
of 1 mJem™ is estimated as the threshold for the quenching process. Higher energy

3 can cause permanent damage to the magnets. While

values, in the order of 1 Jem™
a quench leads to hours of accelerator downtime, the damage often requires delays
of months and high repairing costs [14]. Therefore, the presence of instruments that
promptly detects such a type of event and perform the right actions is mandatory in
an accelerator of the LHC scale.

The BLM is the main system [15]-[17] in charge of preventing the quenches induced
by events lasting from 356 s, corresponding to 4 LHC bunch turns, up to 100s. Namely,
these are included in the categories: fast, intermediate and slow losses. The system
must perform the loss measurements all along the beam path, with the positioning of

detectors depending on the specific location. Areas with a higher expected dose rate, or

Parameter Design 2012 2016 2017 2018
Beam Energy [TeV] 7 4 6.5 6.5 6.5
Bunch Spacing [ns] 25 50 25 25 25
B* CMS/ATLAS [cm] 55 60 40 40 or 30 | 30-25
Crossing Angle [urad] 285 290 32%5” 300 - 240 | 320 - 260
Bunch Population N [10"! ppb] 1.15 1.65 1.1 1.15 1.15
Normalised Emittance e [um)] 3.75 2.5 2.2 2.2 2.0
Number of Bunches per Ring & 2808 1374 2220 2556 2556
Peak Luminosity L [10**em™?s™!] 1 0.75 1.4 2.05 2.01
Peak Average Event Pile-Up 20 35 50 59 60
Peak Stored Energy [M.J] 360 145 270 320 340

Table 2.1: Comparison amongst LHC machine parameters across years.
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involving more sensitive equipment, are monitored with denser detection spots. Some
relevant examples are represented by: the beam cleaning collimators, the intersection
points and the Triplet Magnets close to ATLAS and CMS experiments.

The massive hardware volume and a large amount of collected data by the BLM
system make the accelerator operations dependent on its performance, including diag-
nostics not strictly circumscribed to the machine protection [18], [19]. Indeed, longevity
and high reliability [20], [21] are required in the electronics and the firmware for de-
tection and data processing, in order to ensure a failure rate below 10~7/hour for
each channel [22], [23]. Furthermore, proper long-term maintenance and calibration
allow to successfully fulfil the goals of machine protection throughout its decades of
operation [24]-[27]. Since the loss radiations must not exceed the limits in all the sin-
gle detectors, careful adjustment of thresholds is mandatory and it is the outcome of
detailed simulations and measurements [28]. If the system is configured with too de-
manding safety margins, it will dramatically affect the accelerator availability [29]. On
the contrary, potentially dangerous situations could be missed if the loss protection is
not strict enough. Generally, in the LHC, a relevant percentage of the interlock beam
dumps are triggered by the BLM: about 18% during 2010/2011.

2.2 The BLM Detectors

Figure 2.3: Interior view of an LHC ionisation chamber detector.

The main detector employed in the BLM system at CERN is the parallel plates
gas lonisation Chamber (IC, see Fig.2.3 and the technical drawing in Appendix B).
This is composed of a set of 61 aluminium electrodes, alternately connected (evens and
odd) to two external nodes and spaced about 5.71 mm to 5.75 mm. Each electrode
diameter is 9 cm and the total length of the set, including the mechanical structure, is
about 50 cm. The assembly can be electrically modelled as the parallel of 60 flat-faced
capacitors, for a total value of ~ 500 pF' (measured at 1 kHz by an LC analyser). The
whole is installed inside a stainless-steel tube, to which it is secured by means of two
very high resistivity ceramics joints (Al2Os3). Finally, the containing tube is filled with

high-purity Nitrogen at 1.1 bar of pressure, before its definitive sealing.
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Figure 2.4: Ionisation chamber detector response to longitudinal (left) and transversal (right)
interaction with different components of the radiation field.

During the measurements, a bias voltage of about 1500 V is applied to the detector
nodes, establishing an electric field across the plates of about 262 kVm ™. Whenever
ionising radiation goes beyond the outer walls, it releases part of its energy to the gas
atoms, producing ion-electron couples. Hence, the electric field accelerates the particles
towards the opposite electrodes, which collect their charge. The required drift times
for the electrons and ions are in the order of 300 ns and 80 us, respectively.

Outside the sealed volume, a BNC output signal connector is joined to one of the
detector nodes, allowing the charge to drain. The other node is used for the high-
voltage biasing, which is provided by a second BNC HT connector and stabilised by
an RC filter. This latter is composed of a resistor of 10 M) and a radiation-tolerant
capacitor of 470 pF'.

Depending on the monitoring location, the detectors are exposed to a wide range
of radiations, with kinetic energies spread in the range of 10 keV to 10 TeV. In order
to determine the chamber response, GEANT/ [S11] simulations have been carried out
with different particle types and incidence angles [30]. The relation between the particle
energy and the amount of charge produced by the gas interaction is reported in Fig. 2.4.

By comparing the two plots, it can be observed that the detector is more sensitive to

Figure 2.5: Assembly parts of a LIC (left) and a SEM (right) detectors.
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high energy impacts if they occur longitudinally to its axis, because of the larger mate-
rial traversed. In general, smaller detection cut-offs are reported in case of transversal
interactions, which represent the most common case in the current BLM installations.
In this situation, the study reported minimum observable energies of: 30 MeV for
protons, 2 MeV for neutrons, 3 MeV for electrons and 300 keV for photons.

Finally, scaled detector geometries are employed in the accelerator areas charac-
terised by very high dose rates (like injectors), to allow faster response times and lower
saturation levels. In particular, the Secondary Emission Monitors (SEM) [31] and the
Little Tonisation Chambers (LIC), shown in Fig.2.5, have a structure resembling the
standard IC one, but they include three electrodes only (made of Titanium for the
SEM). Compared to the IC, the LIC is characterised by a lower sensitivity of a factor
of 60, while the SEM is 7 x 10~4 times less, since it operates in the vacuum environment
at 10~4 mbar [32], [33].

2.3 State-of-the-Art Electronics

Processing, Analysis &

Front-Ends : Back-Ends Decision

Beam Loss Monitors Combiner & Survey

Acquisition & Digitisation

Beam Interlock
System Interface

ﬁ
x16

xa0 @  x27

Figure 2.6: BLM signal chain within the LHC installation.

Fig. 2.6 shows a simplified view of the overall signals chain and the electronics that
it is included in the BLM system. In particular, the components and the reported
quantities refer to the plant that is currently operational in the LHC accelerator.

About 4000 detectors are installed throughout the beam path, producing current
signals that are proportional to the loss radiation in each specific spot. A common
example of their placement is shown in Fig.2.7. Afterwards, a chain of coaxial and
multi-conductor cables allows the propagation of the analogue signals toward the front-
ends. In the ARCs, those are located underneath the quadrupole magnets, within
dedicated compact crates. Instead, in the straight sections, they are concentrated at
two specific positions at each of the LHC interaction regions due to the higher radiation
levels. Finally, the readout electronics are installed at the surface facilities and they

process exclusively digital signals.
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Figure 2.7: Three IC detectors installed on an LHC quadrupole magnet. The other three are
placed on the opposite cryostat side, to optimise the monitoring of both beams.

2.3.1 Digitisation Front-End

The front-end board [34], [35] provides all the circuitry aimed to carry out the digiti-
sation of the current measurements and their transmission to the surface electronics
via an optical link. In particular, the LHC installation employs the custom designed
board named BLECFC (internal ref. EDA-00593). This device allows the interfacing
to 8 IC detectors, the currents of which are concurrently acquired by input channels
characterised by a high dynamic range.

The analogue circuitry employs commercial components and it is based on the
current-to-frequency converter (CFC) architecture, the details of which will be set out
in Par.3.2.1. Due to the required Total Ionising Dose (TID) tolerance up to 500 Gy,
every component has been extensively tested and their behaviour drifts have been taken
into account during the development. Furthermore, to achieve a safety integrity level
compliant with the IEC 61508 SILS standard (1078 to 10™7 failures/h) [22], several
diagnostic features and circuit protections have been implemented.

The data processing and serialisation are performed by a flash-based Actel A5/SX72A
FPGA, embedded in the board. This hosts the firmware dedicated to: the retrieval of
measuring currents, the monitoring of the IC biasing status, the generation of trans-
mission packets and their related identification and validation keywords. These latter
include: a unique code per card, which is used to ensure the data to detector assign-
ments, a report of the internal logic status, an incremental counter value to identify the
packet and a CRC code. The FPGA is interfaced with two redundant Gigabit Optical
Links (GOL), equipped with a data serialiser and a laser driver. Thanks to these, the
front-end is able to transmit the measurements to the readout electronics, which are
installed at the surface facilities. The overall computation is synchronous to a system
clock of 40 M Hz and the measurement packets are propagated every 40 us, which
corresponds to an input sampling frequency of 25 kH z. Finally, the FPGA acquisition

and control logics have been tripled, to guarantee reliability and redundancy.
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2.3.2 Readout Electronics

The BLM readout electronics represents the decision unit of the entire machine protec-
tion system and, in the information chain, it sits between the raw loss measurements
stream and the beam interlock interface. Two specific card types are involved in this
process: 1) the BLETC or DABG64x card [36], [37], which performs the data acquisition
and thresholding, 2) the BLECS (internal ref. EDA-01660), which combines the results
and triggers the interlock signal. The installation of LHC includes about 400 BLETC
and 27 BLECS, accommodated within VMEG64 based crates (ANSI/VITA 1-1994 stan-
dard), for a total of 25. Three of these are located in each of the interaction points
except P.7, where an additional one allows better monitoring of the collimator plants.
The crate is usually equipped with 16 acquisition cards, allowing the simultaneous
tracking of 256 detectors, and a unique combiner that always occupies the rightmost
slot. Furthermore, an off-the-shelf CPU card (PowerPC based) acts as the VME bus
master and it is installed on the leftmost slot. It hosts a LynxOS real-time operating
system that can be used for all the non-critical processes, such as the system config-
uration and data logging. This last task is crucial at every dump event, to find the
triggering detector and to inquire which specific threshold has been exceeded. Thus,
the collected information assists the operators investigating the causes of the event.

The following paragraphs will describe in more detail the tasks performed by the
BLETC and BLECS devices.

The BLETC Processing Back-End

The processing of BLM data is assigned to the BLETC programmable-logic based card,
which has been developed in cooperation with the whole beam instrumentation group
at CERN (internal ref. EDA-00998). It exploits an Altera[S12] Stratix as the main
computational device, an Altera MAX CPLD for the boot configuration and the VME
bus management, and it is equipped with three 512 KiB SRAM memories. In addition,
specifically designed for the BLM, a mezzanine card has been installed on it, enabling
the reception of four gigabit optical links. Since double redundancy is employed for
the data coming from the tunnel electronics, two front-ends can be connected to the
BLETC.

The card hosts custom firmware, designated for the BLM operations [37], [38]. As
the front-end packets are acquired by the FPGA interface, a transmission check module
is used to validate their integrity and choose which stream will be employed for the
computation between the redundant. It preliminary performs the 8b/10b decoding,
then it computes the CRC codes and flags any detected errors. Finally, it compares
the two CRC result values, to verify the equivalence of data. By means of these tests,
the system can exploit the link redundancy to improve its availability and be protected
against coder, transmission and decoder misbehaviours. Tab. 2.2 reports the actions

programmed in the module according to the validation results of channels A and B.
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Case CRC:heck CRC]ShECk CRCs Comparison Action
1 Error Error Mismatch Dump
2 Error Error Equal Dump
3 DS OK Mismatch Use B
4 Error OK Equal Use B
5 OK Error Mismatch Use A
6 OK Error Equal Use A
7 0K OK Mismatch Dump
8 OK OK Equal Use A

Table 2.2: Actions of the redundant data receiver.

Case 1 represents the worst possible since both the links report errors and the logic
has no choice but to trigger a dump request. Case 2 and 7 are related to situations of
disagreement between the individual checkers and this is likely due to errors in the CRC
generation or validation. It is not possible to determine which of the signals contains
the valid measurements, so the selection terminates again with a dump. In all the
remaining cases (3, 4, 5, 6, 8), the module can make an aware choice of the signal to be
actually used and this is propagated to the successive processing. However, while 8 is
the ideal condition for everything operating correctly, those cases highlighted in yellow
still involve faulty conditions, which will be signalled for subsequent maintenance.

Later, the correct signal is processed by a chain of digital modules aimed to re-
trieve the loss measurements from the front-end raw data. In fact, it should be pointed
out that the digitisers described in Par.2.3.1 do not produce numeric values which
can be directly attributed to the input currents, as it would be usually expected by
employing standard ADC devices. Instead, they generate modulated digital signals,
from which the information of interest can be extracted if a suitable back-end process-
ing is performed. This solution has been adopted to simplify the circuitry placed in
the harsh radiation environment, improving the system reliability and enabling more
flexible solutions in terms of response speed and precision characteristics.

The 25 kHz frequency at which the BLM measurements are updated allows the
detection of fast loss events. Nevertheless, the monitoring of intermediate and slow
losses is likewise essential for the complete protection of the accelerator machine. Hence,
a repertoire of temporal measurement integrations is employed to keep track of the
losses over different time scales.

The required computation is implemented into the FPGA as a set of 11 running
sums. This is essentially a convenient method to realise digital moving average filters,
the results of which lack the final division by the width of the window. In particular,
the logics include: a shift register that is fed with the new samples, a subtractor oper-

ating on the newest and the oldest stored samples, and an accumulator. A cascading
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organisation of the running sum logics allows the exploitation of shorter integration
windows for the computation of the wider ones. This makes it possible not to store a
huge amount of samples, which would otherwise be unachievable by the BLETC hard-
ware, especially considering the longest integrations. However, such a solution has the
disadvantage of featuring an inherent decimation of data, meaning that longer inte-
gration outputs will be updated with lower rates. This limitation is usually tolerable,
because the filtering process still attenuates the high-frequency components of the mea-
surement signals. Tab. 2.3 reports the variety of windows implemented, together with

the respective output periods and tunings nomenclature.

By the study of how the running sums affect the stochastic processes of measure-
ments, it is noticeable that longer integrations allow smaller errors and higher precision,
at the expense of slower responses. In addition, such a computation carries a physical
significance for the BLM system because the integral of the losses can be directly re-
lated to the energy deposited by them. In fact, the quench of magnets can be caused
either by spikes of high magnitudes and short durations or by weak but persistent
losses. The effects of signal processing on the measurements will be examined in detail
in Chapter 5.

The latest module of the signal treatment chain ensures that the beam loss currents
are constrained within proper configured boundaries [39], [40]. In particular, the output
of each running sum is compared with a designated threshold and a dump request is
triggered whenever one of these is exceeded. Finally, since the damaging effects of

losses depend on the beam energy [19], different thresholding tables are employed by

Integration Window Output Periods Signal Name
Samples ‘ Time [ms] Samples ‘ Time [ms]
1 0.04 1 0.04 RSO
2 0.08 1 0.04 RS1
8 0.32 1 0.04 RS2
16 0.64 1 0.04 RS3
64 2.56 2 0.08 RS4
256 10.24 2 0.08 RS5
2048 81.92 64 2.56 RS6
8192 327.68 64 2.56 RS7
32768 1310.72 2048 81.92 RS8
131072 5242.88 2048 81.92 RS9
524288 20971.52 32768 1310.72 RS10
2097152 83886.08 32768 1310.72 RS11

Table 2.3: Processing integration time windows and periods of the corresponding dec-
imated outputs.
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the system, accordingly to the actual accelerator status. The tables are matched with
32 beam energy levels (from 0.45 to 7 T'eV') and they are stored on non-volatile memory.
The updating capability of this is provided either by the front panel connector or the
crate CPU card. Concerning the diagnostics, the BLETC is also able to generate non-
critical warnings and reports, in case a programmed percentage of the loss limits is
breached.

The BLECS Combiner

Dump requests are emitted by the processing cards acting upon a specific digital flag,
which is named ”beam permit”. This is daisy chained through each BLETC by using
a custom back-panel connector and a simple cascaded AND logic, which combines it
with the flags locally generated by each processing card. In particular, they will be
asserted if the loss measurements lie within the set constraints. Then, the propagated
flag is finally collected by the combiner, representing the main interface between the
BLM crate and the Beam Interlock Interface (BIS) [41], [42]. In case the "beam permit”
is de-asserted, a dump of the beams is carried out within a few bunch turns.

Such an implemented architecture provides high protection reliability to the accel-
erator, prioritising the safe beam extraction even if faulty conditions occur in the BLM
electronics. For instance, in case one or more cards is affected by a power supply issue,
the daisy chain is cut and the ”beam permit” is de-asserted consequently. The same
situation applies whether the BLECS is faulty itself.

Finally, the BLECS card is also employed to distribute the beam energy information
to all the BLETCs installed within the crate. These latter shall select their thresholding
tables accordingly.

2.4 Front-End Upgrades

The digitiser card represents the most critical electronic component of the whole BLM
system. Their development involved significant challenges concerning conversion per-
formance, reliability qualifications and compliance with the harsh working environment.
In fact, the high radiation dose rate and the TID, which the device must withstand
during its lifecycle, are definitely the key factors to be taken into account for the success
of the project

In the operating system, the BLECFC has performed well on the goals, however
precautionary measures have been demanded to protect the electronics against excessive
radiation. In particular, in the proximity of the intersection points (P.1, P.2, P.5, P.8)
and of the main cleaning collimators (P.3, P.7), the digitisers have been concentrated
in crates located far from the beam pipe. This has allowed not exceeding the BLECFC
specification margins, but it has required the employment of long analogue cables (up
to ~ 800 m) to connect the IC detectors.
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In LHC, the beam loss magnitudes are spread over a very high dynamic range, as
well as the detector currents that the BLM system has to measure. The ICs produce
currents below 10 pA as a result of the weakest losses, but values above 1 mA can be
measured for the most intense ones. This implies that the electronics must operate
over an input dynamic range of more than 160 dB, while ensuring the reliability of
measurements and accuracy. While higher currents are easily distinguished by the
operational BLM complex, weak ones often have the same power as the background
noise and their detection proves difficult. This is accentuated by the fact that the
LHC environment includes high-power equipment producing strong electromagnetic
interference (EMI), which may influence the BLM operations. Thus, all the analogue
transmissions should be limited to short distances, in order to avoid degradation of the
characteristics. Furthermore, signal transient issues must also be taken into account
since cables introduce an intrinsic attenuation and a low-pass filtering effect, increasing
with the transmission length. This can reduce the BLM system response speed, thus
inhibiting its ability to detect fast losses.

On account of the stated issues, the first goal of this work is the development of
an upgraded front-end, named BLEIC, which allows the digitisation of the detector
currents as close as possible to the measuring spots. Hence, the most demanding
challenge is posed by the enhancement of the card radiation tolerance specifications.
In addition, the new system will operate in the HL-LHC environment, for which even
higher radiation levels are expected in comparison to the former accelerator, due to
the increased beam luminosity [S5]. Thus, for the new digitiser, a TID increased by a
factor > 6 has been assessed (3 kGy), to cope with such new requirements and maintain
the same operational lifetime expectation at 20 years.

The HL-LHC upgrade will also involve the replacement of critical equipment, relying
on the BLM protection against excessive loss events, as the new triplet magnets of
ATLAS and CMS experiments. Thus, a fast measurement response speed will play
a key role in the ability to promptly detect potentially dangerous situations. Indeed,
design efforts have been made in the whole detection chain to minimise the latency
between the loss events and the interlock triggering. Amongst these, it has been decided
to increase the digitisers sampling frequency by a factor of 4, producing new samples
every 10us (fs = 100 kH z).

A market survey, carried out during the preliminary development stages, concluded
that such requirements are not achievable by using commercial products, so it is nec-
essary to deploy specific micro-electronic components for the purpose. This approach
is widely adopted at CERN (as in similar applications [43]) and different devices are
already available from the internal supply, to address a variety of needs. This is the
case of the low-power Giga Bit Transceiver (IpGBT) [44], [S13], which will be employed
to handle the communication with the surface electronics and the linPOL12V device,
used for the power regulation. However, an integrated current digitiser compliant with

the required range was not yet produced, so it has been developed and validated in
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the context of this work. It is named BLMASIC and it will represent the key compo-
nent of the newer front-ends.

The ASIC-based architecture, planned for this upgrade, will allow a dramatic re-
duction in the number of components populating the card. This translates into benefits
concerning reliability, power consumption and costs. Furthermore, in-house develop-
ment of the integrated circuits enables more effective planning of the spare procurement

and device obsolescence, which represents a potential issue for the future maintenance
of the BLECFC.

2.5 Back-End Upgrades

Figure 2.8: The VFC-HD carrier board.

In the context of this work, a simultaneous improvement of the readout electronics
has been carried out in order to accommodate the new BLM features. The BLETC
card was developed in 2006, exploiting a 130 nm Stratix FPGA technology, which
was declared obsolete by the manufacturer in 2017. During the various updates of the
firmware, it has been equipped with more sophisticated functionalities. In particular,
during the latest long shutdown (LS2), considerable efforts have been spent by the
developers, who pushed the device logic up to its limits. Thus, the available resources
have been fully exploited during the operation of the BLM system in LHC and further

improvements can only be achieved by a major upgrade of the hardware components.
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In view of the continuous evolution of the beam instrumentation, the group has
begun the design of a new standardised readout card for some time already. After sev-
eral prototypes testing, the achieved maturity has allowed to release a newer VMEG4x
based board: the VFC-HD [45], [S14] shown in Fig. 2.8, which includes considerable
advances in comparison to the previous solution. The board is equipped with an Arria
V GX FPGA as the main computation device. It provides a number of logic array
blocks (LABs) 6 times larger than the BLETC counterpart and an embedded memory
that is 10 times bigger. Furthermore, the extended provision of 6.55 Gbps transceivers
will allow faster communication with the upgraded front-ends (rate > 5) and the inte-
gration of a Gigabit Ethernet interface, which can be employed in test-benches for the
acquisition and control. Finally, a 32 bit DDR3 memory is included, allowing a total
storage capability of 2 GB.

The tasks performed by the new firmware are inspired by those already imple-
mented in the BLETC (cf. Par.2.3.2). However, each digital module will be optimised
for the new hosting FPGA device, allowing for manage the higher measurement sam-
pling rate and faster communication links. In this work, a significant amount of the
low-level code has been rewritten or extended with updated libraries to cope with the
new hardware resources, the BLMASIC features, the novel signal processing and the
improved diagnostics provided by the front-ends. A planned firmware upgrade will also
enable backward compatibility with the previous system, implementing a transparent
commutation between the logic necessary to interface either the BLECFC or the newer
BLEIC boards. Amongst the upgrades, the running sums technique (see Par. 2.3.2) will
be compared with a more advanced Infinite Impulse Response (IIR) filtering, evaluat-
ing its implementation feasibility and which methodology maximises the measurement
precision performance.

Finally, in the present work, additional firmware modules have been developed and
employed for the system test-bench to certify the specification compliance, before pro-
ceeding with the commissioning into the accelerators. Including specific acquisition and
profiling features, these modules are able to achieve a complete front-end conversion
characterisation, data communication integrity checks and the signal processing vali-
dation. These analyses will be carried out both in the section laboratories and in the

electronic irradiation facilities.
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2.6 Technical Specifications

Back-End

{ Front-Ends

)

8x ion-Chamber

Figure 2.9: Unit of the new BLM electronics, composed of a single VFC-HD back-end and a
pair of BLEIC front-ends.

The key technical specifications issued for the BLM electronics upgrade are reported
in Tab. 2.4, focusing on the requirements dealt with in this work. These are referred
to as a Unit, including the single back-end VFC-HD board that acquires the data
streams from two independent BLEIC front-ends, as shown in Fig.2.9. Clearly, this
architecture will be replicated in order to build the whole BLM plant. Additional
VFC-HD specifications can be found at the designated repository [S14].

The radiation tolerance features are referred to the BLEIC cards only since the
back-end is not affected by this issue, being installed within the surface crates. The
indicated TID value is obtained by measurements carried out on the LHC accelerator
and estimations of the dose absorbed at HL-LHC during the device lifetime [S5]. Co-
herently with the summarising table reported in Fig. 2.10, the required electronics are

classified among the radiation-hardened one.
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Figure 2.10: Radiation tolerance classes for electronic equipment.
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Feature Value

Overall input channels 16

Input dynamic range > 160 dB
Minimum target accuracy 10 %

Operative input range <10 pA—1mA
Achievable current resolution < 10 pA
Maximum input current 5 mA

Current monitoring sampling rate 100 kH =z
Minimum response time 10 us

Target input detector

Tonisation Chamber

Maximum input source impedance

5nkF

Front-End radiation TID tolerance > 3 kGy
Front-End radiation-induced fault tolerance SEU resilient
Deviation of measurements due to TID <10 %

Electrical input protection

against ESD & Overload

Data communication medium

Single-mode optical fibre

Data communication redundancy

Double

Table 2.4: Key specifications of the upgraded BLM electronics, referred to the single

Unit represented in Fig. 2.9.
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Chapter 3

ASIC Converters

Electronic solutions for the digitisation of loss detector signals are presented, focusing on
the current to frequency converter and the proposed AY, which represents an innovative
solution compared to state of the art in the considered context. The theory of their
functioning principles is illustrated and the characteristics of the circuit integration are
reported. Thus, it will be analysed the structure of the BLMASIC converter, which
represents the key component of the novel BLM system. Details concerning its internal
analogue and digital circuitry are discussed, providing an appropriate background for a
better understanding of the project. This includes the techniques exploited to engineer

a radiation-tolerant device.

3.1 Current Measurements

The key component of the BLM front-end electronics is represented by the ASIC con-
verter. It includes the circuitry necessary to sample the currents generated by the IC
detectors and yield digital data streams. By appropriate processing of the latter, an
estimation of the currents is obtained. In fact, the converter represents the front-line
interface between the physical quantity to be measured and the rest of the system,
where the data transmission and required computations are achieved by employing
exclusively digital devices.

During the development of the converter, the first inquiry concerned its digitisation
architecture. Literature reports on a variety of possible circuit topologies to perform the
measurement of currents [46]-[48]. Typical methods involve using a trans-impedance
network, the output of which is monitored by a voltage ADC. For example, it can be
composed by a precision shunt resistor and a possible active amplification (see Fig.s
3.1a and 3.1b). Differently, a canonical trans-impedance configuration based on an
operational amplifier can be used (see Fig.3.1c). On the other hand, the integrated
ADC architecture must be chosen on the basis of the desired resolution and sampling
rate. In particular, the latter must be high enough, to allow an effective observation of

the input current variations, in agreement with the Nyquist-Shannon criterion.
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Figure 3.1: Simplified examples of trans-impedance networks.

However, since the detector currents in the BLM system are tracked in specified
integration time windows, the conversion sampling rate is not strictly constrained to
the bandwidth of signals, but accordingly to the time constants characterising the
effects of the radiation losses. Indeed, the particle loss phenomena and the related
detector currents may evolve in a much shorter timescale than the damages they cause
by depositing energy into the magnets and the surrounding equipment. For instance,
the IC detector time constant is about 300 ns [30], which is thirty times smaller than
the sampling period stated in the specifications for the new system. Moreover, that is
up to one billionth of the time required by a slow loss to pose a threat to the accelerator.
Therefore, the converter architecture choice must be focused on the ability to carry out
precise and continuous measurements of averaged input currents. Alternatively, this
can be perceived as a measurement of the charge injected by the detector, modulo an

integration time scale constant.

The presented architectures are not the most effective solutions for the IC-based
BLM system. In fact, the full bandwidth current signal should be converted into digital,
before carrying out an appropriate estimation of the injected charge. This requires a
fast ADC, implying high power consumption and difficulties in the micro-electronic
implementation. Instead, it is convenient to employ a conversion architecture, which
performs the integration of input currents by its analogue circuitry. This enables the
possibility of choosing the desired sampling rate within fairly loose margins, while

ensuring that no input charge is lost.
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3.2 Conversion Architectures

Two circuit architectures have been investigated and implemented during this work:
the Current to Frequency Converter (CFC, employed in several CERN applications [35],
[43], [49]-[51]) and the AY Converter [52], [53]. The working principle of such devices
will be described in the following paragraphs.

3.2.1 The Current to Frequency Converter (CFC)

ic —e : n
EK; CM— pOPA
oM — : —
T COUNTER
|
cM o—
- AUXILIARY ADC

Figure 3.2: Simplified schematic of the CFC.

The CFC architecture is aimed to generate a periodic signal, the frequency of which
is linearly related to the measuring input currents. The signal waveform is shaped in or-
der to simplify the frequency tracking procedure. Fig. 3.2 shows a simplified schematic
of the circuitry employed in the project, the described components of which are bold-
face denoted in the text. The IC block on the left represents the ionisation chamber
detector, which can be ideally modelled as an independent current source. The DOPA
is the input fully-differential amplifier, which is configured as a current integrator by
the addition of two feedback capacitors. This is connected to the source through a
changeover circuit, which provides the possibility of inverting the current polarity with
respect to the integrator inputs. A couple of quantisers, a toggling flip-flop and a
counter synchronous to it are shown on the right.

After the initialisation of the circuit, closing the INIT switches, any charge pro-
duced by the IC will be accumulated into the capacitors, producing a voltage swing at
the amplifier outputs. Assuming that the changeover is injecting the current flowing

towards the non-inverting terminal of the amplifier, the following equation holds

Vout (1) = % / iin(7) dr | (3.1)

where vy, (t) is the differential voltage across the positive to the negative output ter-

minals of the integrator, i;,(¢) is the input current and C is the value of each of the
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two capacitors. Factor 2 is due to the connection of the second changeover input to the
output common mode reference voltage (CM). In fact, the same current flows through
the capacitors in opposite directions, causing a doubled swing at the differential output.
The CM can be considered as a virtual ground reference of the network and it is set
to half of the supply voltages. In the studied circuit, these latter are set to Vypp, and
GN D, exploiting a single powering bus.

The integrator output is later compared with two predefined thresholds, by using
differential quantisers with hysteresis. These produce sharp pulses indicating whether
the upper or the lower limits have been exceeded, respectively. Assuming that the
DOPA is a Rail-to-Rail output amplifier, it is possible to maximise the swing of the
integrator by setting the upper limit to a value close to the positive supply voltage and
the lower one close to its opposite. With respect to a reference supply rail, the threshold
values are set during the design, ensuring a certain margin for the hysteresis mechanism
to function properly. The produced pulses are then combined with an OR gate and
used to feed the clock of the flip-flop. This latter drives the changeover switches thanks
to a feedback network, allowing to invert the input currents whenever a limit is reached.

To understand the dynamic behaviour of the system, it can be assumed that a con-
tinuous (DC) current is injected at the input of the circuit. According to the equation
(3.1), the integrated current will cause a voltage ramp at the amplifier output. As soon
as the voltage will reach one of the limits, the flip-flop is toggled and, consequently,
the input polarity is reversed. This leads to the inversion of the ramp slope until the
opposite limit is reached. For ideal circuits, such a mechanism is carried on iteratively,
generating a triangular-shaped waveform at the output of the integrating amplifier.
Examples of a real oscilloscope trace, produced by such a circuit, will be shown in
Chapter 4 (cf. Fig.4.14).

As a consequence of the considerations made above, the estimation

C ‘/swing

3.2
T (3:2)

Trise = Tfall =
holds, being T};se and T’y the times required to increase the output from the lower
to the upper thresholds and vice-versa, Viying is the total voltage span between the
thresholds and, finally, 4, represents the average current, injected into the circuit during

such rising and falling periods. The waveform frequency is expressed by

1
S — 3.3
f Trise + Tfall ( )

namely o
[ (3.4)

;
C ‘/swz'ng

saying that it is linearly proportional to the input current intensity.
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Therefore, by knowing the circuit parameters and tracking the waveform frequency,
it is possible to estimate a mean value of the currents injected during the observation time.
If the thresholds are approximated to Vyppy and GN D, respectively, according to the

considerations made above and using Vswing = 2 Viupply, it holds
iim=2fC Veupply - (3.5)

The real device may actually present a slightly smaller Vyng, which will be de-
scribed in detail in the implementation of Par. 3.3.5.

The employment of COUNTER allows the waveform frequency measurement. In
fact, it is incremented by the quantiser pulses whenever one of the thresholds is crossed.
The readout logic will query the counter values and perform the differences between
two successive readings. With such an architecture, a good frequency estimation can
be carried out whether the observation time is much larger than the waveform period.
Furthermore, the circuit dimensioning can be optimised to guarantee an effective track-
ing of the input current variations. Indeed, the waveform oscillation frequencies should
be much larger than the bandwidth of the input current signals.

A critical issue of such an architecture concerns the measurement of very weak
currents. In fact, these are usually associated with long rising and falling times, with
the consequent generation of very low frequency triangular waveforms. Despite the
circuit can still operate correctly, as long as its intrinsic electronic noise is lower than
the measuring current, a wider observation interval will be necessary to carry out the
measurement with adequate precision. Furthermore, due to the gentle integrator slope,
a long time is required before COUNTER increments and a non-zero value will be
produced by the readout logic. Thus, it proves difficult to quickly ensure the correct
operational status of the system.

To overcome the present limitations, the AUXILIARY ADC device can be in-
tegrated into the circuit, to gather samples of the integrator output. A real-time
processing can after combine such information with the counter differences, to pro-
duce accurate results more quickly [54]. The ADC sampling frequency can be tuned

accordingly to the minimum desired measurement rate.

3.2.2 The AY. Converter

The AY converter shares a rather similar integrating architecture with the already
presented CFC (Par. 3.2.1), however, it is characterised by a different operation theory.
Looking at Fig. 3.3, it is possible to notice the addition of an internal reference current
source, which can be connected to the integrator in parallel to the input. The injection
is managed by a 2-way switch, which is driven by the feedback path, originating from
the digital output bitstream. Unlike the CFC, the input currents are never reversed and
a synchronous architecture is employed for the quantiser. Hence, the feedback control

is time constrained by the system clock.
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Figure 3.3: Simplified schematic of the AY modulator.

Assuming that a DC current is injected at the input and the internal source is dis-
connected, a voltage ramp is produced at the integrator output. Whether, in the event
of a rising clock edge, the ramp has exceeded the quantiser threshold, this asserts its
output Q synchronously. Thus, the feedback commands the injection of the internal
source, the current of which is now subtracted from the input one due to its oppo-
site direction. Consequently, the integrator capacitance is discharged and the ramp is
inverted until it lies below the threshold (Q is de-asserted). The process is iterated
similarly to what occurs for the CFC, despite the rising and falling ramp slopes are
usually not symmetrical since unequal currents are integrated within the two phases.
It can be proven that, established the steady state conditions, the charge drawn at the
device input is equal to the one injected by the internal source in a certain observa-
tion time. Thus, the estimation of the averaged input current can be carried out by
knowing: 1) the system clock period, 2) the integrating capacitance, 3) the observation
time window, 4) the internal reference current and 5) the number of clock cycles during
which the output bitstream was asserted. In Fig. 3.4, it is possible to see two examples

of output bitstream patterns as a consequence of test input signals.

Value

1.0F
0.8F
06F Bit-Stream
0.4F Input
0.2
L L v y —— k
Value 20 40 60 80 100
1.0F
0.8F
06F Bit-Stream
0.4F Input
0.2
. - v v — k
20 40 60 80 100

Figure 3.4: Two examples of AY output bitstreams superimposed to the input signals.
The k axis refers to time samples in an arbitrary unit, while the signals are normalised.
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Figure 3.5: System model of a AY modulator.

A system-level model of the AY converter is reported in the Fig.3.5, where the
time continuous quantities have been replaced by their time sampled sequences: x,, is
the input current, y, is the internal current source, S,, is the integrator output and
Uy, is the converter output. The discrete time approximation for z,, and 5, is valid
under the assumption that their bandwidth is much smaller than the frequency fo,
at which all the model signals are sampled. Such a hypothesis is generally fulfilled
since the AY operates in compliance with the principle of oversampling. Furthermore,
the quantisation introduced by the threshold comparator is modelled as a noise source
noisey,, to be added to the integrator output. It actually represents the deviation
between the integrator (S,) and the whole system (u,) outputs, which corresponds to

the non-normalised bitstream. The following set of difference equations holds:

Sp = Sp—1+ 2 €n , (3'6)
fo

€n = Tp + ﬁun 5 (37)

Uy = Sy, + noise, . (3.8)

Where the parameters o and § are proportional to the integrating capacitance value
and the internal source current, respectively. Furthermore, note that the feedback gain
5 is dimensionless, while the integrator gain « has here the dimensions of a frequency. It
is possible to obtain a single difference equation describing the system transfer function.
In fact, by substituting the (3.7) and the (3.8) into the (3.6), one yields

. , o
Up — NOISEn = Up—1—N0iSen_1 + — (Tn, + S uy)

Jo
X (3.9)
af o . .
U (1 — —) — up—1 =— x,, + noise, — noise,_1 .
Jo Jo
The Eq. (3.9) can also be formulated in its z-Transform [55], [56] expression
of -1, _ @ . -1
Up (1 — — —27") = —zp +noise, (1 —27") . (3.10)

fo
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The contributions of the input x, and the quantiser noise, on the output u, can

be studied separately. In particular, one has

input __ fo
U, - %f o Ty =
a, (3.11)
i fo
u:@nput — T
(1-9)z—1
) 1— 1
nowse — _——c noise, —
1-— ‘3‘0—5 —z71
0 (3.12)
‘ 1
u, ' = + noisey, .
(1—28)—

The equation (3.11) has a zero in the origin of the z plane and the (3.12) vanishes

for z = 1, while both share the same real pole at z, = (1— O‘f—f)_l. In order to guarantee
the system stability, this latter must satisfy —1 < z, < 1, constraining the parameters

« and [ to the conditions:

af<0 VvV af>2f. (3.13)

The first alternative is actually chosen for the BLM converter implementation. In
fact, it yields negative feedback closed loop and ensures that the magnitude of the ulrput
transfer function is monotonically decreasing, with its maximum in the DC component.
On the other hand, the u"?%*¢ transfer function has the feature of a high-pass filter. This
allows a shaping procedure to be performed, which shifts the A3 quantisation noise
towards the high frequencies. In this way, the noise spectrum is separated from that of

the measured signal and it can easily be suppressed by adopting successive filtering.

In Fig. 3.6 is reported an example of the magnitude and the phase plots versus the
frequency for the transfer functions u™"* /z and u"°**¢ /noise. They have been obtained
by applying the fundamental relation z = e% and varying s over the imaginary axis
s — i2nf. As system parameters, the following values have been chosen: a = 108,
S = —1and fy = 10%. In Fig. 3.7 the same features are shown as a function of z within

its unit circle.

In conclusion, the described architecture exploits a coarse quantiser that, operat-
ing in over-sampling conditions, allows to carry out high-resolution measurements of
comparatively slow varying signals. These qualitative considerations have to be quan-
tified during the design process, in order to determine the suitable system parameters

according to the requirements.
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Figure 3.6: Example of transfer functions u‘™"*! /z (in blue) and u"°**¢/noise (in orange).

Figure 3.7: Example of transfer functions u'™P“!/x (left) and u™°**¢/noise (right) within
the z unit circle.

3.3 Converter Integration

The BLMASIC, the implementation of the converter as an integrated circuit device,
has been the result of the cooperation between the Beam Loss (SY-BI-BL [S4]) and the
Micro Electronics (EP-ESE-ME [S15]) sections at CERN. During the design planning
stages, it has been decided to proceed with the implementation of twin prototypes: one
is based on the CFC and the other on the AY converter. A prototype of the former
was already investigated in early implementations [57]-[60] employing a 250 nm CMOS
technology and it was compared with the solutions based on discrete components [61].
Although the performance was promising, additional manufacturing iterations should
have been required to solve some encountered issues, which led to delays. In the
meanwhile, the newer 130 nm CMOS technology has reported good performance in
similar applications [43] at CERN and it has become the most widely supported. Thus,
it was decided to combine the valuable experience gained in the previous design with

such a technology to develop a newer ASIC.

It was studied that either the proposed architectures could have represented a vi-
able candidate for the goals and the selection of the optimal solution was postponed

until after the characterisation of real components. Furthermore, the computer-aided
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simulations do not permit an exhaustive description of the behaviour of circuits and
specific assessments, like the radiation tolerances [62], [63], must be verified after the

production of devices.

In the following paragraphs are reported the BLMASIC key specifications and the
implementation details of its main architectural elements. Unless otherwise specified,
the description will be focused on the CFC device, without loss of generality. Indeed,

the two prototypes share the vast majority of their internal components.

3.3.1 Specifications

The converter technical specifications have been carefully tailored for the BLM pur-
poses, accordingly to what was presented in Par. 2.6. Furthermore, large design margins
were taken into account where feasible to ensure improved device reliability, allow com-
patibility with future system upgrades and pave the way for additional research-oriented

applications. The key requirements are summarises in Tab. 3.1.

Feature Value
Converter input channels 2
Measurement sampling rate 100 kH =
Input dynamic range up to 180 dB
Full scale input current 1 mA
Maximum input current 5 mA
Achievable current resolution < 10 pA
Tolerable internal leakage <5 pA
Maximum input source impedance 5 nkF

System clock frequency 80 MHz

Logic high reliability techniques

Triple redundancy

Data transmission interface

CLPS E-Link compatible

Data transmission bitrate

80 Mbps

Data transmission encoding 8b/10b
Configuration interface I’C

High reliability techniques of interfaces Double redundancy
Radiation TID tolerance > 3 kGy

Deviation of measurements due to TID <5%

Radiation-induced fault tolerance

SEU resilient

Protection of electrical inputs

against ESD & Overload

Manufacturing technology

TSMC CMOS 130 nm

Table 3.1: BLMASIC converter key specifications.
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3.3.2 ASIC Structure

The BLMASIC constitutes a mixed-signal device, which includes the conversion cir-
cuitry, the digital readout, the control and the data transmission logic. It has been
based on a 130 nm TSMC [S16] lithography process and manufacturing optimisations

have been widely employed to cope with its use in a critical system. In particular:

e the best production plant for radiation tolerant transistors has been chosen on

the basis of previous experiences;

e optimised layouts, has been adopted for the critical transistors, allowing a better

radiation tolerance [64] and reducing the current leakage [65];
e independent power rails have been used for the analogue and digital sections;

e a silicon substrate (deep N-Well) has been placed underneath the digital circuit

to improve the isolation of the very sensitive analogue components;

e the analogue quantisers have been equipped with triple redundancy to minimise

the occurrence of spurious transitions;

e the control logics and configuration registers have been tripled and high-reliability

voters have been included;

e the data transmission interfaces and I2C' configuration ports have been doubled

in two redundant buses.

I

nooenp 1
5:. 4

Figure 3.8: Internal layout of the BLMASIC-CFC.
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A top view of the micro-electronics layout for the CFC device is shown in Fig. 3.8,
where it is possible to distinguish the main integrated subsystems and their dedicated
connection pads. The analogue section (left side) includes the two input stages, imple-
menting the architecture presented in Par.3.2.1, the transistor biasing blocks and the
auxiliary ADCs (Wilkinson architecture [66]). The digital section is highlighted on the
right. All remaining spare area has been exploited as decoupling capacitors, allowing a
low impedance path for disturbances and the current spikes. The details of the modules
will be described in the following paragraphs.

Both schematic and post-layout Montecarlo simulations of the merit factors have
been undertaken by varying the process, voltage and temperature (PVT) parameters.
It evaluated 11 possible meaningful corners, resulting from the combination of the MOS
device speeds (Typical, Slow, Fast), supply voltages (1.15 V', 1.20 V') and temperatures
(0 °C, 27 °C and 60 °C). The model of the transistors employed in this process was
the BSIMS3, version 3.24.

3.3.3 Integrator Circuit

outp

+ > VOU tn

Figure 3.9: Example of current injection into the differential integrator. The intensities remain
unchanged for the whole path.

The integrator circuit is realised through the use of a fully differential amplifier,
around which is installed a feedback network made of two capacitors of 60 pF' each.
The implemented schematic is shown in simplified form in Fig. 3.2 and the associated
behavioural equations have been described in the Par. 3.2.1.

A comparative study has been carried out about the benefits provided by the differ-
ential architecture with respect to the simpler single-ended one [47], [48]. In particular,
due to the circuit symmetry, such a solution enables the two capacitors to contribute
equally to the voltage swing when currents are injected (see Fig.3.9). This leads to an
improved linearity performance, to a doubling of the output signal and the theoretical
integrator slew rate. The trans-impedance is also doubled, despite the waveform fre-
quency remaining the same as the single-ended counterpart. Furthermore, considering
both the thermal and the flicker noise contributions, it can be shown that these are
mainly due to the input differential pair. Thus, doubling the output swing, the Signal
to Noise Ratio (SNR) is also improved by a factor of 2. On the other hand, a major
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drawback of employing a differential integrator lies in the operating characteristics of
the IC detectors. Indeed, according to the device description of Par.2.2, the IC is a
single-ended current source by construction. Hence, it compels the introduction of the
common-mode CM as a sink node for the secondary integrator input (see Fig.3.2).
This is actually an additional power rail, set to half of the supply voltages (600 mV),
which must be able to draw the same current acquired by the converter. Furthermore,
since any disturbance of CM is added up to the weak measured signals, very good
stability and noise suppression must be taken into account when designing the overall
front-end PCB. Finally, the advantages delivered by such a solution come at the cost of
increased design complexity, a doubled capacitance area and higher current consump-
tion. In fact, additional feedback circuitry is embedded into the amplifier to regulate
the output common mode voltage.

Folded cascode Differential rail to rail
branches output stage

]

H'} CM sensing J

Translinear biasing & H
w = OUT-

=

Figure 3.10: Transistor level schematic of the fully-differential amplifier.

The amplifier employed for the integrator is a two-stage CMOS, cascode compen-
sated, with a rail-to-rail class AB output driver [67]. The first stage is configured as
folded cascode with a P-MOS input pair. Since the second version of the BLMASIC,
such a pair was made of thick-oxide FETSs, to reduce the leakage and the input bias cur-
rent, consequently. Instead, the output stage adopts a push-pull structure. This latter
is biased by a trans-linear loop, in order to regulate its quiescent current. The design
has been carried out according to the Hogervorst publication [68]. The transistor-level
schematic is reported in Fig.3.10, where the main modules are highlighted. Then, in
Fig. 3.11 it is possible to observe the amplifier open-loop gain across the evaluated PVT
corners (in various colours). These results are resumed in Tab. 3.2, where the perfor-
mance of the amplifier controlling the output common mode (CMFB) is also reported.
Furthermore, the same table includes the stability margins and the expected current

consumptions.
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Figure 3.11: Simulated open loop transfer function of the amplifier, over different corners.

Parameter Minimum Typical Maximum
Diff. DC Gain [dB] 91 95 97

Diff. GBW (Cin = 350 pF) [M H?z] 140 182 233
Diff. GBW (Cyn =5 nF) [MH?Z] 133 152 212
Diff. Phase Margin [deg] 83 85 89.8
CMFB Amp. DC Gain [dB] 87 96 97
CMFB Amp. GBW [MH 2] 22 24 25
CMFB Amp. Phase Margin [deg] 70 72 74
Offset Std. Deviation [uV] 654

Current Consumption [mA] 2.7 3.8 4.8

Table 3.2: CMOS fully-differential amplifier specifications.

3.3.4 Switches

Low leakage switches play a key role in such a sensitive device since they are widely

employed in the chosen conversion architectures. They have been designed in comple-

mentary technology, which is obtained here by connecting a P and an N thick oxide

FETs in parallel. The typical conduction state impedance has been set to 50 €.

The tasks carried out by the switches involve:

e input current reversing circuitry (CFC device only),

e internal source injection (A3 device only),
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e discharge of the integrator capacitors for the initialisation,

e input grounding during the reset.

3.3.5 Quantisers

A couple of differential quantisers are included in the circuit, to monitor the integrator
amplifier outputs and command the corresponding feedback. The two components
share the same implementation, but they are configured to produce a digital pulse
whenever the upper and the lower thresholds are crossed, respectively. These digital
signals are then combined by an OR gate.

In the CFC device, the quantisers are asynchronous and the OR gate output is used
to clock the toggling flip-flop, controlling the input current direction. On the other
hand, in the A, a version of quantisers equipped with a latch input is implemented.
These are used to directly produce a clock synchronous bitstream output and the
feedback.

Vrefp
VDDA DD N o R
R2 R2
N F e
Viny Lover T L Vol | I I A N
Var
) Rt ol | L e
L .
R2 R2
Vrefh 4 + : @
J7 VTH = VREF * R1/R2 —I—

Figure 3.12: Transistor level schematic of the asynchronous quantiser implemented in the CFC.

Fig. 3.12 reports the transistor level schematic of a single asynchronous quantiser.
The input stage on the left can be distinguished by the comparator core (right side).
In fact, such sub-circuits have been separated into the analogue and the digital ASIC
sides, respectively, to reduce the influence of digital switching spikes on the sensitive
nets. The thresholds are set by tuning the input stage, which involves a differential
divider composed of 8 resistors, sharing the values: R1 = 8 k{2 and R2 = 10 k2. These
feed two source follower buffers, which have been added to minimise the influence of
the quantiser commutations on its own inputs (Kick-Back noise[69]). The resulting
differential output Vg is then moved to the comparator, which can detect the signal

Z€ero crossing.
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Assuming the buffers gain equal to 1, the equation relating the Vg voltage to the

overall differential input V;, yields

v — BLVies + R2 Vi
Q= Rl + R2 ’

(3.14)

with V,..y representing the differential reference voltage V.o = Vierp — Vieyn. In order
to simplify the BLMASIC integration into the new front-end prototype, the V,rp
reference has been tied to the analogue positive supply rail VDDA = 1.2 V and the
Viefn is connected to its relative ground GNDA, thus V;.y = 1.2 V. On the other
hand, the complementary quantiser has the opposite connections to V¢ = Vieyn and
VrcefN = Viefp, 50 its Vrcef is also inverted to —1.2 V.

Substituting the resistor values into the equation (3.14), it is possible to deduce that
the divider introduces an attenuation factor of 1.8 between the output V and the input
Vin. Furthermore, imposing the threshold condition Vg = 0, or the complementary

V=0, itis obtained
R1
|V Ehr| = Ty Vrer = 0.96 V. (3.15)

This value sets the typical oscillation range of the integrator output waveform.
Indeed, if the voltage of this latter exceeds Viz;h"‘ or it drops below —Viz;’”', a pulse is
produced by the quantiser and the slope will be soon reversed.

A critical situation concerns the case of small input currents injected into the con-
verter, which cause a very slow integrator ramp. In fact, the output waveform recedes
very slowly from the thresholds after its slope is reversed. This represents a vulnerable
state for the converter since the signal noise could lead to an unexpected second thresh-
old crossing, which brings the system to a deadlock state. Therefore, the device has
been equipped with double protection against such situations. The first consists of the
introduction of hysteresis of about 140 mV in the quantiser thresholding. The second
is obtained by a dedicated logic, which has been interposed between the quantisers and
the combining OR gate. It allows for the rejection of consecutive pulses produced by

quantisers of the same polarity.

3.3.6 Calibration DAC

The BLMASIC converter is equipped with a calibration DAC, which injects DC currents
that can be added to the measured ones. It provides an efficient tool to compensate
for possible leakages, protect against deadlocks due to noisy inputs and calibrate the
converter offset. Furthermore, it allows the continuous injection of a reference current
into the device, which can be exploited to verify its effective functioning. This diagnostic
feature has also been adopted in the operational BLM system [34], [35].

The current generator is implemented as a voltage DAC, which establishes a po-
tential drop over an external resistor of 1 G'Q with a tolerance of maximum 1 %.

Since the DAC shares with the integrator the same common mode reference voltage,
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the resistor can be directly connected between its output and the converter input (cf.
device pinout in Appendix D). The voltage can be configured by programming the ded-
icated registers (cf. Appendix C), allowing a variation between —100 mV to 128 mV/,
with respect to the common mode. In particular, an 8 bits register allows the tuning
of the positive voltages, with a resolution of 0.5 mV, while an additional bit enables a
fixed —100 mV offset. This results in the ability to inject fine-tuned currents, ranging
between —100 pA to 128 pA. The theoretical 0.5 fA DAC resolution is validated by
the circuit Montecarlo simulations, which reported a maximum error of 0.23 pA in the
overall regulation range.

Finally, in the applications requiring larger offsets, it is possible to substitute the
external resistor with one of smaller value. For example, a 100 M2 resistor can be used
to extend the adjustment range at —1.00 nA to 1.28 nA, with a tuning resolution of

5 pA. However, the maximum current delivered by the DAC must not exceed 256 pA.

3.3.7 Auxiliary ADC
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Figure 3.13: Schematic of the Wilkinson architecture ADC.

The BLMASIC-CFC is equipped with an additional ADC, which allows for faster
and more accurate measurements (see Par.3.2.1). Unlike the quantisers, which only
detect that thresholds have been exceeded, the ADC samples the integrator output at
intervals of 10 us, providing a real-time measurement of its voltage.

The implementation is based on the Wilkinson architecture [66] shown in Fig. 3.13,
which is composed of a unity gain differential buffer (on the left), a switched capacitor
network (centre) a zero-crossing quantiser and an enabling counter (on the right). The
buffer is used to isolate the sensitive integrating circuit from the rest of the ADC, which
can eventually produce fast current spikes. The switched capacitor circuit deals with

the signal sampling and it implements the comparison with an internal reference source.
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In particular, it involves two working states:

e Sampling Phase (only phil and phi2 switches closed).
The central differential amplifier is kept in a unity gain configuration and dis-
connected from the inputs. The capacitors are charged by the buffer and they

sample the input voltage.

e [ntegration Phase (only phi3 switches closed).
The capacitors are connected to the differential amplifier, thus their combined
voltage drop is presented at the output. The internal current source is meanwhile

used to discharge them.

The Sampling Phase is programmed to last 1 us, while the Integration Phase lasts 9 us.

The quantiser and the counter are used to measure the time required for discharging
the capacitors. In particular, synchronously to the closing of phi3, the counter is
started at the beginning of the integration phase and it is stopped by the quantiser
as soon as the output of the amplifier vanishes. Therefore, knowing: 1) the sampling
capacitance (that is 50 pF'), 2) the counter value at the end of the process, 3) the
system clock frequency and 4) the internal source intensity, it is possible to estimate
the input signal voltage.

Furthermore, the device is equipped with triple redundancy and a fail-safe mecha-
nism that stops the counter after 8 us, whatever the value produced by the quantiser.
This guarantees a maximum value of the result, even in case of misbehaviours. The dis-
charge current has a nominal value of 8 pA and it can be adjusted in 6 —10 pA, through
the configuration of its dedicated 5 bit register (cf. Appendix C). The two differential
amplifiers are based on the same design described in Par. 3.3.3 for the integrator, how-
ever, their bandwidth has been here reduced to 10 M Hz. Indeed, this auxiliary ADC
efficiently measures low currents, when the integrator waveform oscillation frequency

is much smaller than the sampling one (Ijnp < 10 pA).

3.3.8 Digital Logics

The integrated logic has been developed employing the best consolidated methodologies
for mission-critical applications [67] since high reliability is required for the accelerator
machine protection. In particular, a circuit triplication has been adopted for the overall
components, and a minimum spacing of 10 gm has been guaranteed for the homologues
registers. The logic operational voltage is imposed by the technology to 1.2 V', which
is the same used for most of the analogue circuitry. However, an isolated rail has
been dedicated to the digital side, to avoid any injection of undesired disturbances
into the sensitive converter components. In the following, the variety of different tasks
performed by the logics are reported and the involved device pins (in Appendix D) are

denoted boldface. They concern:
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the system reset and redundant clock management;

the readout of the analogue circuitry;

the redundant data transmission;

the device configuration;

the diagnostics.

Reset & Clock Management

The interfacing and propagation of resets and clocks are embedded into the digital area
of the integrated circuit. The device initialisation is managed by a Finite State Machine
(FSM), which is triggered by the external pin RSTB (active-low). De-asserting such
a signal, the initialisation of the analogue circuit is launched and the full register map
is restored to its default values. The RSTB is acquired asynchronously, but it is
synchronised to the clock inside the device.

On the other hand, to drive the whole synchronous logic, an 80 M H z clock must be
provided to the system. It is sourced by two redundant input clock interfaces, to which
"ready” flags (ARDY and BRDY input pins) are associated. The flags are asserted
by the clock source devices (the ]pGBTSs), whether their PLLs are stable and they are
ready to accept new data. Hence, such flags are used by the BLMASIC to select the
preferred clock between the two.

The input clock interface is compliant with the CERN Low Power Signalling (CLPS,
included in the IpGBT documentation [S13]). This is a 100 2 terminated differential
lane, which is characterised by a common mode voltage of 600 mV and a differential
amplitude between 200 mV and 800 mV .

Analogue Readout

This module represents the interface between the analogue and the digital signal do-
mains. In fact, it acquires the flags produced by the quantisers, stores the information
in dedicated registers and controls the internal feedback. Furthermore, it includes the
CFC and the Wilkinson ADC counters.

The CFC readout involves two stop-less and unidirectional 10 bit counters, which
accumulate the upper and the lower crossings of thresholds, respectively. Their regis-
ters have been tripled and a majority voter is employed to select the value, amongst
the three, which has to be incremented and stored at the next clock edge. This allows a
reliable and long-term operation even in the case of SEU, since the register containing
the wrong value is always corrected by using the others. Furthermore, because the
system is designed to reject consecutive increments triggered by the same quantiser,
the values of upper and lower counters should not differ more than 1. However, addi-
tional precautions have been undertaken in the back-end firmware, allowing a correct

operation even though this hypothesis is not valid.
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The values of the CFC counters can be accessed in the device memory map and
they are transmitted with a frequency of 100 kHz. Thus, the acquisition firmware
must perform the differences between consecutive readings, in order to retrieve the
number of positive and negative threshold crossing occurrences. The chosen number
of bits guarantees that no more than a single counter overflow can occur within the
10 pus window. Furthermore, it is remarkable that the result of the differences must
be truncated to 10 bit, in order to obtain a meaningful value even in case of overflow.
Finally, the differences computed individually on upper and lower counters can be
added together, to obtain the total ramp inversions during the latest 10 us.

The counters of Wilkinson ADCs are also part of the register map and they are
transmitted along with the former. Due to the component architecture, presented
in Par. 3.3.7, the outcomes represent a direct measurement of the integrator output.
Hence, unlike in the previous case, no further treatments are required except for even-

tual calibration.

Data Transmission

Payload of 33 words

K28.5

77/ kess K28.2 IIC ADD Meas. ID Reg. 0 ./ Reg.29 Party \/ K285 77/ kess IC ADD
33 R 78 79 0 1 2 31 32 33 R 78 0

Sync. Commas

Figure 3.14: Full transmission frame structure.

The data transmission is achieved by point-to-point, system synchronous and re-
dundant serial links, which operate at 80 Mbps. The development has been tailored
to the features provided by the IpGBT device, which will be used as a transceiver
chipset for the overall front-end. Specifically, the BLMASIC can be directly interfaced
with its E-Links.

The transmission is enabled as soon as the device selects its working clock, and it
will never stop unless both the clocks are disconnected or the "ready” flags are de-
asserted. Each payload (see Fig.3.14) is propagated at the converter sampling period
of 10 ps (100 kHz) and it is composed of 33 byte, with respect to the total 80 byte
transmitted within this time (=~ 41 % of duty cycle). Furthermore, the bitstream is
8b/10b encoded [70], meaning that each byte of information is actually represented by
using 10 bit, the most significant of which is transmitted first. Thus, the total bitrate is

10
BRspc = 80 bytes x 100 kHz x <= 10 M Bps = 80 Mbps. (3.16)

The payload starts right after the control symbol K28.2, provided by the standard.
Instead, all the idle time is occupied by K28.5 synchronisation commas.
While the chosen encoding allows a bit level error check, a parity vector byte has

also been added to the payload, to provide a further frame integrity validation.
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In particular, denoting by F,, the ny, byte of the payload F' and with F? its 4, bit,
each parity vector bit P’ is set to obtain an even number of asserted iy, bits within all

the bytes. Namely, it can be expressed as

N
PP=@F (0<i<T), (3.17)

n=0
where @ indicates the cumulative XOR operation and i is iterated over the payload
bytes, excluding the parity one (N = 31). The meaningful content of the transmitted

payload includes:

o Fy: the I2C address of the device,
e F: the measurement ID, which is always incremented,
e F, to F3;: the entire BLMASIC memory space (30 registers),

e F39: the parity vector byte.

The implemented redundancy provides the parallel transmission of such data over
two independent serial links. This allows propagating the results towards two IpGBTs,
thus improving the reliability of the front-end and ensuring a continuous transmission
in case of unlocking of transceivers or failure. However, it should be pointed out that
the BLMASIC operates with a unique clock and both the data links are synchronised
with it, hence timing issues may arise on the receiving E-Link. The solution will be

explained in detail in Chapter 6.

Device Configuration

Memory space of 30 registers, each of 1 byte, is integrated within the logic. It is used to
store the overall device configuration and the results achieved by the conversion process.
One of the capabilities provided to the user represents the possibility of finely adjusting
the low-level analogue circuit parameters. Relevant examples are the biasing currents,
the Wilkinson ADC range and the calibration DAC. Furthermore, it is possible to verify
the clock selection status between the two, regulate the data transmission driver current
and disable the 8b/10b data encoding. A reset of the analogue or digital domains can
also be commanded. Nevertheless, for such critical features, triplicated bits must be
programmed to validate the request. This avoids accidental triggering due to wrong
register configurations or SEU. A detailed list of each register function is reported in
Appendix C. The memory access can be performed by means of two redundant I2C
slave interfaces, which also represent the only available writing option. FEach interface
is intended to be connected to the corresponding IpGBT master and it is enabled
according to the clock selection described in Par. 3.3.8. Both are compatible with bit
rates up to 400 kH z.
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Diagnostics

The device has been equipped with tools supporting the validation process. In compar-
ison to the previous BLM front-end, which was assembled using discrete components,
the integration of such a complex architecture inside an ASIC raised many concerns
about the ability to detect possible faults. Thus, the designers have strived to allow
the inspection of as many possible signals and internal components by the outer pins.

To effectively fulfil these goals, a differential analogue probe (pins ATEST and
BTEST) and a single-ended digital one (pin DTSTOUT) have been installed. They
are internally connected to a multiplexer, which can be configured by dedicated registers
to monitor a wide range of internal nets (cf. the configuration examples in Appendix C).
A frequent use case concerns the monitoring of the converter integrator output, to
visualise the triangular waveform characteristics on the oscilloscope (cf. Fig.4.14).
At the same time, the digital multiplexer can be configured to probe the quantiser
output, so a simultaneous study of the two observables can be achieved. The full list
of selectable nodes is reported in Tab.s C.4, C.5 and C.6.

3.3.9 Package

2 s J ‘ . A%
(a) Second version of BLMASIC encapsulated in (b) Third version of BLMASIC encapsulated in
the Kyocera Corporation ceramic package. the SERMA Microelectronics epoxy package.

Figure 3.15: Photos of the packaged and assembled BLMASIC converter.

The BLMASIC is housed inside a 64 pins quad flat package, with a 0.5 mm pitch.
The first two prototype versions adopted a ceramic CQFP64 package (QC-064347-WZ),
produced by Kyocera Corporation (in Fig.3.15a). This was provided with a glued cap
that could be removed for the direct optical microscope inspection and an effective
X-Ray irradiation test. Instead, for the third and latest version (in Fig.3.15b), a
standard epoxy resin (type FP4470) filled package has been used, to get as close as
possible to the conditions envisaged in the final production. This device was packaged

by SERMA Microelectronics and the bond-wire inductance has been estimated to be
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0.5 nH per connection. The supply and the common mode rails have been spread over
multiple pins, in order to minimise parasitic effects and to provide low impedance paths
for high-frequency signal components. The overall device pinout description is reported

in Appendix D.
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Chapter 4

ASIC Test-Bench

The architecture and the assembly of several test benches are presented. They aim to
validate the main BLMASIC functionalities. Such activity involves the development
of custom hardware equipment and the related firmware, to carry out targeted investi-
gations. Furthermore, the parallelised software for the data analysis is described, un-
derlining the challenges encountered and the opportunities of employment as a general
purpose tool. The results of the basic features, the conversion behaviour, the achievable
resolution, the X-Ray radiation tolerance and the operations of the digital interfaces are
fully reported. It is also illustrated how these measurements revealed malfunctions in
the device, leading to the release of two updated versions. Finally, promising outcomes
obtained by the two conversion architectures are exhibited, affording an enlightened se-

lection of the final device.

4.1 Objectives

These preliminary investigations aim to characterise the integrated BLMASIC converter
(simply referred to as the ASIC) as an individual device, to validate its employment
within the newer BLM front-end. They were focused on the critical requirements spec-
ified for the device, following a hierarchical analysis of the modules already described
in Chapter 3. It must be pointed out that the raw data produced by the ASIC alone
cannot fulfil the system level specifications, as described in Par.2.6. This holds since
the paired back-end processing is a critical step for achieving an accurate measurement
of losses. Thus, lower-level studies will be carried out at this stage, postponing the
complete performance validation to Chapter 8.

Even though the estimated device performance has been simulated using sophis-
ticated tools, tests on the real component are essential to qualify its behaviour af-
ter manufacturing. There are physical effects not included in the simulations, de-
pending on the fabrication run, and others that are intrinsically too complex to be
easily implemented [62]. The versatile characterisation test-bench, built during this

research, will also enable a direct comparison of the two architectures discussed in
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Par.s 3.2.1 and 3.2.2, in order to decide which one choose for the final production. The
activity included the design of a characterisation board, the selection of suitable labo-
ratory instrumentation, the development of the acquisition and configuration firmware,

as well as the software for subsequent batch data analysis.

4.2 Characterisation Board

The test-bench development began with the design of a printed circuit board (PCB),
which hosts the ASIC and allows convenient access to its interfaces. Since this card is
used for the overall preliminary validation, design efforts have been devoted to minimis-
ing the influences on the targeted study. Furthermore, the circuit has been organised
in order to accommodate both the CFC and AXY based prototypes.

In Fig. 4.1 is shown a 3D rendering of the card, highlighting its main sections. The
lower part of the board has been dedicated to the fast digital interfaces, which can
be accessed by employing 50  SMA connectors. These include the two clocks, the
serial data transmitters, the digital test probe and the "ready” signals, which must
be employed according to the considerations done in Par. 3.3.8. Furthermore, the card
provides access to the redundant I2C interfaces, which can be linked to external pro-
grammers using the female RJ45 connector or the dedicated 100 mil headers. The
measuring input channels are visible on the top and exploit two BNC connectors while,
on the right, a LEMO plug is placed to power supply the card. Finally, many connec-
tions have been mirrored on alternative headers to simplify their access during the test
and to improve setup flexibility. A relevant example is represented by the irradiation

test sessions, when the embedded power supplier cannot be used.
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Figure 4.1: Rendering of the BLMASIC characterisation board.
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4.2.1 Design of Schematics

The power supplies were the first modules to be designed (cf. bottom frame of Fig. 4.3),
according to the ASIC requirements. In particular, these involve two rails operating
at 1.2 V, for the analogue and digital circuitry, and a stable common-mode reference
(VCM) at 0.6 V. Considering that the device is intended to measure very low currents,
down to a few pA, a solution minimising the powering noise has been chosen. This is
particularly relevant for the VCM reference, which directly influences the measurements
due to the integrator implementation (see Par.3.3.3). Independent rails and grounds
have been exploited to effectively satisfy these needs. The voltages are controlled by
a set of ultra-low noise LT'3042 components, which are commercial linear regulators
manufactured by Analog Devices [S17] and amongst the best solutions available for such
a goal. In particular, it guarantees a 0.8 uVgrass noise in the bandwidth of 10 Hz to
100 kHz. In addition, the Power Supply Rejection Ratio (PSRR) is higher than 90 dB
down to 10 kHz and 79 dB at 1 M Hz. The nominal output current of 200 mA is well
inside the consumption expected by the ASIC. Furthermore, to perform the primary
supply noise suppression and to allow the effective bypassing of the high-frequency
disturbances towards the grounds, the following components have been integrated into
the board:

e BNX025H01B EMI filter produced by Murata [S18], characterised by an insertion

loss of 35 dB above 50 kH z and used for the main supply noise suppression,
e high-quality X7R 220 puF Tantalum capacitors as main supply bypass,
e SMD 0603 22 uF MLCC capacitors, close to the ASIC,

e low ESL SMD 0402 470 nF MLCC capacitors, placed underneath every device
supply pins (cf. Fig.4.2).

Figure 4.2: Detail of the bypass capacitors on the bottom layer.

Since the second version of the ASIC adopts an improved circuitry based on thick-
oxide FETs, an additional rail of 2.5 V' has been added (cf. Par 3.3.3). Hence, the board

was modified to support this upgrade properly. Furthermore, an alternative dual supply
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solution has also been investigated, which would involve a downshift of all the power
buses of 0.6 V', hence promoting the VCM to an absolute ground reference. However,
it has been excluded from the alternatives for the following reasons. First, the main
argument of discussion was related to the possible increased leakage over the analogue
transmissions, while a 0.6 V' VCM is used. Indeed, such a reference polarises the core
of the coaxial cables by design, which connect the front-end to the IC detectors. Thus,
imposing 1 pA as the maximum acceptable leakage current for the cable, this should
have an isolation resistance greater than 600 GS2, which is a challenging requirement.
Furthermore, if the resistance has a lower value, undesired currents will be drawn from
the converter in the inverse direction with respect to the measured signal and they can
cause the system to deadlock (cf. Par.3.3.6). Nevertheless, this last issue is reliably
solved by the proper calibration of the internal DAC current (cf. Par.3.3.6) and well-
isolated cables are still required if O(pA) precisions want to be achieved. Secondly, a
dual supply solution would require Rad-Hard negative voltage regulators, which would
not exist yet during the installation of the final front-ends.

Regarding digital interfacing, differential pairs with a characteristic impedance of
100 © have been used for the clocks and the redundant data transmission. According
to their implementation, the signals will be characterised by a differential amplitude
of = 400 mV and a common mode of ~ 400 mV. Compatible specifications can be
found in the CLPS standard (see the ]pGBT documentation [S13]), which requires the
same signal amplitude, but a common-mode voltage of 600 mV. In the test-bench
measurements, the card is planned to be connected to an FPGA device, providing
the correct clock for data acquisition. Such a class of components is usually equipped
with LVDS interfaces only, thus a common-mode shifter is required between the ASIC
interfaces and the FPGA. Furthermore, the cited commercial standard deals with higher
amplitude signals (about ~ 800 mV’), but the employed FPGA supports weaker signals,
so no incompatibilities are expected. Two resistive dividers have been used to shift the
common-mode voltage right before the clock receiver (cf. top frame of Fig.4.3). Their
values were tuned to provide the fitting impedance termination to the line. Similar
circuitry can also be used for receiving data on the FPGA side, if required. This is
unnecessary for the employed test-bench since the serial data are DC balanced due to
the 8b/10b encoding. Hence, capacitors can be employed to decouple the transmission
lines between the FPGA and ASIC domains.
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Figure 4.3: Characterisation board schematics.
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4.2.2 Board Layout

A 6 layers FR4 stack-up has been chosen for the realisation of the PCB. Although the
placement of components is not dense, this solution allows an optimal routing of the
nets and a ruggedised power distribution. Following the criteria adopted for the power
supply design, full-size power planes have been used to provide the 3 rails to the ASIC
and the whole card has been subdivided into the digital and the analogue domains. This
strategy allows easy reaching of all the powering pins of the ASIC, hence providing a
low impedance path for the currents. The grounding has also been separated and a
single star point has been placed close to the power input. This prevents the paths of
noisy return currents from crossing and interfering with the sensitive nets. In Fig. 4.4,
the top layer of the board is displayed and one can see the organisation of ground

planes. The routing on all the other layers is carried out by adopting similar strategies.

Concerning the routing of the differential lanes, the geometry proposed by the fac-
tory was employed. They were located on the fifth layer from the top and implemented
as striplines with 4 mil of track width and 6 mil gap. The length matching amongst
the redundant pairs and the clocks was not mandatory since the ASIC only transmits
data and the two redundant channels are independent. Nevertheless, a good symmetry
has been deliberately kept to facilitate possible latency tests.

According to the converter design, the input signals could be directly connected to
the device pins, since the embedded ESD protections should fulfil the specifications.
However, extra protection composed of a 7 shaped filter has been envisaged. Since the
component values were not strictly defined, empty SMD 1206 footprints were placed to

be later populated.
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Figure 4.4: Top-layer of the characterisation board PCB.
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During the PCB layout design, a great effort was undertaken concerning the input
tracks routing, to keep the parasitic current leakage below a value of 100fA. To this
end, the second layer from the top has been employed, seeking a compromise between
the tracks shielding and the clearance from grounding planes and digital transmission
lines. After a final rule check of the schematics and the layout, GERBER and Drill files
were produced and sent to the Phoenix S.r.l. Company (Italy) [S19], which finalised

the manufacturing of 20 bare boards.

4.3 Setup Architecture

The ASIC-focused validation has been carried out on three different test-benches, which
were developed between 2019 and 2021. Although they involved similar components,
the investigation of some characteristics, rather than others, required several itera-
tions and updates. Furthermore, some processes have been gradually improved during
the investigation, allowing easy management and greater flexibility. In particular, this
concerns data acquisition and instrumentation control. A brief description of the var-
ious setup is reported below, while the actual methodology employed to carry out the

validation will be presented later in Par. 4.4.

4.3.1 Initial Setup

Following the delivery of the first ASIC prototype, a preliminary test-bench was assem-
bled to perform its initial power-up, verifying the functioning of its basic features. Its

assembly scheme is shown in Fig. 4.5.
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Figure 4.5: First test-bench architecture.
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At the centre of the scheme, the ASIC characterisation board is visible, which was
powered by an Agilent [S20] E3631A bench top supplier not shown in the figure. The
system clock has been provided by an external FPGA, hosted on a Xilinx [S21] VC707
development board, which is programmed to generate low jitter 80 M Hz reference
on LVDS outputs. At the same time, the ASIC data stream was probed by a fast
sampling oscilloscope (Rohde & Schwarz[S22] RT02044), which allowed the signal
integrity analysis and the decoding of the 8b/10b frames. Furthermore, the ASIC
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analogue inputs were driven by a high accuracy source, injecting DC current references.
A Keithley [S23] 6430 device has been chosen for this goal. It can be configured from

the user panel and the GPIB interface, providing many automatisation features.

Finally, an external board has been programmed with custom firmware, to allow
the I?C interface access to the whole ASIC register map. Specifically, an MYiR. [S24]
Z-Turn embedded system has been chosen for this purpose. The card hosts a Xilinx
Zynq 7020 SoC, a device which combines the performance of a Xilinx Series 7 FPGA
logic with the flexibility of a dual-core ARM [S25] A9 processor, featuring numerous
peripherals. To efficiently perform the I?C programming in the test-bench, a TCP
server has been included in the firmware. This allows a fast and reliable configuration
of the ASIC through the network and extends the test-bench control to many con-
current users, even outside the CERN sites. Such a solution agrees with the concept
of automatised and remote-controlled setup, which has been considered a helpful goal
during all the development stages. In this case, the logic side of the Zynq device has
not been used since the processor peripherals already included the I2C and the speed
requirements were not too demanding. The server firmware was based on the open
source lwIP TCP network stack [71], [S26] and customised data packets have been used
for the transmission. Finally, a set of configuration MATLAB [S27] scripts have been
implemented on the user side to access the ASIC registers efficiently. Concerning the
physical layer of the I?C, a bi-directional voltage shifter has been assembled between
the Z-Turn card and the device under test, in order to convert the 0 V' - 3.3 V logic lev-
els, available on the SoC, to the 0 V' - 1.2 V ones used by the ASIC. To this goal, a Texas
Instruments [S28] LSF0108 Bidirectional multi-voltage level translator has been used.
Its maximum baud rate of 100 Mbps is largely sufficient to satisfy the requirements.
This voltage shifter has been used for all the test-benches of this characterisation. In

Fig. 4.6, a part of the setup during the very first run is reported.

Figure 4.6: First test-bench assembled.



95

4.3.2 Converter Noise Characterisation Setup
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Figure 4.7: Architecture of the test-bench used for the converter noise characterisation.

By exploiting the first version of the test-bench, it was possible to acquire pre-
liminary information about the basic device operations, the linearity of measurements
above 1 nA and the input channels mismatch. However, its field of investigation was
strongly confined to a narrow range of possible tests, because the oscilloscope buffer
limited the acquisition time window to 4 ms. Since the characterisation of the device
noise requires much longer capture time, an upgraded test-bench was developed and
assembled [6]. This has provided far greater data storage capabilities.

In Fig. 4.7, the scheme of the upgraded setup is reported. Again, the characterisa-
tion PCB is connected to the testing current source and the I?C configuration card, but
a dedicated readout system now replaces the acquisition oscilloscope. It is based on the
VFC-HD [45], [S14] carrier board (cf. Par.2.5), the FPGA of which runs a firmware
specifically developed to acquire the real-time data stream. As before, an external
FPGA board sources the clock for the entire system. During these preliminary stages,
the experience acquired with such a platform was fruitful for the overall project.

The VFC-HD performs the 8b/10b data stream decoding in real time and retrieves
the measurement values from the related ASIC memory addresses. Unlike the previous
case, it is no longer required to save the entire device memory, with significant benefits
in terms of storage resource saving and faster subsequent processing. The data are
moved to a personal computer through an external logic analyser (Digilent [S29] Digital
Discovery), which is connected to the carrier board and controlled by a Python [S30]
/ MATLAB script. This saves long histories of acquired data into a file, allowing
an efficient study of the conversion noise. Furthermore, other developed scripts can
program the ASIC internal registers and inject the desired test signals by configuring the
current source. This has been installed within the CERN network through a commercial
Ethernet to GPIB adapter.

In order to verify the device performance under particular conditions, additional
firmware was also developed. A relevant example is represented by digital modules that
were able to identify glitches in the measurement data and faulty conditions. During
the validation of the first device prototype, such modules were employed in conjunction
with the probes (cf. Par.3.3.8), to investigate the causes of an issue affecting its internal

logic (changelog are reported in Par.4.10). In case of a detected problem, the FPGA
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could trigger the oscilloscope, while the same monitored the ASIC analogue probes.
This feature proved useful to identify and correct rare erroneous conditions, which
would otherwise have been very difficult to detect. Furthermore, it made it possible
to pursue the circuit analogue performance characterisation, without waiting for the
delivery of the successive ASIC version, which would have included the correction.
Each of the instruments involved in the setup has been directly connected to the
CERN internal network, making it possible to run automated measurement sessions
and to control the overall system remotely, even when the operators were teleworking.

This feature has been extensively used during periods with COVID-19 restrictions.

4.3.3 Post-Irradiation Setup
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Figure 4.8: Architecture of the test-bench used for the characterisation after the X-Ray sessions.

The experience acquired on the ASIC validation activity during 2019 and 2020 has
allowed standardising the investigation methodology [7] and optimising the employ-
ment of the instrumental resource. The complex setup described in Par. 4.3.2 has been
simplified at this stage (see Fig.4.8), integrating into a single readout board (Xilinx
ML605) the tasks previously performed by several types of equipment. It embeds an
FPGA device which has been programmed to: generate the ASIC clock, retrieve its
memory content and achieve the data transmission to a personal computer, by using
an Ethernet-based network. Hence, the commercial logic analyser is no longer needed
and the VFC-HD has been temporarily shelved, to be later used in the validation of
the complete BLM system (described in Chapter 8).

For operating in the HL-LHC environment, the BLMASIC must be radiation tol-
erant. Therefore, tests for the TID, the SEU and other effects of radiation (cf. Ap-
pendix A) must be performed, verifying the compliance with the specifications. In fact,
5 devices previously irradiated with X-Rays have been validated with the present setup.
In particular, a conversion characteristic study has been carried out to investigate per-
formance drifts amongst them. Finally, an alternative version of the characterisation
PCB board has also been used during these tests, with simplified features compared to

the mainstream one (cf. Par.4.2).
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4.4 Test-Bench Methodology

4.4.1 Basic Initial Tests

The validation of the very first prototype began with the basic electrical checks. The
device was assembled on the characterisation PCB, according to the test-bench de-
scribed in Par.4.3.1. In order to prevent permanent damages, bench-top suppliers were
used instead of the embedded one, since they would have allowed a more strict current
limitation and monitoring during the first run. In particular, the limiters were set to
less than twice the nominal expected currents and the consumptions were constantly
monitored. Furthermore, the board has been examined using a thermal camera. This
instrument helps to measure the device temperature, to detect and locate eventual ex-
cessive power dissipation spots or short circuits. This process was carried out either

with or without the clock source.

4.4.2 Digital Interface Validation

The redundant serial data interfaces were tested individually using the oscilloscope and
the equivalence of the two data streams was verified. Since those produce differential
signals, many solutions have been examined to achieve effective probing. The pre-
ferred methodology involves the connection of the serial lane to a 100 € termination,
monitoring the established voltage through a differential probe. The link between the
characterisation board and the termination can be achieved by using two independent
50 €2 coaxial cables, used for the positive and the negative signals. An alternative
method consists of the direct connection to different oscilloscope inputs if this latter
provides internal 50 {2 terminations. Such a solution is usually simpler and cheaper
since the differential probe itself could constitute a relevant fraction of the setup cost.
However, a worse resolution will be achieved, because the difference between the signals
will only be computed after the sampling and the digital conversion. Furthermore, it
must be pointed out that the first solution does not influence the lane common mode,
while the second may cause an undesired current drawn from this component. Such a
current can lead to the transmission driver malfunctioning and should be considered
when measuring the device consumption. This issue can only be removed by adding
external decoupling capacitors or enabling the AC 50 € mode, if such an option is
provided by the oscilloscope.

The proper horizontal and vertical factors are configured on the instrument and
the trigger is set to 0 V' (considering the differential probe use case). The eye diagram
can represent a very effective tool for performing a complete signal integrity validation
in the time domain. A double-edge trigger mode can be employed to get the goal or,
preferably, the system clock can be used to trigger the oscilloscope externally.

Later, the study moved to a higher-level analysing of the transmitted digital data.
Hence, the 8b/10b decoder has been enabled. It provided the fast visualisation of
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the ASIC frame structure and the possibility of highlighting any error occurrences. Ex-
ploiting this feature has simplified the validation of the transmission logic and provided
prompt results, before proceeding with the development of a custom readout system.
Instead of the oscilloscope, a logic analyser can be used to perform the frame validation.

A similar methodology has been applied to check the I?C' integrity and transactions,
connecting the oscilloscope in parallel to the bus. The protocol validation has been
achieved both by the decoder embedded into the oscilloscope and the features included
in the I2C configuration board. Several bit rates in the range 10 kHz to 400 kH z have
been tested. The logic analyser was also employed as an alternative diagnostic tool
when necessary. Finally, resets and power cycles were iterated, verifying the reliability

of the device initialisation and its prompt operability.

4.4.3 Analogue Circuit Characterisation

As described in Chapter 2, the main purposes of the BLMASIC and its hosting front-
end consist in the acquisition of currents and the production of digital data, which the
back-end will properly process. Thus, a preliminary study aims to extrapolate merit
factors at the lowest level, compared to what generally happens in commercial ADCs

characterisation. In particular, the described methodology involves:

1. the validation of the conversion architecture behaviour;
2. the converter noise characterisation;

3. a basic study of the converter linearity;

W

. the analysis of post X-Ray irradiation drifts.

Task 1 is mainly achieved by injecting test currents into the ASIC and monitoring
the integrator outputs. This is obtained by configuring the analogue multiplexer with
an I2C access, allowing the probing of the desired signals. Supposing correct opera-
tions, the waveforms described in Par.3.2.1 should be qualitatively visualised on the
oscilloscope and their characteristics must be dependent on the input current intensity
(cf. Par.3.2.1 and Par.3.2.2). The initial test-bench architecture has been employed
for this goal (cf. Par.4.3.1).

The next objective concerned injecting a repertoire of predefined currents into the
device and simultaneously acquiring its measurements. The procedure involves: 1)
configuring the test current, 2) waiting for the output to stabilise and 3) record the
ASIC memory content, by exploiting the oscilloscope data decoder (cf. Par.4.3.1) or
the dedicated readout systems (cf. Par.4.3.2 and Par.4.3.3). This is iterated for the
various input currents of interest. The ability to store the entire device memory during
the session has allowed us to perform batch processing directly on the raw data and to
keep track of the device configuration. Such a method has the disadvantage of requiring

larger storage space, but the additional acquired information may become convenient
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when evaluating various signal processing methods. Therefore, once the optimal data
treatment procedure is found, it will be implemented in the back-end cards to perform
the computation in real time. In this study, one of the two redundant transmission links
can be used at will since their equivalence was already validated. The linearity analysis
can be performed with the described procedure, injecting a sweep of current into the
device. Thus, conversion characteristic plots can be obtained after the processing. Due
to the very high dynamic range specification (cf. Par. 3.3.1), logarithmic current sweeps
have been used.

On the other hand, the converter noise study has been performed on the setup
described in Par.4.3.2 and it shares a similar methodology employed for the task 3.
However, a single or few test currents are now employed. Here, the key point is repre-
sented by the very large amount of recorded data and the associated long measurement
time (up to 10 s). In fact, the average over a big set of samples is required to evaluate
the minimum achievable standard deviation. This represents the resolution limit of the
converter, corresponding to the smallest detectable current variation or, alternatively,
its intrinsic total noise. These tests can be repeated after the irradiation of the device,
in order to investigate possible performance drifts. As it will be described in Par.4.11,
a preliminary linearity characterisation of the devices subjected to X-Rays has been
performed, exploiting the test-bench of Par.4.3.3. Additional irradiation campaigns,
which more realistically emulate the final operational environment, will be carried out

on the complete front-end and they are described in the Chapter 8.

4.5 Data Analysis

The research involved the employment of several data analysis tools to cope with the
different types of investigations. The initial tests and the basic digital validations were
performed thanks to the features embedded into the Section laboratory instrumen-
tations. Instead, the successive analogue performance characterisation required the
development of complex processing software, since a large amount of data had to be
handled. The ASIC noise analysis represents a relevant example, performed using the
test-bench described in Par.4.3.2. There, more than 10® data frames have been ac-
quired, including both the measurement registers and the device configuration. Hence,
using a high-level MATLAB implementation, the time required to obtain the results of
interest could become very long (several hours).

A multi-threaded C++ batch data analysis software has been implemented to ef-
ficiently perform the noise computation, allowing the operations to be optimised on
multi-core computers. Such a solution has reduced the processing times from hours to
less than ten minutes, allowing the results to be quickly verified for various configura-

tions. In particular, the execution flow included the following steps:
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1. the raw measurement samples are loaded from a file into the computer memory;

2. the samples are clustered in groups of a specified size, representing a certain time window;
3. the averaging is performed within each of the groups;

4. the standard deviation is computed amongst all averages;

5. the procedure is repeated for an increasing sweep of time windows.

This procedure is equivalent to processing the current measurements by a moving av-
erage filter and then decimating the data. Thus, the corresponding outcome error is
computed by their standard deviation. The procedure is then iterated for increasing
filter time windows, until a plateau of the error values is reached. The existence of
a non-zero limit means that other noise sources exist in addition to the thermal one.
Without loss of generality, subtracting the average contributions to the measurements,

their processing can be expressed in terms of the continuous time model, described by
out; = 8y @ wy , (4.1)

where out; represents the processing result, obtained as the convolution ® of the mea-

surement signal s; and the filter impulse response w;. This latter is

+ 0<t<T
Wy = 5 (42)
0

otherwise

which can also be expressed in the frequency domain by its Fourier transform

_ Sin(rfT)

Wy = s = Sinc(fT) . (4.3)

Considering the measurements and the results as broad stationary random processes
with zero average, the equation relating the noise spectrum power densities Outy and
Sy respectively, reads

Outy = Sy |[W; 2. (4.4)

Exploiting the Wiener—Khinchin theorem [56] and the definition of the autocorrela-
tion, it is possible to obtain the root mean square (rms) of the output process by its

spectrum power density. In particular

out?

2 = /Oo Outy df = /OO S¢|Sine(fT)|* df . (4.5)

To focus the study on the noise contribution affecting the processed results, Sy
should be set according to its expected input spectrum. Specifically, if it were only due

to thermal effects, Sy would be a constant over the whole spectrum [55], [56].
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Thus, substituting Sy = Sp into (4.5) it results

out?, . = &

. 4.
rms T ( 6)

Therefore, the thermal noise contribution to the results is mitigated as the average
times are increased until it is completely suppressed. However, the experimental data
confirmed the existence of a non-zero plateau, thus further noise sources with different
spectrums are present in the system. Indeed, in addition to the various types of elec-
tronic noise characterising the ASIC (Flicker, Shot, Generation / Recombination) [72],
[73], significant contributions are due to the quantisation error, the specific analogue
to digital conversion methodology and external effects.

The implementation of this analysis code has involved the dataset splitting paralleli-
sation approach. The acquisition samples were clustered in many groups, the number
of which depends on the selected averaging time window. Note that longer windows
correspond to fewer groups and vice versa, since the total number of samples is invari-
ant. Then, after the clustering, the averaging has to be performed within each group,
producing a set of averaged outputs. Since this operation acts independently in each
group, it can be distributed to different threads. The same approach has been employed
to parallelise the standard deviation computation over the obtained averages. In par-
ticular, its numerator computation (the sum of squared variances) has been assigned
to parallel threads and the division is performed at the end by a single one.

The challenge faced during this software development resided in the organisation of
the computation jobs, which represent the set of operations and data references that
the threads must handle. In order to optimise the heavy processing, the number of
concurrent working threads should be kept equal to the available CPU logic cores for
the whole calculation time. In modern computers, such a number (Q) can be the same
as the physical cores or the double, whether the CPU is equipped with hyper-threading
technology [74]. Following this methodology, the analysis time will be theoretically
reduced by a factor Q, compared to the single thread implementation. Reaching this
factor is actually not possible due to the overhead of both the operating system thread
manager and the launcher of jobs, but it is possible to get close enough to it. Similar
approaches have been exploited for the linearity study after the device irradiation, the

results of which will be presented later in Par. 4.11.

4.6 Basic Electrical Results

Here, the measurements of the typical ASIC current consumptions are reported for
the powering rails. No significant changes are expected over the different upgrades,
consisting of 2 AY versions and 3 CFCs. The device was initialised with the de-
fault configuration and the clock was provided. The supply currents, measured for the
BLMASIC-CFCv3 device, are:
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e 16 mA on the main digital rail (1.2 V),
e 34 mA on the main analogue rail (1.2 V),
e 370 ;1A on the common-mode reference (0.6 V),

e 100 1A on the low leakage input stage rail (2.5 V).
Instead, the same for the BLMASIC-AXYv2 are:

e 20 mA on the main digital rail (1.2 V),
e 17 mA on the main analogue rail (1.2 V),
e 2.7 mA on the common-mode reference (0.6 V),

e < 100 pA on the low leakage input stage rail (reduced from 2.5 V to 1.7 V).

The additional bus introduced in version 2 (2.5 V') reported an issue which dramat-
ically affected the current consumption and the conversion performance. In fact, the
device drew an excessive current compared to what was expected by the simulations.
Fig. 4.9 reports the measured currents versus the voltage supplying such a bus. The
plot trend is exponential for voltages below 2 V and its growth fades for higher values.
The initial exponential behaviour suggested an undesired junction polarisation. Indeed,
after the design check, wrong connections were found in the cathode of input clamping
diodes, which cause them to be directly polarised towards the 1.2 V' bus. Such a prob-
lem forced the characterisation to be carried out with a reduced bus voltage of 1.7 V. It
has been studied that this would not have influenced the measures. The third version
was released with this issue solved and the rail has been supplied with the correct 2.5 V

voltage.
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Figure 4.9: Actual current drawn from the 2.5 V rail in version 2 versus the supply voltage.
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4.7 Digital Characterisation Results
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Figure 4.10: Visualisation of the differential data transmission, where the decoded words are
shown in the bottom line.

During the initial test, the serial data interface has been connected to the oscil-
loscope (see Fig.4.10) according to the differential probe methodology described in
Par.4.4. An overall ~ 1.2 us acquisition window is shown, with the voltages reported
in the vertical axis. A differential amplitude of ~ 400 mV has been measured, which
agrees with the simulations carried out during the design. Furthermore, an eye dia-
gram analysis was performed on such a data stream (results in Fig.4.11), confirming
the compliance with the specifications and good integrity of the signal.

Later, the high-level protocol decoding and checking were performed. The device
passed these tests successfully and no data integrity issues or erratic behaviours have
been observed. The screen in Fig. 4.10 also includes an example of the data decoding,
in which the 8b/10b control symbols K28.5 and K28.2 (in blue) have been distin-
guished from the payload words (in yellow). The validation confirmed that the frame
morphology agrees with the structure set during the design, presented in Par. 3.3.8.
Furthermore, concurrent access by the I2C interface has been employed to query the
entire memory map and to perform a comparison with the received data. Their equiv-
alence ensured the transmission data validity. These tests have been carried out for
both the redundant links, driving the ”ready” signals accordingly (cf. Par. 3.3.8).

Afterwards, the investigation turned on the current measurement registers. Con-
cerning the first version of the CFC device, despite its main counters showing results

compliant with the monitored integrator waveform, the Wilkinson ADC was affected by
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Figure 4.11: Eye diagram of the data transmission link at 80 Mbps.

an unexpected behaviour (cf. Fig.4.12). Although the integrator output appears to ap-
proximate a symmetric triangular waveform properly, many glitches are present in the
data. Hence, the probe multiplexers have been configured to monitor the integrator, to
verify whether such effects are also detectable in the analogue signal. The investigation
concluded that the glitches are not present in the measured analogue signal, so their
origin should be in the auxiliary ADC implementation or in the device logic. Therefore,

a specific acquisition firmware was implemented for such a goal. In particular, referring
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Figure 4.12: Glitches observed in the Wilkinson ADC data of BLMASIC-CFCv1. ADC readings
are reported versus the acquired samples, employing a test current of 100 pA.
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to the architecture presented in the Par.3.3.7, a copy of the Wilkinson time counter
was implemented within the FPGA and the phi3 digital flag was probed out to control
it. Thus, the internal device logic was bypassed and the successive test verified that
a correct measurement could have been obtained in this way. So, the problem was
isolated at the interface between the analogue and digital domains, where the counter
is implemented. The study concluded that phi3 was causing sporadic metastability
phenomena [67], [75] in the internal counter, thus a synchronisation stage was included
in version 2 of the device. The same test was repeated on the new device and did not
report similar issues. Fig.4.13 shows an example of correct Wilkinson data versus the
time, for 1 nA injected current, while Fig. 4.14 refers to the probed integrator outputs

in the same conditions.
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Figure 4.14: Integrator output waveform for the BLMASIC-CFCv3 at 1 nA. The histogram
reports the distribution of the waveform frequencies.
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Finally, when testing the device with different power supply sources, a sporadic
internal FSM lock was observed if significantly fast ramps were applied to the digital
power rail. In order to overcome this last issue, an upgrade of the device logic has been

developed and released in the latest 3rd version.

4.8 Analogue Characterisation Results

4.8.1 Conversion Precision
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Figure 4.15: BLMASIC measurement noise for different averaging time windows, characterised
at the test current of 1.5 pA.

The methodology described in Par.4.4 and the optimised data analysis software
(cf. Par.4.5) provided the first estimation of the maximum resolution, also evaluating
how long time is needed by the instrument to achieve a given precision. The results
are reported in Fig.4.15, where the total measurement noise has been plotted over a
sweep of different averaging time windows. As expected, longer windows lead to smaller
errors, since the converter noise spectrum is progressively phased out from the higher
to lower frequency components. Because of the reduced number of clusters for times
longer than 10 s, the estimations suffer from some fluctuations, which can be smoothed
by acquiring a larger amount of data. Furthermore, it is possible to notice the gentle
beginning of the plateau for the more extended integrations, as discussed in Par. 4.5.

In the BLMASIC specifications (cf. Par.3.3.1), it was required to measure current
signals below 10 pA. The presented characterisation proves that such precision is not
limited by the overall converter noise in both the device architectures. In fact, it can

be observed that an error below 1 pA can be achieved for averages longer than 200 s.
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4.8.2 Parallelised Data Analysis

Regarding the efficiency of the parallelised computation, Fig.4.16 shows the time re-
quired to perform the steps presented in Par. 4.5 with respect to the different average
filter windows. Since the same number of threads and samples have been employed
for each computed point, lower time values correspond to better exploitation of the
computer resources, thus shorter overheads. As expected, the software runs optimally
with medium-sized sample groups, with about 600 ms required for each iteration, which
is typical for most cases. Instead, it suffers from performance degradation when the
groups are very numerous (small time windows) or less but contain more samples (longer
time windows). The first scenario is due to the overhead time caused by the manager
of jobs. In other words, it is more expensive to organise the parallelisation than to
perform the computation itself. The second concerns the operation on a few but huge

sample sets.
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Figure 4.16: Computation time required by the measurement noise characterisation, plotted
for the considered averaging time windows.

4.8.3 Maximum Achievable Resolution

An alternative type of measurement has also been carried out for the CFC device to
check the stability of the asynchronous conversion loop over a long measurement time.
The external current source has been disconnected and the calibration DAC has been
set to 15 pA. The integrator outputs have been again monitored with the oscilloscope
differential probe (at 1 MSs~!) and data were acquired for about 4 days. The results

about the waveform characteristics are reported in Fig. 4.17, showing a mean waveform
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period of 6.809 s, with an error o = 33.14 ms (thus Jitterpyrs =~ 23.4 ms). The plotted
histogram represents the expected Gaussian distribution of the period measurements

over 32881 acquisitions.
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Figure 4.17: Integrator output waveform (top) of the BLMASIC-CFCv3 at 15 pA and distri-
bution of the waveform periods throughout 4 days of measurements (bottom).

Complementary to the discussion of Par.4.8.1, also these results provide valuable
information about the maximum converter performance. In fact, since the period rel-
ative uncertainty is 0.487 %, the corresponding measurement absolute error is 73 fA,
assuming that the calibration DAC is accurate. This value can be considered the reso-
lution limit achievable by the device for currents of that magnitude. If the own device
logic carries out the same measurement, it would likely be affected by a higher error
because of the modulation noise introduced by the conversion architecture and the
auxiliary ADC quantisation. The processing employed to minimise their effects is de-
scribed in Chapter 5, and the final results are included in the overall system validation
(Chapter 8).

4.8.4 Integrating Capacitance

The long duration acquisitions reported in Fig.s 4.14 and 4.17 have also been ex-
ploited to measure the BLMASIC-CFCv3 integrator capacitors. In particular, by using
the equations presented in the Par. 3.2.1 and the quantiser threshold consideration of
Par. 3.3.5, the relation

l"
=" 4.7
2f%hr ( )
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holds, for V4, = 0.96 V. Thus, averaging the results of the two measurements, it is
obtained C' = 58.8 pF', which is within the 2% of the design value and well inside the

requirements. The corresponding frequency to current ratio results

,i =886x10° Hz A7 . (4.8)

lin

4.8.5 Integration Asymmetry

In Fig.4.17 are also reported the ramp slew rates, measured during the rising and the
falling times of the triangular waveform. Their averaged values result to be SR, ising =
632.48 mVs~! and SRyaiting = —680.09 mVs~!. They can be exploited to evaluate

the integration asymmetry.

To this aim, it is necessary to calculate the T};s. and T,y by the equation
SRrisingTrise + SRfalling Tfall =0 ) (49)

which is true since the waveform is periodic. Being the sum Tperioq = Trise + Tran, we

can obtain SR T
Trise _ falling 4L period 7 (410)
SRfalling - SR’rising
Tfall _ rising L period (4 1 1)

- SRfalling - SRrising '

Furthermore, by using the equation (3.2) it is possible to obtain the currents flowing
into the integrator capacitors during the rising and the falling ramps. The relations
hold

C ‘/swz'ng

rise = 4.12
Irise O Triee ( )
g C V:swing
Ufall = (7 - 4.13
fa 2 Tf(zll ( )
Hence, the leakage current ¢jcqrqge is obtained by defining
lpise = iinput - iasym ’ (414)
ifall = iinput + iasym
thus . '
iasym _ Ufall — lrise ‘ (415)

2
Finally, substituting the measurements into the equations, it results: T;sc = 3.53 s,
Tfall = 3.28 s, Urise = 14.5 pA, ifall = 15.6 pA and Lasym = 0.55 pA. For a better
accuracy, the integrating capacitance used in this calculation is the one measured by
the i;, = 15 pA data only (see Fig.4.17), that is Ci5pa = 53.2 pF.



Chapter 4. ASIC Test-Bench 70

4.8.6 Calibration DAC

This investigation focused on the measurement of the calibration DAC characteristic
(cf. Par.3.3.6). Its configuration register was set with a sweep of values, from 0 to
255, and the resulting CFC waveform frequencies were recorded. Thus, the converter
itself was employed to validate the linearity of its embedded DAC. Only the positive
currents have been tested, while the negative bias has been left deactivated during this
study. Fig.4.18 report the obtained results, where the currents have been computed

by the frequencies using the Eq. 3.5 and the already measured integration capacitance.
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Figure 4.18: Calibration DAC characteristic.

A slightly lower gain is observable since the full-scale current should theoretically
reach 128 pA, rather than the measured 106 pA. It is unlikely that such an effect is
due to the DAC implementation, since a precision reference has been employed for its
internal biasing. Probably, the integrator capacitance value or the integrator output
swing have been mildly underestimated. However, it is possible to notice that good

linearity is observable over the whole range.

4.8.7 Integrator Output Issue

Now, the accuracy of the triangular waveform (cf. Par.3.2.1) has been taken under
consideration. In particular, a persistent non-ideal transition has been noticed close
to the current reversing peaks. The effect appears as a jump and can be observed
both in Fig.4.19 and the more detailed colour grade plot in Fig.4.20. The rationale
for the phenomenon is still under investigation and assumptions have been made about
parasitic effects within the integrated circuit. The supply, the common mode and the
input node voltages have been monitored during such events and no relevant spikes
have been reported so far. Furthermore, it was not observed a marked correlation with
the injected currents. On the other hand, it is proven that the height of jumps increases

with the input source capacitance.
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In summary, this issue seems not to cause dramatic degradation in the device con-
version performance. Still, it is definitely a critical challenge to be addressed in the

eventual production of a new version of the ASIC.
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Figure 4.19: Jumping issues visible in the integrator output at the current reversing positions.
An injected current of 1 nA is used and the source capacitance is 1 nF.
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Figure 4.20: Colour grade detail of the integrator waveform jump.
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4.9 Selection Verdict

The results of this preliminary characterisation have provided a better understand-
ing of the two architecture capabilities within the weak current measurement context.
Furthermore, although some minor design issues have appeared, the developed test-
benches offered valuable tools to achieve their solution and release upgraded device
versions readily. No significant criticalities have been found at this stage and both the
CFC and the AY. based converters have reported auspicious performance. However,
following many discussions within the team, it has been decided to target the efforts on

the CFC device, as it was also possible to notice from the amount of results collected.

The first reason concerns the better precision performance reported by such an
architecture in the lower currents (cf. Fig.4.15). Indeed, most of the installed BLM
detectors of LHC operate within this range and great interest has arisen in enhancing
the system performance in such a measurement window. Second, the permanent staff
engineers of the Section possess excellent know-how with the CFC converter topologies,
since these are implemented in the operational front-ends (cf. Par2.3.1) [34], [35]. This
can facilitate subsequent maintenance of the plant and greater awareness in case of

possible failures.

In conclusion, although neither of the two solutions has been technically discarded,
more confidence was given to the CFC, considering both the scientific outcome and the

commission planning strategy for the HL-LHC upgrade.

4.10 Changelog of Versions

Here, a log of the device upgrades carried out after the first prototype production is
reported. The term BLMASIC will be used hereafter only to identify the CFC-based

device.

4.10.1 BLMASIC Version 2 (2020)

The characterisation of the first BLMASIC prototype showed promising results and no
major issues had been encountered. However, the high current leakage of the input
stage FETs drove out the measurements in the low current ranges from the desired
accuracy. Thus, by substituting the FETSs in input stage and the switches (cf Par.s
3.3.3 and 3.3.4) with ones employing thick oxide gate [67], [76], [77], the current leakage
has been significantly reduced. Furthermore, an additional synchronisation stage has
been inserted between the Wilkinson ADC quantiser and its dedicated counter to solve
the metastability issue [67], [75]. This has removed the glitches affecting the data.
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4.10.2 BLMASIC Version 3 (2021)

In this last release, the wrong connections of the input clamping diodes have been
corrected (cf. Par.4.6). Thus, it is now possible to operate the 2.5 V supply rail at
its nominal voltage. Furthermore, the internal FSM lock issue, occurring with fast
supply power-up ramps, has been solved. Finally, the ceramic package employed in the
previous releases has been changed to the cheaper epoxy one (cf. Par.3.3.9). In fact,

the final hardware will most likely adopt such a solution.

4.11 X-Ray Irradiation Tests

DUTs | Flux [kGy/h] | Time [h] | TID [MGy]
CFC41 44.3 23 1.02
CFC,2 15.4 52 0.80
CFC43 44.3 23 1.02
CFC 4 44.3 23 1.02
CFC45 15.4 65 1.00

Table 4.1: BLMASICv2-CFC X-Ray irradiation sessions.

In the first quarter of 2021, a preliminary study was performed to validate the de-
vice’s radiation tolerances. It has allowed monitoring of any conversion performance
degradation and validating of the main operational functionality of the digital inter-
faces. In particular, the conversion characteristic of a non-irradiated device was com-
pared with five other units subjected to X-Rays. The irradiation sessions were under-
taken at CERN and the details about the Flux and the TID are reported in Tab. 4.1.

The converter data analysis has involved similar steps to those presented in Par. 4.5
for the noise characterisation. However, the averaging time window has been fixed
to 100 us, corresponding to 10 samples, and the error computation has been iterated
for a sweep of input currents. The sweep included 500 current intensities varying

exponentially from 1 nA to 1 mA, while about 1000 samples have been acquired for
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Figure 4.21: Conversion characteristics (left) and relative errors (right) by a logarithmic current
sweep of 500 values from 1 nA to 1 mA. The averaging time window was set to 100 pus.
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each iteration. The analysis results are shown in Fig. 4.21, where the left plot reports the
averaged measurements and the right plot the corresponding errors versus the injected
currents. The different colours in the legend specify which was the tested device.

No major performance drifts have been observed amongst the devices up to 1 MGy
of TID and the digital interfaces operated correctly during the whole irradiation session.
The results reveal errors smaller than 10 % for measurements of currents greater than
3 pA, while the same stays below the 1 % for currents above 35 pA. Although high
errors can be observed for the currents below 3 pA, these achievements comply with
the specifications, since the small average window used (100 us) is only effective for the
high current range. The ripples in the error plot are an effect due to the CFC counter
embedded into the device. A detailed study of such a phenomenon and the signal

processing needed to carry out precision measurements will be presented in Chapter 5.
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Chapter 5
Signal Processing

The need for signal processing is introduced, focusing on the concepts of accuracy, preci-
sion and response speed required by the research objectives. After a summary of how the
raw measurements are derived from the BLMASIC physical behaviour, it is described
how the data of CFC counters are combined with the auxiliary ADC ones, to improve
the precision. Thus, the Fourier spectrogram of the acquired data is shown, highlighting
the features of the total converter noise. That is exploited in an original methodology
for measurement error prediction. In parallel, the standard running sum data treatment
is formalised in the realm of Signal Theory and novel techniques based on IIR filtering
are introduced. To allow an effective comparison amongst these different algorithms,
the notion of processing metrics, tailored for the BLM, is explained. Thus, the IIR filter
tunings are set and the benefits brought to the measurement precision and the step re-
sponse speed are demonstrated on the real data. Because of its sharp noise suppression,
this method can be applied in more general contexts. Finally, instead of a typical batch
data analysis, it is shown the convenience of prototyping the real-time filters by custom

computer software.

5.1 Accuracy and Precision

Alongside developing new converters, improved signal processing methodologies have
been tailored to cope with the requirements of the upgraded BLM system. In particular,
the signal theory of the operating system has been formalised and merit factors have
been introduced, to allow an effective comparison with the alternative solutions. In
Par. 3.3.8, the way the BLMASIC logic handles current measurements was introduced
and it was pointed out that they are propagated with a frequency of 100 kHz. The
present research is based on considering such a stream of data as a signal sampled over

time (my), which in steady-state conditions can be expressed as

my = m% 4 mpose (5.1)
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de i the con-

where: my, is the actual sequence of values produced by the converter, m
tinuous component of the measurements and mZOise is a zero average random variable,
representing the total contribution of noise. Note that, in contrast to the real case, it
has been assumed that the system has to monitor constant currents, the values of which
correspond to m®, whether the converter accuracy is considered arbitrarily high. Both
these hypotheses have been introduced to ease the discussion and they are sufficiently
general, although they will subsequently be relaxed. In fact, despite the signal of in-
terest can evolve quickly, its frequency spectrum is generally developed around the DC
component (baseband signal) instead of the noise one. Furthermore, the implemented
processing is intended to optimise the conversion precision, rather than the accuracy,

which can be unattended at this stage.

High Precision High Precision Low Precision Low Precision
High Accuracy Low Accuracy High Accuracy Low Accuracy

Figure 5.1: Graphic representation of precision and accuracy of a measuring instrument.

To better understand the processing aims, it is possible to refer to Fig.5.1. An
accurate instrument produces samples, the long-term average of which (m?) is very
close to the real value, no matter how dispersed they are. Instead, the samples of a
precise instrument are low dispersed, although their average may deviate far from the
actual value. This can be translated into exhibiting a low root mean square (oy,).

Ideally, the system should be both accurate and precise, but the former feature
is initially more challenging to achieve. Indeed, the CFC converter does not include
embedded absolute calibration electronics, hence the data are not inherently compared
with an accurate reference. Nevertheless, the same objective can be effectively achieved
by requiring the system to be precise and monotonous regarding the measuring quantity.
In fact, under such conditions, it is possible to obtain a unique relationship linking the
measurement signal with the real values. This could be obtained by performing the
inference of data based on a model function, thus applying its inverse to data as the
last step of the processing.

The BLMASIC architecture described in Chapter 3 and the preliminary validation
of its capabilities (cf. Chapter4) provided a detailed background of the how the ana-
logue to digital conversion is performed. Here, the resulting data stream is analysed
from a higher point of view. In particular, the following paragraphs describe how the
measurement signal is composed and which filtering solutions can be adopted to min-

imise o,,. Since real acquired data will be employed to extract the quantities of interest,
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m1°'¢ will eventually be considered a deterministic signal. Theoretically, the same con-

siderations can be attained by studying it as a broad stationary random process with
zero average. Finally, it must be underlined that the research is focused on improving
the processing methods from a linear signal theory point of view. At this stage, the
effects of quantisation errors can be neglected by employing a double precision floating-
point computation. In Par. 7.8, it will be proved that such a numeric representation is
also employable in the real back-end hardware. This further strengthens the validity

of the presented methods in view of a possible role in future accelerators.

5.2 Measurement Composition

The measurement data stream includes the CFC counters and the auxiliary ADC val-
ues. The first report the number of times that the integrator output exceeded the set
thresholds in a specific observation period, being directly related to the frequency of
the produced triangular waveform (cf. Par.3.2.1). Whereas the auxiliary ADC directly
monitors the latter (cf. Par.3.3.7), with a sampling frequency equivalent to the frame
transmission of 100 kH z.

By design, it is established that the acquisition of weak currents produces very
slow ramps at the integrator output, which the auxiliary ADC can efficiently track.
However, as the current increases, the triangular waveform frequency exceeds the ADC
limit of 50 kHz (by the Nyquist-Shannon criterion [56]), so the resulting samples will
be affected by the aliasing. During the initial tests, the two data sources were processed
separately, evaluating the measurements over current ranges chosen according to the
handled source. The results confirmed that the CFC counters data are characterised by
a good SNR from medium to high-intensity currents (above 10 nA), while the auxiliary
ADC provides better precision in the lower range. On the contrary, this latter is
not effective above =~ 5.6 puA, since the aliasing effects degrade the measurements.
Such results prompted the investigation of solutions able to combine the data sources,
producing unique measurement values to be propagated to the subsequent treatment.

One of the studied proposals is based on the methodology already validated for the
currently operational system [54]. It concerns the evaluation of the input current by
measuring the charge acquired during a 10 ps period. This is obtained by combining
the CFC counter measurements, the auxiliary ADC readings and the ramp slope infor-
mation. In Fig. 5.2, three waveform examples are shown for different injected currents.
Since the ADC sampling rate is equal to the overall data transmission one, the produced
results sj include the ADC voltage s}, the number of waveform peaks (sum of positives

and negatives) that occurred since the previous transmission skCF ¢

neous slope polarity SZIOP “ (rising, falling). According to the converter architecture (cf.

and the instanta-

Par. 3.2.1), the waveform visible in the figure results from the input current integration
and the changeover circuit action. In particular, the integrator output equation (3.1)

can be resolved for a single period, assuming that i;,(7) can be replaced by its average
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Figure 5.2: Example of the integrator waveform and its sampling by the auxiliary ADC for
different currents (A is the lowest one and C the highest).

during the observation time 4;,. The relation holds

2 [P
|'Uout(t2) - vout(tl)’ = 5 Zzn(T) dr =
t1
2
= i (t2 —t1) = (5-2)
2
= 6 iin T )

where T represents the sampling period of 10 us and C the integrator capacitors value
(60 pF). As indicated on the left-hand side, since i;, is always positive by design, only
the modulus of the voltage difference is meaningful. Furthermore, the expression re-
quires the condition that vy, (t) is monotonous within the same slope polarity. Hence,
the average input current can be tracked by knowing the voltages of consecutive sam-
ples. Assuming s} = vout(t2) and sj_; = vout(t1), it is possible to estimate the current
measurement it = i;, by the (5.2), being

p C
k=57 sk — sk—1l - (5.3)
This solution can be directly applied whenever the latest two acquisitions (s, and
skg—1) fall in the case A of Fig.5.2. It can be observed that the length of the red line
within the figure is actually equal to |s} — s} _,|, so it is proportional to the measured
current z}’f
Similar considerations can be adopted for case B, which occurs when s; and sy are
interspersed by a positive or a negative peak. Here skCF ¢ =1 and the equation for the
current (5.3) has to be modified by adding the two integral contributions independently,

on the basis of the slope polarity informations leOp ¢ and szl_olie. For the example in

figure, SZZOP “ is falling and szlle)e is rising, hence the modules become Uffhr —sy_q (early)
and vl — sV (late), which correspond to the lengths of the two red lines. The last
case C is addressed by the same discussion, however SgF € > 1, thus the contribution

of full slopes (centre) must be added to the result.
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By summarising these considerations, it is possible to obtain the equations valid
both for cases B and C.

c v L . slope .
cearly ) 2T (Sk,1 - vThr) with Si_1 falling
L l , (5.4)
H . slope . .
57 (VPpy — Sh_1)  with s, 70" rising
. H _ v . slope .
Jate _ ) 2T (vTh'r sk) with S, falling (5 5)
L C L slope ’ :
57 (8% —vrp,) with s, ™ rising
-centre __ C H L CFC 1 56
Yk - 9 T(UThT - UThr) (Sk - ) s ( . )
with
-7 -earl . X
Z;ﬁn — Zzar Y 4 demfre + ,Lgcate ] (57)

Therefore, the processing firmware has to exploit the information received to detect
the device working conditions and decide the equation to be used, between (5.3) and
(5.7), for the estimation of the current. A prototype C++ code was developed to
execute the presented method in real time and was widely adopted during the system
validation.

The effectiveness of this method was also evaluated from a signal theory point of
view. In fact, despite the reasoning carried out being very intuitive, it assumes the
strong hypothesis of a noiseless signal. This is not valid in the actual case, since the
difference s} — sj_; behaves as a Finite Impulse Response (FIR) [55] high pass filter,
emphasising the noise effect further. Thus, an additional condition has been imposed
on the auxiliary ADC data to mitigate the drawbacks. In particular, new values s}
are neglected if they do not guarantee the monotony of the slope. It is possible to
prove that this reduces the noise effects, but still allows the correct computation of the
current.

Finally, alternative methods have been developed to exploit longer sequences of past
data. For instance, linear regression can be computed over many acquired samples that
belonged to the same slope. In fact, the resulting angular coefficient provides a direct
estimation of the input current. This solution was used during the validation of the
BLMASIC as part of the batch data analysis, and it has allowed us to carry out precise
measurements in a relatively short time. However, its actual use in the upgraded system
is still under discussion, since it involves a considerable implementation complexity
within the target FPGA device.

5.3 Spectrum of Converter Measurements

The development of the processing architecture has begun by analysing the frequency

spectrum of the signal my (cf. Par.5.1) and its dependence on the injected current.
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This allows to efficiently describe the converter behaviour over the whole measurement
range and to carry out suitable tailoring of the required processing. In particular, the
sequence my must be appropriately treated to produce an output 7, which includes
the same information of interest, but with an error o, < o,,,. Of course, this leads to
some adverse implications, described later, which can anyway be properly controlled.
The spectrum analysis was carried out exploiting the system validation test-bench,

the details of which will be described in Chapter 8. It involved the following steps:

1. alist of 5 x 103 test currents is calculated by an exponential sweep from 10 nA to 1 mA;
2. a test current is configured into the reference source;

3. a large number of contiguous samples (10%) are acquired from the digital stream;

4. the Discrete Time Fourier Transform (DTFT) is computed over the samples;

5. the procedure is iterated for all the test currents.

Here, the DTFT is defined by
1 Z —2m 1%k
Mk = N m; e N (58)

being N the number of samples (10%), m; the input data and M the transformed
complex variable. In particular, My represents the DC component of the measurement
(equal to mdc) while, for k& > 0, the values M} represent all the remaining spectral
footprint. In general, these latter will include both the total contribution of noise and
the variable input components. Since DC currents are injected during the test, the
main content is provided by M. The other contributions are due to mZOise and their
magnitudes | M| have been employed for the evaluation of o,,, while the phase of M},
is not relevant in this analysis.

The measurement spectrum for a single test current of 100 nA is shown in Fig. 5.3.
The yellow plot is obtained by exploiting skCF C data only, while the blue one also
includes the auxiliary ADC data s}, which were combined by the method described
in Par.5.2. It is possible to notice that the DC component equals the input current,
while the large repertoire of disturbances presents considerable intensities. Further-
more, the benefit provided by the data combination reducing the intensities of |My| by
approximately a factor of 10 is manifest.

Collecting the same kind of results for the entire sweep makes it possible to plot a
spectrogram, which summarises the correspondence between the input currents and the

measurement signal footprints. In this case as well, the difference between skCF ¢

samples
(in Fig.5.4) and combined data (in Fig.5.5) were evaluated. The DC component has
been removed from the plots to highlight the variable contributions. It is possible to
observe the frequency modulation behaviour of the CFC architecture, characterised by

dominant components easily distinguishable up to a few uA. They reach the maximum
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Figure 5.3: Compared measurement signal spectrums with an input current of 100 nA.

detectable frequency of 50 kH z, before symmetrically reverting due to the aliasing.
Studying the CFC waveform frequency respect to the current (cf. Eq.(3.4)), it can be
envisaged that it is lower than 50 kH z for currents below ~ 5.6 uA. This means that
a single threshold crossing occurred at most between two transmitted samples s, and
the skCF € data will be composed by 1 or 0 only. Thus, below 5.6 A, the spectrums will
match those of periodic pulse signals, until a constant ng ¢ sequence of 1 is transmitted
at that limit. For higher currents, the process is repeated with the addition of a bias,
which contributes to the DC. Moving towards the right of the plots, the dominants
become not distinguishable due to the fast change of the exponential sweep and the

introduction of secondary noise effects.

The combined data spectrogram (Fig.5.5) is more difficult to describe, since it
blends characteristics of the CFC data, the auxiliary ADC and the computation de-
scribed in Par.5.2. However, similar features can still be identified, together with an
overall reduction of the background noise. Furthermore, the presence of quiet bands
above 100 pA is more evident here, which are likewise related to the combined effects of
the converter waveform frequency and the aliasing. In particular, they appear close to
the currents making the frequency of waveform peaks a multiple of the data transmis-
sion rate. In fact, according to the internal analogue readout circuitry (cf. Par.3.3.8),
the sequence s; will be constant, contributing exclusively to the DC component and

cutting down the remaining noise. This happens because the triangular waveform is

CFC slope
k

synchronous to the sample transmission, hence the quantities s , sy and s, will
remain constant in k, as well as the resulting measurements my. Such a behaviour
explains the presence of valleys both in the noise characterisation results (cf. Par.4.8)

and the post X-Ray validation plots (cf. Par.4.11).
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Figure 5.5: Spectrogram of converter measurements obtained by combined s, data versus the injected currents. The colour scale represents the intensity
of current frequency components in [A].
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5.4 Noise Considerations

The total noise contribution can be evaluated on the basis of the above spectrograms
or, alternatively, by performing the standard deviation over the time domain samples.
In fact according to DTFT defined in (5.8), the Plancherel-Parseval theorem states

=

-1 1 N—-1
2 2
M = S (5.9)
=0

£
Il

0

Furthermore, if the DC component My is deliberately removed, not contributing to the

noise, it is possible to obtain

N-1 5 ,
=0, -

(5.10)

1 N-1
M == ‘mj —m®
k=1 N =0

This confirms that the study of the measurement error can be carried out equivalently
in both domains. Nevertheless, the frequency one provides more effective information
to understand where to intervene for its reduction. In fact, the analysis of the spec-
trogram allows for the identification of the frequency bands which contain the data of
interest and the others that can be attenuated by suitable filtering. For example, in the
case studied in Par.5.3, a DC current was injected at the input, so an ideal constant
measurement should also be expected in the post-processed r; sequence. Indeed, all
the other frequency components are disturbances, which increase the value of g,,. It
is therefore evident that a low-pass filter must be adopted and its cut-off frequency

should be set as low as possible, to maximise the measurement precision. Ideally, if its

2
m

frequency response H(f) can be pushed to the limit H(f) = §(0), the noise power o
would be completely nullified.

The considerations made describe how the precision of a system can be ideally taken
to infinity. However, such a target is neither feasible nor useful in reality, as such a filter
would produce a constant signal for an infinite time, which is nonsense. In fact, DC
signals are only abstract representations, which do not actually exist in nature, nor can
they represent any scientific interest. Therefore, a different approach must be adopted
to select the suitable H(f). Primarily, weakening the assumption that the meaningful
signals belong to the DC component is necessary. Indeed, it is clear that the beam loss
can even vary quickly (cf. Par.2.1) and the response speed of the BLM system should
be kept as high as possible, to protect the accelerator effectively. However, considering
the baseband nature of the signal and the low-pass effect introduced by the cabling,
the spectrum of interest should be mainly contained below 25 kHz. On the contrary,
one can observe in the plots that higher noise components affect the upper half of the
frequency range. Thus, at least qualitatively, a separation between the bands can be
identified.
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Therefore, the research of a suitable processing method is reduced to the choice of
a low-pass filter model H(f) and the tuning of its parameters. In particular, it will be
necessary to identify the suitable trade-off between the response speed and the target
measurement precision. In fact, a filter with a lower cutting frequency can attenuate
the noise of measurements over a wider band, thus reducing o,,, but it will respond
less rapidly to an abrupt current change.

Finally, to rate the processing performance or compare different techniques over the
whole input range, the trend of o, has to be computed as a function of the measured
current. In Fig. 5.6, an example obtained by raw converter data is shown without ap-
plying any filtering. The ng ¢ measurements (Direct CFC Only) have been compared
with those obtained using the combination method described in Par. 5.2 (Direct). The
results have been obtained by integrating the noise components over the entire spectrum
of Fig.s 5.4 and 5.5, in agreement with the equation (5.10). It can be noticed that the
combined data are affected by less noise for low to medium currents (up to ~ 10 pA), so
the measurements will be more precise. However, significant noise peaks are reported
above, indicating that the method may be improved for operating with high currents.
This is due to ineffective sampling of the auxiliary ADC in this range, which had been
envisaged by design. In fact, an analysis of its raw data showed that almost constant
output values are produced at the middle of the scale. Presumably, this happens be-
cause the triangular waveform is inherently averaged, having an oscillation frequency
much higher than the ADC bandwidth. A possible solution to mitigate the peaks may
involve weighing the two data sources according to the input trend, or more advanced
estimation techniques [78], [79]. The maximum reported noise is 3.08 uA for pure CFC
data and 6.02 uA for combined one. The first result can be considered the threshold
of maximum precision achievable with raw BLMASIC data, without employing further

filtering processing.
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Figure 5.6: RMS noise of the converter measurements. Raw CFC counter data are compared
with CFC / ADC combined ones.
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5.5 Processing Techniques

The activity involved the mathematical modelling of the currently adopted processing
and the development of alternative solutions capable of improving the system response
speed or, alternatively, the precision of measurements . Equivalent time-continuous
models are initially presented for an easier understanding. In particular, since linear
systems are investigated, the processed measurements r(t) will be the result of the
convolution between the raw data signal m(t) and the filter impulse response p(t) [56].
After, the investigation will be extended to the discrete-time form, assuming the sam-
pling frequency fs is equal to the BLMASIC data transmission one (100 kHz). Both
the time and the frequency behaviours will be analysed, to describe in detail how the
processing techniques will affect the measurements. Finally, the effects of data quanti-

sation will be neglected, according to the considerations made at the end of Par.5.1.

5.5.1 Moving Average Filters

The computation employed in the operational system was described in Par.2.3.2 and
involves a set of running sums that accumulate raw samples over different windows,
producing corresponding integrations. From a signal theory point of view, those can
be studied as a family of moving average filters, barring multiplicative constants equal
to the total of the added samples. In particular, 11 different integration windows have
been configured over widths from 2 to about 2 x 10 samples (cf. Tab.2.3), actually
generating a bank of low-pass filters, independently operating on different bandwidths.
The shortest running sum RS1 (time window of 80 pus) can track fast losses at the
expense of higher errors, while the longest RS11 has a very slow ramp of ~ 84 s,
but providing high precision results. Due to the limited resources, the decimation of
the outputs was widely employed in the old system. However, this is not planned to
be required for the renewed electronics, which will adopt a higher-performance FPGA
device (cf. Chapter 7). Hence, the input and output data rates will considered equal.
The model of a moving average filter, hereafter referred to as AVG, can be intro-

duced with its equivalent time continuous impulse response avg(t), defined as

w 0<t<Ww
avg(t) = ) (5.11)
0 otherwise

with W representing the integration time window. Furthermore, it is useful to express
its response avgstep(t) to a step, an abrupt change in the measuring currents, by the

convolution avg(t) ® step(t), where

step(t) = - (5.12)
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namely
0 t<0
avgstep(t) = avg(t) @ step(t) = ¢ L 0 <t <W - (5.13)
1 t>W

In Fig. 5.7 is reported an example of the presented expressions, which were carried
out by an AVG filter of window W =1 s.
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Figure 5.7: Impulse (left) and step (right) responses of a moving average filter with W =1 s.

From the equation (5.11) it can also be derived its frequency response AVG(f),

applying the continuous Fourier Transform. It results

AVG(f) =W Sinc (Wf), (5.14)

which vanishes for f = k W1 and decreases as f~!, corresponding to —20 dB/decade.
The knowledge of this expression provides valuable information about measurement
processing. Indeed, looking at the example plot of Fig. 5.8, it is easy to distinguish
which frequency bands will be attenuated and which will remain untouched. The
presence of notches is evident above 1 Hz and their distribution depends only on W,
as stated before. It was probably noticed that such a pattern is recurrent even in raw
converter data. In fact, the accumulation performed by the CFC counters during the
period of 10 us has the same effect on the signal spectrum.

Finally, the AVG filter can also be studied in its discrete-time counterpart, which
allows modelling more accurately the real implementation. It is actually an FIR [55]
filter, the coefficients of which are all equal to the inverse of the number of averaged
samples. In fact, the discrete impulse response avgy will be very similar to its continuous

version (cf. equation (5.11)), but the time is now substituted by the index k, obtaining

w 0<k<W
avgy = (5.15)
0

otherwise
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Figure 5.8: Frequency response AV G(f) of a moving average filter with a time window of 1 s.

with W being here a natural number. The corresponding frequency response AV G
can be computed by using the already described DTFT definition in equation (5.8).
However, the coefficient in front of the sum can now be set to one since avg; is already
normalised. The resulting AV G; Transform can represent a useful tool to estimate the

post-processing data spectrum, which is
Rj = AVGJ X Mj R (516)

where M; is the direct measurement spectrum acquired in Par. 5.3. Once R; is obtained,
the resulting error o, can be computed by the equation (5.10). This makes it possible
to estimate the measurement precision of the real system, which would be difficult to
achieve otherwise. In fact, it must be pointed out that the typical decreasing of o, as
1/v/W is only valid for white spectrum noises (cf. Par.4.5), which may be far from the
real case. Furthermore, due to the complexity of the conversion architecture, it is not

easy to formulate a complete theoretical model estimating the system’s precision.

5.5.2 Infinite Impulse Response Filters

After carrying out an exhaustive study of the currently operational processing, novel
methods have been investigated, to improve the characteristics of the upgraded BLM
system. The analysis has focused on Infinite Impulse Response (IIR) [55] filters, because
they provide suitable spectrum features while requiring limited resources. In fact,
although the computational logics needed for a single channel are not overwhelming,
the back-end must handle the data coming from 2 different front-end cards, for a total
of 16 channels. Furthermore, each of them will feed the filter bank to track the various
loss events, thus the resources economy must be considered.

Initially, first-order filters have been compared with the AVG, reporting a slightly

inferior ability to cut the measurement noise. In fact, they are characterised by
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an off-band decay of —20 dB/decade, which is the same as the AVG filter, but the
lack of notches allows more disturbances to reach the results (cf. Par.5.5.1). Nev-
ertheless, they remain a valid alternative to the previous method regarding resources
and flexibility. Indeed, unlike the AVG, their computational requirements (number of
stored samples and basic operations) do not change with the cutting frequency, instead,
it can be easily tuned by very few parameters, even during the operations. Further-
more, the filter bank implementation is dramatically simplified since the same logic can
be replicated for all the required bands.

To merge the benefits of the IIR implementation with an effective noise suppression,
second order architectures have been analysed. These are described by the difference

equation [55]
ao Yr + a1 Yg—1 + a2 Yr—2 = by xp + b1y Tp—1 + b2 T2, (5.17)

with gy representing the filter output and xj its input. In the context of the processing
system, xp = my, while r, = yi. Furthermore, it can be implemented by using the
scheme of Fig.5.9, which is commonly known as Direct Form II [55].
The equation (5.17) can also be expressed in z Transform, to study the stability
and the frequency behaviour. The transfer function is
Yd(z) B bo + b1 21+ by 272

G = = 5.18
a(?) Xa(2) ap+ay 27t 4ag 272’ (5.18)

which can be alternatively written as

Ga(2) bo 224+ b1 2+ by
Z) =
d ag 22 +ay z+ay’

(5.19)

where X, and Yy are the input and output signal Transforms, respectively. In order
to achieve the desired frequency response, the equation coefficients must be properly
configured. Literature includes a large variety of employable methods, optimising dif-

ferent target characteristics [55], [80]. On the other hand, it has been preferred to

by

yln]

AN

Figure 5.9: Implementation structure of the second order IIR filter (Direct Form IT).
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start with the time continuous model, providing a more effective overview of the fea-
tures involved. Initially, it has been considered the second order low-pass filter [56], the

response of which is described by the expression

_ Ye(s) _ wg
© Xe(s)  s2+2Cwo s+ wd

(5.20)

being G, the system transfer function, s the Laplace variable, wg the natural resonance
pulsation and ¢ the damping factor. For convenience, wy can be substituted by the

corresponding frequency fy = wp/(27), obtaining

47r2fo2

Gels) = s2+4mCfo s+ Am2fE

(5.21)
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Figure 5.10: Step response of a second order system with fo =1 Hz at various { dampings.

The frequency fo defines the boundary between the pass and stop bands. The
information signal desired to propagate at the output should only occupy the first
one. Instead, the latter should only include the noise to be suppressed. According
to the consideration made in Par.s 5.4 and 5.5.1, tuning this parameter results from
a compromise between an appropriate response speed and the target precision. The
coefficient ( represents a further degree of freedom in the filter design. In fact, it
directly influences the frequency behaviour near the boundary and, consequently, the
system step response. It can be observed that if ( = 0, G.(s) has pure imaginary
poles, thus it behaves like an ideal oscillator at frequency fy, which is useless for the
goals. If 0 < ¢ < 1, the poles are complex with a strictly negative real component,
which translates into a damped resonance. Instead, the poles are pure reals for { > 1,

meaning that the system is not resonant. The output behaviour for different { under
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a unit step solicitation is reported in Fig. 5.10. By using the inverse Laplace Transform,

it is also possible to relate ¢ to the percentage overshoot OSy,, resulting

__ "¢
OSy, =100 x e V1= (5.22)

It has been observed that the case ( = 1 represents the best compromise for the
targeted filter, which implies a double real pole. In fact, this solution removes the
overshoot experienced in the resonant case, which may lead to overestimated (or un-
derestimated) measurements, but it still maximises the ramp slope. Under such a

condition, the time step response of the system is expressed for t > 0 as
Gstep(t) =4 T2 f3 ¢ e 2ot (5.23)

an example of which is shown in Fig. 5.11 together with the impulse response. Further-

more, the corresponding magnitude frequency response can be found in Fig. 5.12.
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Figure 5.11: Impulse (left) and step (right) responses of second order low-pass filter, with
o=1Hzand ( =1.

It is necessary to assess the relation between the parameters of such a continu-
ous model and the discrete-time implementation coefficients. For this goal, the bilin-
ear transform (called the Tustin’s method [55]) can be employed, which remaps the

Laplace s plane into the z one, by

z=e€" = , 5.24
= (5.24)
or ) )
-
~ — 5.25
Ty (5.25)

where T' = f; ! and the approximation in the right hand sides hold for |s| << 2 f;, or
z = ¢” and 0| << 7. For R(s) > 0 one obtains |z| > 1, while the opposite holds for
R(s) < 0. This guarantees that the discrete-time counterpart of a stable system is also

stable. Finally, the imaginary axis of s is transformed into the unit circumference.
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Figure 5.12: Frequency response of a second order low-pass filter, with fo =1 Hz and ( = 1.

The presented method allows a fast transposition of the continuous time transfer
function G.(s) into the discrete one G4(z), providing a useful tool for developing IIR
filters. In fact, rational expressions in the s variable belong to the same class in the
z domain. In turn, they can be implemented by exclusively employing arithmetic
operations and delays. However, the effects introduced by the approximation must be
taken into account during the design. In particular, if G.(s) includes a certain number
of zeros and poles, they will also characterise G4(z), but the corresponding frequencies

in z may, in general, be slightly different.

Such an issue can be solved by applying a warping function at significant frequencies
for the filter characteristics, such as fy, before proceeding with the domain transfor-
mation. In fact, by using the Eq.s (5.24) and (5.25) and imposing the local equality of

the two transfer functions in fy, it holds

; 2z—-1
G (ezQﬂfoT) -G ( ) _
d ‘NTz+1 Z—ei2m foT

2w folT _
G, (261> =G, (z % Tan (7rf0T)> .

T ei?ﬂ'f()T +1

(5.26)

This relation states that the behaviour of the discrete system G4 at frequency fy is

equal to the time-continuous one G, at

1
fo= —7 Tan (mfoT) = ? Tan <7r ?) , (5.27)
meaning that the desired frequency fy must be warped to f before substituting it in

the equation (5.21). Only after such a correction, the Eq.5.25 can be applied to obtain
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the discrete system transfer function

(14 2)% Sin (7r %)2

Ga(z) = [1 \ ¢ Sin <2ﬂ§_o)] 22— 2 Cos (2@—2) z—( Sin (2”%> 2

the coefficient of which are reported in Tab.5.1.

Coefficient | Value
a 14¢ Sin (2 )
a ~ 2 Cos (2 )
as 1—¢ Sin (27r %)
bo Sin %)2
b 2 Sin ( %)2
by Sin %)2

Table 5.1: Second order IIR filter coeflicients.

If the damping factor ( is set to 1, the system has a double zero for z = —1 and a
double pole depending on the chosen cut frequency. These features can be identified in
the plot of Fig.5.13, showing an example of the function G4(z) computed within the

z circle.

-1

Figure 5.13: Example of the filter transfer function G4(z) within the z unit circle. The param-
eters are set to: fs =100 kHz, fo =5 kHz and { = 1.
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5.6 Processing Metrics

The described low-pass filter solutions may constitute valid candidates for future em-
ployment in the back-end firmware. However, appropriate metrics must be introduced
at this stage, to allow a fair comparison of their performance. Indeed, both the precision
of results and the step characteristics of the instrument are equally important when
evaluating the processing effectiveness (cf. introduction of Par.5.5.1). The precision
can be estimated by filtering the real converter data e computing o, or, alternatively, by
exploiting the measurement spectrogram and the filter frequency response (cf. Par. 5.3).
On the other hand, the step characteristics are settled at the design stage. Therefore,
equivalence metrics have been introduced to assess the suitable correspondences be-
tween the parameters, such as the AVG window time width W and the ITR cutting

frequency fy.

5.6.1 Equal Loss Charge
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Figure 5.14: Areas corresponding to the lost charges for AVG (W =1 s) and the second order
IIR (¢ =1and fo =1 Hz).

Observing the step response of AVG and IIR filters (see Fig.s 5.7 and 5.11), it is
possible to notice a delay introduced by the system subsequently to the ideal step.
This is due to the filter causality and it can be adjusted by modifying its parameters,
although never completely cancelled. A region can be identified between the ideal and
the real step response curves (see Fig. 5.14), the area of which actually corresponds to a
certain input charge lost during the measurement process. Such a quantity represents
a valid comparison factor between the different solutions. In fact, it would be desirable
to evaluate the noise suppression performance of filters, knowing that they will cause
the same loss of charge for a given input signal. By using the AVG step response in
Eq. (5.13) and the inverse Laplace Transform of G(s)/s, by the Eq. (5.21)), it is possible

to estimate the charge values, which are reported in Tab. 5.2.
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Filter Lost Charge
AVG %
q
IIR =T

Table 5.2: Charge lost due to an ideal unit current step filtering.

Finally, such a feature can be employed to relate the parameters according to the

expression

_ 26
fO_ﬂ_Wa

which allows to tune the step response of filters like in Fig.5.15. In fact, the area

(5.28)

highlighted in green is equal to the one in red.
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Figure 5.15: Responses of filters tuned with the loss charge equalisation criterion. The param-
eters are set to: W =1s,(=1and fy =637 mH-z.

5.6.2 Equal Rise Time

This other approach focuses on equalising the rise time of the step responses. Usually,
such a factor is defined as the time required by the system output to swing from 20 %
to 80 % of the whole step [47] (other definitions use the thresholds 10 % and 90 %),
providing an average estimation of how fast is the transient. However, for the BLM
measurement goals, it would be more appropriate to identify a latency required by the
data to reach the steady state condition since the loss step occurred. Thus, the first
threshold has been theoretically decreased to 0 %. Furthermore, to be sure that the IIR
long tail would not overextend the transition up to the steady state, an upper threshold
of 95 % has been set.
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Figure 5.16: Responses of filters tuned with the rise time equalisation criterion. The parameters
are set to: W =1s,(=1and fy =795 mH-=z.

The equalisation is performed by computing the rise times from the same equations
employed in Par.5.6.1. However, in this case, a numerical solver was exploited to
handle the transcendent equation describing the ITR. Furthermore, the parameter ¢
was fixed to 1, to reduce the computation complexity. It has been proved that the

relation between the parameters is here defined by

0.795
In Fig. 5.16 is visible an example of the responses obtained after such a tuning. It is
noticeable that the IIR curve is well above the AVG one during most of the transient,
proving to be very effective in tracking fast-changing currents. In Par.8, its noise

rejection performance will be presented, which proved suitable for the goals.

5.7 Comparison of Methods

Once equivalence criteria amongst the various solutions have been defined, it is possible
to estimate their output o, performance (cf. Par.5.4). Initially, the frequency response
of the discrete-time filters has been calculated and plotted in Fig.5.17. This can be
obtained by carrying out the DTFT over their impulse responses or by evaluating the
module of the z domain transfer function all around the unit circumference, that is z =
eizwfis. Despite the AVG attenuating more than the IIR close to the cutting frequency,
thanks to its notches (see area highlighted in red), the steeper IIR stop-band slopes
allow a better rejection of the high-frequency components. This region, highlighted in

green and yellow, is wider than the red one, because a logarithmic scale is used.
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Figure 5.17: Comparison of the frequency responses of discrete-time filters, tuned applying the equalisation criteria. The parameters are set to: W =1 s,
Loss — 637 mHz, fFs¢ =795 mHz.
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Furthermore, as discussed in Par.5.4, most of the measurement data noise is located
at high frequency, hence better precision (lower o) is expected employing the IIR. In
any case, the test with real data is recommended to confirm such an assumption, due
to the high variability of the noise spectrum as a function of the current (see. Fig.5.5).

To facilitate the comparison of the upgraded instrument precision with the previous
one, it has been decided to tune the filters following the original set of running sums (cf.
Par.2.3.2). Furthermore, the signal nomenclature RSx is still used here for identifying
the results having the same step response speed. For instance, the former RS5 running
sum produces a ramp of about 10 ms, which is exactly the same as the one generated
by the AVG RS5. In such a way, the new result precision can be directly compared
with the former, guaranteeing that the system will require about the same time to reach
the steady state. However, it must be recalled that the sampling rate is now 4 times
faster (100 kHz) than the old one (25 kHz), so the number of samples involved in the
integrations is quadrupled. Hence, if the legacy thresholding module is desired to be
migrated into the new system, the integration windows should be adapted accordingly.
The parameters employed in the new bank of filters agree with the equalisation metrics,

described in Par.5.6 and they are reported in details in Tab. 5.3.

Legacy AVG Filter IIR Filter | IIR Filter
. Samples Samples . Loss Rise
Signal | 1oy oy, | Wi sl | GO0 | )
Direct 10 Not Used Not Used
RSO 400 15.92k 19.87k
RS1 801 7.958k 9.934k
RS2 8 32 3201 1.989k 2.484k
RS3 16 64 6404 994.7 1.242k
RS4 64 256 2.56m 248.7 310.4
RS5 256 1024 10.24m 62.17 77.61
RS6 2048 8192 81.92m 7.771 9.702
RS7 8192 32768 327.68m 1.943 2.425
RS8 32768 131072 1.31072 485.7m 606.3m
RS9 131072 524288 5.24288 121.4m 151.6m
RS10 524288 2097152 20.97152 30.36m 37.90m
RS11 2097152 8388608 83.88608 7.589m 9.474m

Table 5.3: Filter bank parameters.
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A first analysis was carried out by comparing the spectrum of raw converter data M;
with the AVG and IIR processing result R;. A DC current of 100 nA was injected at the
input and the RS3 signal has been employed for this test (see Fig.5.18). It is possible
to recognise the typical aisle pattern of the AVG filter, which reduces the noise baseline
of a factor > 10 with respect to the direct data. A further improvement is achieved by
the IIR filter, the spectrum of which lies below the others until a suppression of more

than 3 orders of magnitude is attained.

W Direct WAVG m IR Loss

107~
10°8-
107°- |

1071 ||

i
Wil M('u

-

o
L
=y

) ’\Wﬂl Mu}h

Current [A]

10-12,

10-13,

'
VY Wl l‘\* Wd\ﬂ.{fkw m&

il hw“ﬁ’(f‘{"vﬁ»‘a“@rw&-.»u, e

10-14-

-15__. L L L I L
10 0. 10. 20. 30. 40. 50.

Frequency [kHz]

Figure 5.18: Comparison of raw data spectrum versus the one processed by the filters.

Following the same procedure employed for the converter noise analysis (cf. Par.5.3),
the spectrum has been calculated for a sweep of input currents, varying between 10 nA
and 1 mA. The spectrograms shown in Fig. 5.19 refer to the different processing meth-
ods, which will be employed throughout the research (AVG, IIR equal Loss and equal
Rise Time). Again, the noise suppression capabilities of the IIR filters are evident in
comparison to the AVG implementation, especially for the frequency components close
to the limit of 50 kHz. To provide a global characterisation of the precision, the RMS
noise o, has been calculated for the 3 methods, following the procedures described in
Par.5.4. Its variation in function of the input currents is reported in Fig.5.20, which
manifests how the processing improves the measurement precision. Furthermore, the
same plot displays the first result demonstrating the advantage of the IIR filtering
over a classic AVG. In fact, the average noise level is significantly reduced, while the
worst cases report equivalent results. Only with a current of 100 nA, the noise level
from the IIR processing showed slightly higher. This probably occurs because a nar-
row frequency band solicitation was present in the raw data and tuned precisely to an
AVG notch. However, this is an isolated occurrence and the IIR still reported a noise
level only 1 nA higher. The performance of the rise time equalised filter has not been

reported in the same picture to facilitate readability.
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(a) AVG filter RS3 (W = 640 us).
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(b) Equalised loss charge IIR filter RS3 (fo ~ 1 kHz).
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(c) Equalised rise time IIR filter RS3 (fo ~ 1.24 kHz).

Figure 5.19: Spectrogram of measurements processed with the different filters.
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However, it has also been analysed during this study. In particular, the comparison
between the two IIR filters can be observed in Fig. 5.21. As expected, the noise from the
loss charge equalised filter is slightly lower than the other since its cutting frequency is
smaller. However, their performance remains more or less similar and the gap is further

reduced with increasing currents.
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Figure 5.20: Precision o, comparison amongst raw versus RS3 processed measurements.
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Figure 5.21: Precision ¢, comparison between the two RS3 IIR tuning criteria.



Chapter 5. Signal Processing 102

5.8 Prototype Implementation
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Receiver Processing Storage Manager 4

Update Control Update Control

Figure 5.22: Architecture of the computer processing software.

In order to validate the performance of the described filters, custom software has
been developed, which handles the real-time data stream, performs the required pro-
cessing and stores the measurements in a file. Afterwards, these can be loaded into
data analysis software to extrapolate the characteristics of interest. The whole soft-
ware is written in C++ and based on the @t [S31] framework, which has been chosen
for its multi-threaded programming flexibility and computation performance. Fig.5.22
reports the overall architecture, every block of which is executed in a dedicated thread.

The data chain source is represented by the UDP receiver, which acquires new net-
work packets, produced by the back-end board. These latter include the raw converter
measurements and further diagnostic reports, which are all managed by a specific trans-
mission firmware, the details of which will be presented in Par.7.10. As soon as a new
packet is received, the software stores it in a newly allocated memory space, the pointer
of which is then propagated to the measurement processing thread. Such a mechanism
is handled by using the central Qt messaging system (signals / slots) [S32], which en-
sures that the memory space is only read after the successful data production. Hence,
the processing thread takes care of freeing the memory once the work on the new sam-
ple is completed. All the packet reception and propagation throughout the chain have
been optimised to allow an uninterrupted stream. Profiling of the compiled software
showed that it could successfully cope with the =~ 55 Mbps data stream produced.

The processing thread represents the heart of the application, because it runs in
real-time the filtering techniques presented in this chapter. In particular, C++ classes
have been developed to implement the AVG with configurable windows and IIR filters of
any desired order and coefficients. Both adopt an auxiliary custom object that realises
a FIFO buffer, optimised for signal processing. The code implementing the AVG class

is reported following.
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#include "buffer.h"

class Moving_Average_Filter{

public:
Moving_Average_Filter (int window_width_arg);
“Moving_Average_Filter ();

double new_sample (double input);

private:
int window_width;
Buffer*x filter_buffer;
double running_output;

I8

//Constructor
Moving_Average_Filter::Moving_Average_Filter (int window_width_arg)

window_width(window_width_arg)

{
//allocate the filter buffer
filter_buffer = new Buffer(window_width);
filter_buffer->fill_zero();
running_output = 0;

}

//Destructor
Moving_Average_Filter:: " Moving_Average_Filter (){
delete filter_buffer;

//Feed a new sample and produce the result

double Moving_Average_Filter::new_sample(double input){

//get the oldest sample
double oldest_sample;
filter_buffer->getPastSample (oldest_sample, -window_width);

//add the newest sample and subtract the oldest

running_output += input - oldest_sample;

//push the newest sample into the buffer
filter_buffer->fpush (input);

//produce the output

return running_output / window_width;

The class constructor initialises and resets the buffer, specifying the required av-
eraging window width W. Thus, the received sample is pushed into the new_sample
method, which is dedicated to performing the actual computation and returning the
processing output. During the initial ramp, running_output accumulates the new sam-
ple values, while these latter also feed the buffer until it is full. Hence, at every iteration,
the upcoming sample is added to running_output, while the oldest is subtracted from
the total. In this way, the system keeps track of the sum of the latest W samples, from
which it obtains the averaged output. Finally, the class destructor frees the dynamically

allocated memory space, which only involves the sample buffer.
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The IIR filter class shares methods similar to those presented for the AVG and its

implementation code is shown here.
#include "buffer.h"

class IIR_Filterd
public:
IIR_Filter (int filter_order_arg, double* num_coeff_arg, doublex*
den_coeff_arg);
“IIR_Filter ();
double new_sample (double input);

private:
int filter_order;
double *num_coeff;
double *den_coeff;
Buffer* filter_buffer;
3

//Constructor
ITIR_Filter::IIR_Filter(int filter_order_arg, double* num_coeff_arg,
den_coeff_arg)

filter_order (filter_order_arg){

//allocate the coefficient array
num_coeff = new double[filter_order + 1];

den_coeff = new double[filter_order + 1];

//copy the coefficients
for(int i = 0; i <= filter_order; i++){
num_coeff[i] = num_coeff_arglil;

den_coeff[i] = den_coeff_arglil;

//allocate the filter buffer
filter_buffer = new Buffer(filter_order);
filter_buffer->fill_zero();

//Destructor
IIR_Filter:: " IIR_Filter (){
delete[] num_coeff;
delete[] den_coeff;

delete filter_buffer;

//Feed a new sample and produce the result

double IIR_Filter::new_sample(double input){

//network nets
double feed_forward = O0;
double feed_back = 0;

double past_values;

//nets computation
for(int i = 1; i <= filter_order; i++){
filter_buffer->getPastSample (past_values, -i);

feed_forward += past_values * num_coeff[i];

double*
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feed_back += -past_values * den_coeff[i];

}

//push the center signal into the filter buffer
double center_signal = (input + feed_back) / den_coeff[0];
filter_buffer->fpush(center_signal);

//output sample computation

double out = (num_coeff[0] * center_signal + feed_forward);

return out;

}

In this case, the class constructor is used to allocate the vectors of coefficients and
configure their values according to the passed arguments. Thus, even in this case, the
new_sample method is called for every new received sample and its returning value
represents the filter output. The actual computation reproduces the Direct Form II
structure, shown in Fig.5.9. In particular, the buffer is used to implement the central
delays (27! blocks) and its stored values are employed to compute both the feed-forward

and feed-back contributions.

The latest thread, visible on the right of Fig.5.22, is used to store the results in
a CSV file. They include the timestamps, the current values and other diagnostic
information. Wolfram Mathematica [S33] has been subsequently used to carry out the
batch analysis of the spectrum and the noise characteristics. The same software has
been widely employed during this research, to perform further symbolic computation

and to produce most of the presented plots.

Finally, the experience gained in the course of this activity made it possible to com-
pare the advantages of developing real-time processing prototypes versus performing a
complete batch data analysis, as it was done during the preliminary characterisations of
the BLMASIC. (cf. Par.4.8). In particular, it has been observed that the development
time required to implement a performant batch analysis software is comparable to that
employed for a real-time processing one. The former has the disadvantage of requiring
much more computation memory and storage space. On the other hand, real-time pro-
cessing should only be employed after the basic device features have been successfully
validated. In fact, such a higher-level approach could eventually mask some issues af-
fecting the raw data since these latter are never saved in a file. In general, the analysis
methodology was optimised according to each project step but, advancing towards the
final stages, such a latest strategy is strongly suggested. In fact, it allows us to face
the challenges pertaining to the definitive processing ones and to inspect the system in
a broader view. Furthermore, the time required for software programming is more re-
warded by the flexibility and reusability of the code. Indeed, minor modifications would
allow to implement it into an embedded system or to perform a high-level FPGA syn-
thesis (HLS) [S34], [81], [S35], which provides the possibility of testing it directly into

the commissioning hardware.
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5.9 Measurement Error Forecasting

The described implementation of filters enables an effective characterisation of their
performance over real data streams. In fact, computing the standard deviation over
a large set of output samples yields the measurement error o, for specific injected
currents m?. Such a procedure will actually be adopted during the characterisation of
the digitiser (cf. Chapter 8).

However, once known the measurement noise spectrogram My, (m?) (cf. Par.5.3), it
is alternatively possible to carry out an accurate estimation of the output error o, (m),
without acquiring any further data from the test-bench. As a first step, a desired linear
low-pass and unity-gain filter is chosen with transfer function G4(z). The same can be

expressed in the DTFT counterpart Hy, by applying the transformation

Hy, = Gy(z) . (5.30)

Z:(iiZTrW
where IV is the number of samples acquired for every injected current. Thus, the

spectrum at the filter output can be obtained as

Ry(m®) = Hj, x Mj,(m®) , (5.31)

where Ry = My = m®, while for k > 0 it represents the noise spectrum. So, rejecting
the continuous component (k = 0), like in equation (5.10) the o,(m%) can be calculated

in the form

N-1
or(m™) = | > |R(mde)|? . (5.32)
k=1

This methodology provides a direct estimation of the measurement error after the
processing, without redoing the Rj; measurements. Hence, a wide range of filters and
tunings can be evaluated to identify the optimal ones, before proceeding with their
actual implementation. To this aim, an automatised procedure can be performed by a

computer.
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Chapter 6
Front-End Development

The core of the upgraded BLM electronics is described here, starting with the techni-
cal specifications and the original architecture of the board. The implementation of
radiation hardening techniques is illustrated. Afterwards, the circuit schematics will
be presented, detailing the structure of each building block. The solutions adopted for
the redundancy of the data path, the board control and the improved diagnostic features
are notable. Finally, the PCB layout design is exhibited, highlighting the methodologies
deployed to optimise performance and reliability. In the latest section, a template of

the board configuration is reported, providing a quick start to the operations.

Figure 6.1: The ASIC based BLM Front-End.
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6.1 Board Introduction

The new front-end development has represented one of the most challenging activities
of this research. Great care has been devoted to each component and a constant search
for quality details accompanied the entire project. The objectives were not limited to a
feasibility study of the new concepts, but to the actual release of a product, representing
a milestone in the novel BLM electronics for future accelerators.

The results achieved with the BLMASIC characterisation (cf. Chapter4) made it
possible to familiarise oneself with its performance and improvement aspects. Thus,
the next development step has focused on the card that hosts such converters (the
BLEIC) and provides the features necessary for successful integration within the system.

The details concerning the board architecture and the involved circuitry are reported

following.

6.2 Technical Specifications

Feature Value

Input channels 8

Operative input range <10 pA—1mA
Maximum input current 5 mA

Local configuration bus I’c

External communication interface

5.12 Gbps Versatile Link [S13], [S36]

Communication medium

Single-mode optical fibre

Optical wavelengths

1270 nm — 1330 nm

Digital data high-reliability techniques

Fully double redundancy

Front-End radiation TID tolerance

> 3 kGy

Front-End radiation induced fault tolerance

SEU resilient

Electrical input protection

against ESD & Overload

General diagnostics

Temperature, Voltages and Optical

Advanced diagnostics

BLMASIC internal probes

Maximum power consumption

oW

Board PCB size

220 mm x 100 mm

Board chassis frame

Backward compatible

PCB material

Panasonic MEGTRON 6

Table 6.1: Front-End board key specifications.

The technical specifications agreed upon during the preliminary design stages for
the front-end board are reported in Tab. 6.1. It is clear that the BLMASIC conversion
characteristics are intrinsically part of these (cf. Tab.3.1) however, in accordance with

the goals introduced in Par. 2.4, higher level features are presented in this context.
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The core targets have been tailored based on of the expertise acquired with the
system currently in operation (cf Par.2.3.1) and improvements have been introduced
to overcome the bottlenecks affecting the former solution. They were the result of many
discussions and reviews carried out within the Section, to fulfil the various demands and
allow a smooth upgrade of the electronics. The presented features, in conjunction with
the back-end processing ones, will allow achieving the final specifications, demanded

for the overall upgraded system (cf. Par.2.6).

6.3 Board Architecture
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Figure 6.2: Front-End board architecture overview, highlighting the main operational blocks.

The title "ASIC Based BLM Front-End”, assigned to this project, embodies the
spirit behind its concept and realisation. Indeed, by employing CERN-developed ASICs
exclusively, such a card incorporates all the features necessary to convert the beam
loss currents, produced by the IC detectors, into properly coded optical data streams.
Furthermore, it provides a range of diagnostic functionalities, guarantees reliable op-
erations within the harsh environment of the HL-LHC tunnel and establishes two-way
redundant communication with the electronics located at the surface.

A hierarchical methodology has been employed during the development, subdividing
the schematics into the various tasks undertaken by the circuit. An overview of the

architecture is shown in Fig. 6.2, which will be analysed in the following paragraphs.
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Fach block in the diagram concerns a specific task and summarises the content of
the unique schematic page to which it is referred. The upper row blocks include the
beam loss signal path, which propagates from left to right. The currents are acquired
by the back panel connector, converted into digital data by the BLMASICs, packetised
by the IlpGBT [44], [S13] devices and transmitted through optical transceivers (the
CWDM-SM-VTRz [82]). Instead, following the same direction in the bottom row, the
3 powering supply and distribution blocks are visible, together with the slow control
connections and the diagnostic probes.

Many of the complex component functions and interfaces have been divided into
different graphical units to better organise the schematics. These can also be spread
over different sheets, although they refer to a single hardware device. Finally, to fa-
cilitate the schematic referencing throughout the text, the nomenclature sch.z.yz will
be employed, being: = the schematic page (from 1 to 10), y the sheet row coordinates
(from A to F) and z the column coordinates (from 1 to 5). Parentheses are used to
identify the spans between columns or rows.

Both the schematics and the layout development have been carried out using Altium
Designer [S37].

6.3.1 Component Selection

The radiation tolerance requirements certainly represented the most demanding design
challenge. In fact, the full employment of commercial components would have greatly
simplified the board development and expanded the portfolio of solutions. During the
early development stages, a survey about the effects of radiation on electronic compo-
nents allowed the formulation of a repertoire of guidelines to be respected. In particular,
it was assessed that active components are generally more vulnerable to radiation than
passive ones. This is due to the wider range of damages that ionising radiation could
cause to semiconductors and micro-electronic structures (cf. Appendix A) [83]-[87].
Furthermore, the complexity of the integrated circuits entails an higher probability of
failure. Single Event Effects (SEE, cf. Appendix A) and drift of characteristics can
be difficult to detect and they could eventually lead to serious system malfunctions.
Therefore, to guarantee maximum radiation tolerance performance, it has been decided
to completely avoid the employment of active commercial components. Hence, the in-
strument will entrust all the complex tasks to ASICs, specifically designed at CERN
for radiation-tolerant applications.

Due to their extensive use, the passive components have also been subjected to a
meticulous selection process. Indeed, although there are less restrictive rules about
their employment in radiation environments, they significantly affect the long-term
reliability of the card. Thus, high-quality and durable components, specifically the
capacitors, have been chosen for the whole design, preferring those compliant with
industrial-grade or automotive standards (AEC-Q200 [S38]). Furthermore, the demand
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for accurate characterisation procedures, including reverse engineering, the study of
suitable materials, radiation transport modelling and the validation of the radiation
tolerance properties, is always time consuming and costly [88]. For all such reasons, it
was preferred to employ well-tested X7R / COG based ceramic capacitors (MLCC) [S39],
[S40], which can withstand such harsh environments and they benefit from excellent
temperature stability and low parasitic effects.

Finally, efforts have been undertaken to limit the use of plastics as much as possi-
ble, because they tend to deteriorate and become brittle after prolonged exposure to
radiation. This was not possible for the back-panel connector (PBT material), which
must comply with the existing installation and the front reset button. However, alter-
native solutions have been discussed to overcome the issue in stand-alone applications
involving very high TID. The board is also equipped with auxiliary headers and probes,
using PBT, LCP or Nylon based insulation. These are assembled into the first proto-
types, to access a variety of diagnostic tools required during the characterisation in the

laboratory. However, they will not be present in the commissioning version.

6.4 Circuit Design

The following paragraphs include the description of the several circuit modules in the
same order as reported in the board schematics (cf. Appendix E). For easy visualisation,
the shown schematic particulars might result narrower than in the original sheets, but

the content is unmodified.

6.4.1 Back-Panel Connection
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Figure 6.3: Diagram of the back-panel connections. Detail from sch.2.C2 and sch.2.C4.



Chapter 6. Front-End Development 112

The front-end developed in this work has quite a different architecture in comparison
with the operational one, described in Par. 2.3.1. However, they share the same physical
geometry and connection to the hosting crate. In fact, it has been decided to employ the
same back-panel connector (DIN 41612) and a compatible pinout, allowing a smooth
transition amongst the systems. All the electrical connections between the card and
the rest of the plant are carried out by means of this interface, the signals of which are
reported in the schematic detail of Fig. 6.3.

First, the crate provides the power supply rails to the board, including the 1.2 V,
2.5 V and 5.0 V buses. In particular, the 1.2 V is not standard with respect to the
operational card (internal ref. EDA-00593), which instead requires 1.5 V, representing
the most significant compatibility mismatch between the two versions. However, a
solution involving different crate power suppliers has been studied, which can be easily
exchanged to meet the two requirements. Further details about the board powering
will be described in Par. 6.4.9.

On the left of Fig.6.3, it is possible to notice the 8 measurement input channels,
which come from the IC detectors and the high voltage monitoring signal. This latter
is a 60 dB attenuated replica of the IC bias source, which the system must continuously
gauge to validate the loss detection. Excluding the ground connections, the remaining
pins were left unused in the previous system and discussions are still ongoing about their
final employment. But, in agreement with the crate design, it has been decided to ded-
icate one of them for measuring the transformer winding voltage ( Windingl STATUS
pin). This represents the common source for all the power regulators and is integrated
within the Input Power Unit module (IPU, internal ref. EDA-03918). Finally, a future
upgrade will likely employ the additional pins to enable direct configuration access
through the crate. This will be discussed later in Par. 6.4.5.

6.4.2 Converter Inputs
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Figure 6.4: Input ESD protections and calibration DAC connection. Detail from sch.3.A(1-4).

The connection between the input channels and the BLMASICs is performed ac-
cording to the schematic in Fig. 6.4, which reports the analogue section of one of the
total four converters. The electrostatic discharge (ESD) protections integrated within
the device have been selected as the sturdiest provided by the foundry. However, be-

cause of commercial reasons, they have only been validated with the human body model
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Figure 6.5: Electrostatic discharge model circuit.

(HBM, JS-001-2012 [S41] and MIL-STD-883H [S42]), which concerns a finger touching
the device pins. This situation can be emulated using the schematic of Fig. 6.5, which
also includes a typical ESD guard embedded into the integrated circuit. The source
on the left has high internal resistance (= 1 M) and it charges the body capacitor
while the switch is open, meaning that the finger is not touching the device. Then, the
source is disabled and the capacitor charge is transferred to the circuit by closing the
switch (finger is touching). Suddenly a discharge current Iggp flows into the device,
producing a fast release of energy from the internal components Dgsp and Rp, due to
the Joule effect. The protection is designed to dissipate the generated heat properly
and to withstand the Iggp transient without any damage. In the context of the HBM,

the involved values of components are:

e Vpsp >2kV,
e C' =100 pF,
o R=1.5kQ,
o L =750nH.

Similar behaviour can also occur in the BLM installation if the IC is biased before
being connected to the front-end. This happens because the stabilisation capacitor of
the chamber will have already charged up to the bias voltage Vo ~ 1.5 kV, but the
inherent capacity of plates could still be discharged (for Cr¢ ~ 500 pF'). In the worst
case, this leads to a dissipation of energy about three times larger than the one evaluated
for the HBM, so it could exceed the ESD protection margins. Thus, an additional safe
circuit has been included in the board to improve the system reliability. To avoid the
use of diodes, due to the radiation issues already discussed in Par.6.3.1, a solution
employing only passive components has been adopted. This is highlighted on the left
of the schematic in Fig.6.4. The exact simulation of the internal ASIC protection is
not feasible, because the solution proposed by the foundry is subject to confidentiality.
However, several SPICE models have been developed employing diodes that might be
similar to the embedded ones. In particular, referring to a single channel (INPUT-2),
it has been concluded that the capacitors C65 and the resistor R91 perform an effective
transient suppression, dampening the power peak inside the ASIC. A larger capacitor

provides more effective protection, but it cannot be increased too much since it reduces
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the system response speed. Furthermore, the resistor value must be increased along
with the capacitance, to avoid instability in the converter integrator.

The input channels were partitioned on the 4 BLMASICs according to Tab. 6.2. The
mapping between the device inputs and the 8 channels might appear counterintuitive,
but such correspondences greatly improve the routing quality. This does not affect the

ease of access to results, because the subsequent firmware will remap them.

Input Channel BLMASIC BLMASIC

Designator Channel
Ch.1 ICO CH1 (B)
Ch.2 ICO CHO (A4)
Ch.3 IC1 CH1 (B)
Ch.4 IC1 CHO (4)
Ch.5 1C2 CH1 (B)
Ch.6 1C2 CHO (4)
Ch.7 IC3 CH1 (B)
Ch.8 IC3 CHO (4)

Table 6.2: Mapping of input channels over the 4 BLMASICs.

The schematic also shows how the internal calibration DAC is connected to the
input, producing a current that is added to the detector one. According to the DAC
operations, presented in Par.3.3.6, this solution allows the injection of bias currents
within the range —100 pA to 128 pA. Finally, the device analogue probes (cf. Par.3.3.8)
have been connected to the rest of the circuit by the resistors showed on the right side

of the picture. This diagnostic feature will be described in Par. 6.4.8.

6.4.3 Measurement Data Path

To reliably transfer the data streams produced by the BLMASICs towards the pro-
cessing back-end, they need to be collected and properly encoded. Such a task has
been entrusted to the IpGBT device, presented in Par.2.4. It allows for the imple-
mentation of a multi-purpose optical link, which fulfils a variety of features required
in high-energy Physics experiments. Referring to Fig. 6.2, it is possible to notice how
the redundancy is implemented by connecting the BLMASIC lanes to two indepen-
dent 1pGBTs. In fact, the beam loss data are propagated alongside the devices, which
provide all the procedures required for their successive transmission. In ordinary condi-
tions, the back-end can compare the two links and perform a low-level data validation
for enhanced reliability. On the other hand, in the case of an optical link failure or a
momentary unlock, the data can still reach the back-end, which could flag a warning
but continue its accelerator protection. This improves the availability of the entire

system, reducing the frequency of dumps due to a link loss.
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The detail schematics of the data and clock connection amongst the 4 BLMASICs
and the 2 IpGBT devices is reported in Fig.s 6.6 and 6.7. According to the BLMASIC
design (cf. Par.3.3.8), the data related pins can be directly linked from the source to
the destination using a differential lane. No additional components are required, since
100 © terminations are embedded into the IpGBT and the BLMASIC uplink interfaces
are compatible with the E-Links. Whereas, the 80 M H z clocks driving the BLMASICs
require external terminations (visible in Fig.6.7). Finally, the clock source ports differ

between the two IpGBT devices due to routing optimisation.

The receiving E-Links include a variety of possible configurations, which have been
investigated to select the best suitable for the application. In fact, the IpGBT provides
7 E-Link groups of 4 interfaces each (for a total of 28 E-Links), but only 4 of these
are required for the purposes. This led to great flexibility in the development and
allowed the choice of the solution providing the best nets routing. The devices have

been assigned to the E-Links according to Tab. 6.3.
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Figure 6.6: IpGBT connection of E-Links. Detail from sch.4.(A-C)(1-5).
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BLMASIC E-Link E-Link
Designator Group Channel
1Co 3 2
IC1 3 0
I1C2 2 2
1C3 2 0

Table 6.3: BLMASICs to E-Links assignment. Equal for both the IpGBT A and B.

Each E-Link logic can be configured to sample the input data at a bit rate between
160 Mbps and 640 Mbps. However, the full band allocated to the group cannot exceed
640 Mbps. Thus, the 4 interfaces have to be set accordingly. Since the BLMASIC rate
is only 80 Mbps, data will be oversampled in all the possible configurations. Specifically,
it has been decided to adopt the compromise solution of 320 Mbps, which provides a 4
times bit oversampling. This will enable efficient edge detection for the successful align-
ment of the stream phase. The IpGBT cannot perform an automatic phase tracking of
the 80 Mbps bitstream. Thus, such a procedure must be carried out by the dedicated
back-end firmware module, the detail of which will be described in Par.7.5. The ne-
cessity of fulfilling this function is reinforced by the fact that the clock-to-data phase
relation cannot be fixed during the operations, despite having adopted a routing length
matching over the 8 redundant lanes and clocks. Indeed, even assuming that the data
are synchronised to the clock for a single receiving IpGBT device, this does not ensure
the same condition for the second one. For instance, when the B transceiver is used,
due to the failure of link A (see Fig.6.8), the BLMASIC selects the IpGBT B clock by
checking its asserted ”ready” flag. So, the produced data have a fixed phase relation
with clock B, dependent only on the logic latencies and the PCB propagation delays.
On the other hand, if both the links are working, the BLMASICs can indistinctly select
one of the two clocks. Thus, the data received by the non-selected IpGBT will have an
unknown phase relation. However, the back-end can still recover the data, assuming
that the IpGBTs employ synchronous clocks. This is valid for the new system since the
back-end (VFC-HD) transmits the same clock over the 2 redundant optical downlinks.
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Figure 6.8: Measurement path redundancy in case of link A failure.
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6.4.4 Fast Lanes
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Figure 6.9: Data connection layers according to the OSI model.

The data transfer between the digitiser and the readout boards is achieved by
a redundant optical link, operating at the bitrate of 5.12 Gbps. The different com-
munication layers implemented within the system are reported in Fig.6.9, provid-
ing an analogy with those defined in the Open Systems Interconnection model (OSI
model) [89]. The physical medium and the optoelectronic modulators represent the
lowest layer, which includes the single-mode optical fibres and the transceivers. A pair
of CWDM-SM-VTRx [S36], [82] devices were employed for this goal, these being specif-
ically designed at CERN for O(km) data transmissions within radiation environments.
The transceivers, hereafter referred to as the VI'Rx, can operate with a bitrate up to
10.24 Gbps with a Bit Error Ratio of 1072, which is twice as faster as required in
the application. Furthermore, they are characterised by a typical transmission power
of 2 dBm, while the receiver sensitivity and the saturation threshold are —15.4 dBm
and 0.5 dBm, respectively. These specifications allow an effective pairing with COTS
single-mode transceivers. In fact, since radiation tolerance is not demanded in the
back-end electronics, standard networking SFP modules will be employed.

The detailed integration of the VT Rx inside the board circuit is reported in Fig. 6.10.
Unlike the previous VIRx versions, the module used here has been commissioned for
this specific BLM front-end upgrade and it is packaged within a standard SFP case
(the cages are shown in Fig.6.11). This provides a more sturdy mechanical support
and more accessible system maintenance. The pinout is similar to the standard one,
but the VIRx requires a 2.5 V rail for its operations instead of the commercial value
of 3.3 V. Unfortunately, except for the radiation issues, this is the only restriction on
the possible employment of a commercial SFP module within this board, but future

upgrades could enable this option for possible uses outside the accelerator tunnel.
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The module is interfaced to the IpGBT by a 100 Ohm differential lane and the

terminations are embedded into the devices. The I?C' connection provides access to the

laser driver (TOSA) configuration and the dedicated RSSI signal allows measurement

of the received optical power. Finally, the module documentation reported that the
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Figure 6.10: Optical transceiver socket connections. Detail from sch.5.(A-C)(1-3).
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SFP pin MOD_DEFO is tied to the ground. Hence, the diagnostic PLUGGEDnN
signal has been introduced, which is pulled up by a 2.2 k€2 resistor when the SFP cage

is free, while it will be de-asserted whenever the module is inserted correctly.

6.4.5 Board Control and Redundancy

This circuit section involves the repertoire of features necessary to configure the card
and access the internal memory of the various devices. In fact, all the slow rate inter-
faces, which are not necessarily operating on the BLM measurements, are part of this

set of tools.
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Figure 6.12: I2C interface tree throughout the front-end, including the device addresses and
the external header designators.

As it was already presented for the BLMASIC test-bench (cf. Chapter4), the main
bus exploited for these purposes is the I2C, which can set a flexible connection amongst
the 4 BLMASICs, the 2 IpGBTs and the 2 VTRx transceivers. In particular, all the
devices are equipped with a slave I2C port and the IpGBTs also include 3 masters.
Thus, the connection tree is developed according to the architecture shown in Fig.6.12

and implemented in the hardware as the schematic of Fig. 6.13 reports.
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Figure 6.13: Connection example of the slow control interfaces, reporting the IpGBT A (on the
right) together with the BLMASICs ICO and IC1 (left). Detail from sch.6.(A-B)(1-3).

The connection tree also shows the device designators, including the interface accessing
headers (visible in Fig.6.11), in order to better identify them on the schematics. The
master port MO is connected to a bus including 4 BLMASICs, the addresses of which
are properly configured by ADDRO and ADDRI1 pins, as reported in the figures.
Instead, the master port M1 is used to access the VI'Rx module.

A meticulous study was carried out to guarantee that all the devices could be
accessed even in case of a single link failure. If at least one optical link is ready, the
back-end firmware can query the connected IpGBT by the downlink control (named
IC). This enables the launch of I2C' transactions throughout the card using the master
interfaces. In addition, a cross-connection between the IpGBTs has been included to
allow a prompt investigation of the problem affecting the faulty link. This is achieved
by connecting the master M2 to their slave S ports. In fact, such an architecture
provides access to the disconnected device and its related VI'Rx by using the operative

one. The mechanism is shown in Fig. 6.14, highlighting the benefits provided.
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Figure 6.14: I2C Access in case of A link failure. The right example shows how the introduction
of the cross interface allows the connection of the whole components.
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The latest discussions have paved the way for enabling the I2C' control of the card
by its back-panel connector. In fact, some of the connector pins are actually not used,
like the JTAG (cf. Par.6.4.1), since the corresponding features are not available in
the employed devices. Thus, for the next upgrade, it has been planned to replace the
JTAG with I?C interfaces, to directly query the front-end from the crate. Concerning
the connection tree, several options are available depending on the number of additional
masters. A suitable solution would involve the connection of such external ports to the
slave interfaces of IpGBTs. If required, those buses can also be tied together since the
devices have different addresses. The only strict requirements concern the compliance
with the 1.2 V front-end digital signals and the avoidance (or management) of conflicts,

which may occur among the masters.

6.4.6 Hardwired Configuration

The IpGBT requires a fixed setting for some of its pins before the start-up (cf. Fig.6.15).
They concern the I2C' device address, the operating mode and the booting configura-
tion memory. In particular, the transceiver mode has been adopted here, because
bi-directional communication is required. The lower speed of 5.12 Gbps was chosen
and paired with the most reliable Forward Error Correction (FEC) [90] method avail-
able: the FEC12. This solution enables the back-end with the capability of performing
corrections of up to 12 consecutive wrong bits, representing an important feature in

such a critical application.
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Figure 6.15: Hardwired IpGBT configuration, reset and ready flag. Detail from sch.6.(C-D)3.

6.4.7 Reset

The reset controls of the devices are all active low and they are driven by a capacitor and
resistor low-pass circuit (cf. Fig.6.16). Their values have been tuned according to the
system power supply, to allow the reset release only once the rail voltages are stabilised.
Furthermore, the large capacitors of 47 pF' guarantee the suppression of eventual spikes
on the signal and the reset button debouncing. Whenever it is required, this latter can

be used to force a manual reset of the card.
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The reset signals can also be driven directly by the IpGBT GPIOs, allowing for a
partial or a complete board restart commanded by the back-end. In particular, both the
IpGBT A and B can trigger the reset of the BLMASICs and each other. The GPIOs
are controlled by the dedicated tripled register, which can be programmed either by
the I?C or the optical IC (downlink) interfaces, and they are reliable in the case of
SEU. It is suggested to drive the reset of the devices common to A and B either by
forcing the signals to low or leaving them floating, to avoid conflicts between the two
IpGBTs. Anyway, the 120 € resistors will ensure that the current drawn, or supplied,
by the controlling GPIO pins will be limited to the device specifications.

The typical engaging and releasing timings are reported in Fig.6.16. If the ap-
plication requires fast release times, it is possible to force the reset signal to a high
state using the GPIOs or install a recycling Schottky diode, as illustrated. However, a

radiation-tolerant component must be employed for the latest solution.
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Figure 6.16: Device reset circuitry, including the typical engaging and releasing times.

6.4.8 Diagnostics

The new diagnostic features represent a crucial factor in this electronic upgrade. In
fact, the previous system was limited due to the single direction data link used for the
communication towards the back-end board (cf. Par.2.3.1). Instead, the new archi-
tecture allows to query the system status whenever needed and set configurations for
advanced analysis. These enable a comprehensive screening of the card behaviour, even
while the human intervention in the tunnel is restricted. In addition to accessing device
registers, through the I?C' interfaces (cf. Par.6.4.5), the signal monitoring capabilities
of the IpGBTs have been widely exploited in this circuit. In particular, the device
includes 16 GPIO pins and a multi-channel ADC, characterised by 10 bit of resolution,
~ 1 V of full scale and a conversion time < 1 ps. The following list summarises the

monitoring features that have been implemented by using these peripherals.
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The reported attenuation factors are due to the total contribution of embedded and
external dividers (if present), which are introduced between the measured signal and
its ADC input.

e Power Rails:

P1V2D (1.2 V): digital bus monitoring. Att. = 1: 2.38,

— P1V2A (1.2 V): analogue bus monitoring. Att. =1 :2.38,

— P2V5 A/D (2.5 V): bus monitoring. Att. = 1:5,

— POV6-01 (0.61 V): CM of IC0-1 BLMASICs. Att. ~1: 1,

— POV6-23 (0.61 V): CM of IC2-3 BLMASICs. Att.~1:1,

— Windingl _STATUS: IPU transformer winding. Att. ~ 1 : 20.

Temperature Sensors (for a total of 7):

— Proximity to BLMASICs ICO0-3,
— Proximity to VTRx,
— Internal to IpGBT A/B.

Tonisation Chamber Detectors:

— High-Voltage bias (1.5 kV). Att. ~ 1 : 2000.

High-Speed Lanes:

— Received optical power (RSSI) on VIRs A/B,
— SFP VTRx plugged modules,
— IpGBT Eye Opening Monitor Threshold DAC (EOM).

Advanced Features:

— Internal BLMASIC analogue probes (one at a time),
— Internal BLMASIC digital probes.

Auxiliary Features:

— 16 free of use GPIOs (on the external header),
— 2 channels 12 bit voltage DAC.

Due to a large number of monitored quantities and the limited input channels, they
have been spread over the two I]pGBTs. Then, it is required to query both devices to col-
lect comprehensive diagnostic data. Nevertheless, such a solution is not limiting, even
in case of a link failure, thanks to the cross I?C access presented before in Par. 6.4.5.

However, the critical signals, like the detector bias voltage and the transformer winding



Chapter 6. Front-End Development 124

voltage, have been duplicated and can be directly read from both the IJpGBTs. Further-
more, many signal probes include a filtering capacitor, which adds a low-pass pole to
reduce the high-frequency noise components. Details about the chosen cut frequencies
can be found in the schematics. Finally, all the resistors have been tuned considering
the source impedances, even those external to the board (see the example of Fig.6.17).

The proximity temperature sensors are based on PT1000 thermistors, which have
a resistance of 1000 © at 0°C and a thermal coefficient of 3.85 2 K1 (see Fig. 6.18).
They can be directly connected to the IpGBT inputs since adjustable current sources
can be enabled in parallel to the ADCs. Finally, the BLMASIC probes have also been
mirrored on dedicated headers, to allow their monitoring by using external instruments

during the validation campaign. They are visible at the centre right of Fig. 6.11.
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Figure 6.17: Divider used for the transformer winding monitoring. Detail from sch.7.E(1-2).
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Figure 6.18: Temperature sensor detail from sch.7.E(2-3).

6.4.9 Power Distribution

Reliable power distribution is mandatory in such a sensitive instrument since high-speed
components are electrically paired to pico-ammeters. Thus, great care was exercised to
minimise the impedance of rails and keep the digital supplying paths isolated from the
analogue ones. Since the main regulators are placed outside the card, in the PSU unit
(internal ref. EDA-03919), the goals have been achieved by optimising the routing and

adopting an effective bypass of disturbances towards the ground.
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Figure 6.19: Schematics of powering rail star centres and relative layout (right). Detail from
sch.10.(A-C)3 (left).

The isolation of the different rails and grounds was obtained using dedicated copper
planes in the PCB, which bring power to the various devices. The connection of those
which share the same voltage, thus the same source, is performed in the so-called star
centres (see Fig.6.19). These are the only locations where analogue rails can join the
digital ones and are placed very close to the back panel connector (see Fig. 6.19 at right).
Such a solution prevents supply pins of sensitive components from being located in the
flow path of the currents disturbed by the digital switching circuitry. Furthermore,
a hierarchical strategy of bypass capacitors has been adopted for the whole board.
Ceramics of 100 pF', with larger packages (Imperial SMD size 1210), have been spread
symmetrically in the area surrounding the components, to stabilise the powering planes.
While, smaller SMD 0402 or 0201 ones, of values 470 nF" and 220 nF’ respectively, have
been placed underneath the supply pins (on the bottom layer), for a near field bypassing
(see Fig. 6.20).
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Figure 6.20: BLMASIC bypass capacitors, placed on the bottom layer.
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Figure 6.21: 1linPOL12V Linear regulator for the POV6 rails. Detail from sch.10.(D-E)(2-3).

This solution minimises the current path, thus reducing the track inductance. Such
small packages have been chosen for their reduced parasitic components and to enable
an effective placement in the dense circuit zones. An investigation of the manufactured
capacitors assessed that the selected values provide optimal impedance characteristics

for this application.

The card houses only a linear regulator, which generates the very sensitive BLMA-
SIC common mode reference (CM) at approximately 620 mV. It is represented by
the radiation-hardened linPOL12V ASIC[S43], which has been supplied at 5 V' and
configured according to the schematic in Fig.6.21. The resistors R113 and R114 en-
sure that the device sources a minimum operational current in all possible conditions.
This feature is crucial since the POV6 rails act as virtual grounds for the BLMASICs.
Thus, the measuring input currents are actually subtracted from the preloading value
of ~ 13 mA.

For the various components, the detailed power connections have been designed
according to their datasheets and they are reported in Fig.s 6.22, 6.23 and 6.10. The
BLMASIC pins VREFA and VREFB, shown in Fig.6.22, require a special care.
Indeed, these regulate the CFC quantiser thresholds and consequently its measurement
gain, according to the description of Par. 3.3.5. In this prototype, such pins have been
tied to the analogue 1.2 V' supply (P1V2A), to simplify the system in view of its first
validation. However, this means that the measurement results are subjected to supply
voltage fluctuations. In other words, the card must be calibrated every time the PSU
module is replaced or in the case of major temperature drifts. This may eventually be
impractical for the front-end commissioning. Thus, a stable voltage reference should

be available in the circuit. For instance, a second linPOL12V device can be installed.



127

P1V2A ICOE
BLMASIC-V2
Analog Power Pins
lg VDDA VCMA
0 VDDA VCMA
2 VDDA VCMA
VDDA VCMA
VCMB
P2V5A VCMB
58 VCMB
>3 V25A VCMB
V25B
VCMWA
VCMWA
3 VCMWB
4 VSSA VCMWB
50 VSSA
61 VSSA VREFA
VSSA VREFB

Figure 6.22:

P1V2D

T

J_C216 J_CZIO _T_C202 J_CZOG

—|_ 220nF —|_ 220nF —|_ 220nF —|_ 220nF
L

GNDD

P1V2D

T

J_C226 J_C194 _T_Cl% J_C192

—|_ 220nF —|_ 220nF —|_ 220nF —|_ 220nF
L

GNDD

P1V2D

J_Cl‘)O _T_CZZ‘) _T_CIS‘) J_CZ}O
—|_ 10uF —|_ 10uF —|_ 10uF —|_ 10uF
L

GNDD

P2V5Fuses_X is used for
E-Fuses programming. It must
normally be tied to GNDD and
connected to P2V5D (for a short
period) during the programming
procedure only. An external FET
device could be used for this aim.

Figure 6.23: IpGBT (A) power supply. Detail from sch.9.(A-E)(1-3).
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6.5 Layout Design

6.5.1 Board Geometry

The board shape and size have been strictly set according to the requirements of its

housing cassette, which is the same used for the older front-end. Furthermore, it also

shares with this latter the same back-panel connector position, allowing in principle

the compatibility with the current crates, as long as the 1.5 V' power rail is modified to

1.2 V (cf. Par.6.4). The entire board measures 220 mm x 100 mm, and its maximum

thickness is < 15 mm, when populated by components.
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6.5.2 PCB Stack-Up

Many design iterations were undertaken to find the best solution for the strategy of
vias, the number of layers and the PCB materials. These have been evaluated based
on the routing quality, reliability, signal integrity requirements and cost.

The first layout concept involved employing only through hole vias, to manufacture
the board using the most common and validated technology. However, it was assessed
that the drilling of tiny holes (0.15 mm) should have been required below the highly
dense package of the IpGBT. The company in charge of the board production has stated
that this is feasible for them. However, according to the IPC-6012D/DS standard
for the PCB design [91], such a solution would not be sufficiently reliable for critical
applications. In fact, the hole diameters are too small compared to the board total
thickness of ~ 1.6 mm, with a ratio smaller than 1 : 8, which is the recommended one.

Thus, different solutions were investigated, in particular those based on laser drilled
via technologies, which represent the state of the art for high-density circuits. They
allow the manufacturing of blind and buried vias, which can connect different layers
without going through the entire board thickness. According to the proposals, two
options for a 10 layers stack-up have been analysed. The first involved blind vias
between the layers 1 to 2 and 9 to 10, while the 2 to 9 connection is drilled (named
1+N+1). Instead, the second option involves a more flexible combination of blind and
buried vias, in which the drilled hole is only necessary between layers 4 to 7 (3+N+3).
In conclusion, the latter option was selected for the prototype since it allows a more
effective routing of the E-Links (cf. Par.6.4.3). The manufacturing technology set the
hole diameter of vias to 4 mil, while the pad is 10 mil wide. On the other hand, the
internal drilled holes present a diameter of 8 mil and a pad 16 mil wide.

Finally, a high-speed and low-loss certified material has been selected as the best
candidate for the project. It is produced by Panasonic with the name MEGTRON
6 [92] and involves the Laminate type R-5775G and the Prepreg R-5670G. These are
advanced materials, designed for network equipment, mainframes, integrated circuit
testers and high-frequency measuring instruments. Their main features concern: low
dielectric constant and dissipation factors, low transmission loss and high heat stability
(decomposition at T'd = 410° C'). The selected stack-up specifications and the via
technology are shown in Fig.6.24, including the thickness of copper and insulation

layers and the electric constants.
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Figure 6.24: PCB stack-up specifications and arrangement of vias.
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6.5.3 Component Placement

2200mm +0 -0.3

EDA—-04402-V1

000000000

Figure 6.25: Top layer of the front-end PCB.

The component placement and orientation have been carried out to facilitate the
connection of the nets sensitive to integrity or leakage issues. For example, they include
the high-speed lanes, the E-Links and the analogue input channels. In addition, solu-
tions for effective routing and the separation of power supplies have been adopted. In
particular, the BLMASICs are placed close to the back panel connector, which provides
the detector currents. Instead, the IpGBTs are situated on the opposite side. Thus,
the routing involves very short connections towards the VI'Rx transceivers, the cages
of which are exposed on the front panel. The placement can be viewed in Fig. 6.25, in
which the different ground planes are highlighted with colours and the input channel
tracks can be easily distinguished on the right. The grey plane represents the digital
ground GNDD, the blue one is the analogue ground GNDA, while the surrounding
red is directly connected to the chassis GIND. They are all tied together but in a unique

star centre placed on the bottom layer, as described in Par. 6.4.9.

After establishing the position of the back panel connector, the IpGBTs, the VTRx
transceivers and the BLMASICs, the work was focused on the arrangement of bypass
capacitors. In particular, those needed in the proximity of components were installed
first (cf. Fig.6.20). Then, the temperature sensors were distributed on the card to get
the most accurate monitoring of hot spots. Finally, the placement was concluded by
arranging the diagnostic probes to be easily accessible and reserving convenient spaces
for the rest of the components. Both the board faces have been populated, but the
protrusions of devices have been limited to < 2 mm in the bottom layer, to avoid

undesired contact with the containing metal box.
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AVER LNE FINISHED CONTROLLED DELECTRIC
(mm) COPPER | MPEDANCE +/-10% THICKNESS | Er
DENTFICATION WDTH 1 WDTH/GAP | THCKNESS | Single 1 Differential | *=CRITICAL
TOP LAYER  |SNAL LAYER | — 1 35/65 175 um | - 1 100 Ohms
: : * 0,076 mm| 3.47
LAYER 2 SGPIN LAYER | — 1 30/80 175 um | - 1 100 Ohms
: : * 0076 mm|3.47
LAYER 3 GND PLANE | 175 um |
: : * 0,076 mm| 3.47
LAYER 4 SONAL LAYER | — 1 35,80 3Bum | — 1 100 Ohms
: ; * 020 mm |36
LAYER 5 POWER PLANE | 35 um |
: : 050 mm | 3.71
LAYER 6 POWER PLANE | 35 um |
0 $ * 0.20 mm | ~3.6
LAYER 7 SONAL LAYER | — 1 35/80 3Bum | — 1 100 Ohms
: : * 0076 mm|3.47
LAYER 8 GND PLANE - 175 um |
: : * 0,076 mm| 3.47
LAYER 9 SG/PIN LAYER | — 1 30/80 175 um | - 1 100 Ohms
: ; * 0076 mm| 3.47
BOTTOM LAYER |SIGNAL LAYER | — | 35/65 175 um | - 1 100 Ohms
FINISHED BOARD THICKNESS +/—10% : 16 mm

Differential lines width / gap wil be tuned during the pre—manufacturing

Figure 6.26: Geometries of 100 2 differential transmission lanes.

6.5.4 Routing

The development of the board layout began with the general definition of the design
rules and the assignment of purposes for the various layers. In particular, it has been de-
cided which layer must support the net routing or be used for the power distribution (cf.
layout layers in Appendix F'). This has been investigated alongside the definition of the
reference planes for differential transmissions. A stripline typology has been adopted
for the latter, to reduce the electromagnetic emissions and minimise the interferences
on the measurements. Their routing was performed on layers 2 and 4, employing the
1 (Top), 3 and 5 as GNDD references. The adopted geometries have been discussed
with the manufacturer, to achieve a precise 100 € characteristic impedance and they
are reported in Tab. 6.26. Great care was taken to prevent other tracks or components
from breaking the return path of the transmission line currents. In fact, by comparing
the layers 1 to 5 (in Appendix F) it is possible to notice that there are no obstacles
placed both above and below the striplines.

The routing procedure prioritised the sensitive nets, as it was pursued during the
component placement. Initially, the E-Links and the high-speed lanes were routed,
adopting the length matching techniques. Specifically, this was carried out inside the
differential pair and amongst the pairs. The first ensures that the mismatch between
the two polarities is < 10 mil (0.254 mm), which is recommended for proper signal
integrity. On the other hand, the second facilitates the phase tuning of E-Links and
the circuit debug, although it is not strictly required for the correct operations of the
system. A maximum length difference of 50 mil (1.27 mm) was accepted in this case.
The resulting traces of the E-Links B and the VI'Rx high speed lanes are visible in
Fig.6.27, while the E-Links A can be found in Appendix F. All the data lanes from the
BLMASICs to the IpGBTs have been equalised to ~ 121.9 mm, while the clock ones
are long ~ 124.6 mm. The high-speed striplines connecting the IpGBT to the VIRx

measure 13.2 mm and 13.9 mm for the data receiver and transmitter, respectively.
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Figure 6.27: E-Links B and High-Speed striplines routed on layer 4.

Another challenge faced during the development concerns the fanout of the IpGBT,
which is embedded in a square BGA package of 289 pins, spaced 0.50 mm each other.
This characteristic turned out to be crucial in deciding the adoption of blind and buried
vias, without which the routing would be unfeasible. The device supply rails were
distributed in the planes below and connected by a combination of vias. Furthermore,
it was decided not to coaxially stack the 4 to 7 through-hole vias with the outermost
ones, to avoid PCB lamination problems and thus improve the product reliability. The
via stitching technique has also been widely employed throughout the card, to allow a
ruggedised grounding and improve the power dissipation.

Finally, despite the limited card power consumption, the chassis GIND has only
been dedicated to the dissipation of the heat. In fact, the copper plane surrounding
the board edges is exposed and in contact with the containing metal box, facilitating
the board cooling. An additional copper plane (see Fig.6.30) has been located on the
bottom layer for the same purpose since an aluminium plate supports the card in the
same area. Before generating all the manufacturing files (GERBER, NC Drill, Pick
and Place, BOM), the design rules were checked and the violations corrected. The
finalised card can be seen in Fig. 6.29 and Fig. 6.30.

6.6 Board Start-Up and Configuration

The board devices automatically begin their initialisation procedures as soon as the
power is applied. However, the IpGBTs require an additional configuration, to enable
communication with the back-end by the optical link. It can be achieved either by
direct access to their slave I2C interfaces, which are always active, or by programming
the internal e-Fuses in advance. This latter option is preferred for the commissioned
system and is described in detail by the official device documentation (cf. procedure

reported in the manual [S13]).
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It is mandatory to configure the internal IpGBT registers dedicated to the high-
speed link, including the PLL parameters and the locking requirements. When the
desired values are correctly programmed, it is possible to assert the bits 1 (pllConfig-
Done) and 2 (dliConfigDone) of the register POWERUP2 [0x0fb], which enables the
communication procedures. It has been proven that the IpGBTv1 is able to correctly
lock the downlink stream even if the whole configuration registers are left in their de-
fault status. However, this was not the case for the IpGBTv0, which required tuning
the settings. In any case, it is recommended to investigate the best operational setup,
before programming a permanent configuration into the e-Fuses.

Finally, the settings of E-Links must be programmed (even by the optical interface),
to enable communication between the BLMASICs and the IpGBTSs, thus starting the
transmission of measurements. This procedure can also be pre-loaded within the e-
Fuses, to allow a ready-to-go booting. Contrary to the mandatory high-speed link
configuration, the E-Link settings can be modified anytime. The following Tab. 6.28
reports an example of register configurations that were successfully adopted during the
board validation. Refer to the official IpGBT documentation [S13] for the details about

the function of each specific bit.

| Register Value Comment

LpGBTv1l A only

0x8E [ 0x1A [BLMASIC-0 Clock (ECLK16) Enabled at 80 MHz and 2 mA

0x8C | 0x1A [BLMASIC-1 Clock (ECLK15) Enabled at 80 MHz and 2 mA
(
(

0x7E [ 0x1A [BLMASIC-2 Clock (ECLKS) Enabled at 80 MHz and 2 mA
0x7C [ 0x1A [BLMASIC-3 Clock (ECLK7) Enabled at 80 MHz and 2 mA

LpGBTv1l B only
0x94 [ 0x1A |BLMASIC-0 Clock (ECLK19) Enabled at 80 MHz and 2 mA
0x8E | 0x1A |BLMASIC-1 Clock (ECLK16) Enabled at 80 MHz and 2 mA
(
(

0x84 | 0x1A |BLMASIC-2 Clock (ECLK11) Enabled at 80 MHz and 2 mA
0x7E [ 0x1A [BLMASIC-3 Clock (ECLKS) Enabled at 80 MHz and 2 mA

LpGBTvl A & B
0xDE [ 0xC2 [BLMASIC-0 E-Link (Group 3 Channel 2) Phase and 100 ohm Termination
0xDC | 0xC2 [BLMASIC-1 E-Link (Group 3 Channel 0) Phase and 100 ohm Termination
( )

)

0xDA | 0xC2 [BLMASIC-2 E-Link (Group 2 Channel 2) Phase and 100 ohm Termination
0xD8 | 0xC2 |BLMASIC-3 E-Link (Group 2 Channel 0) Phase and 100 ohm Termination
0xCB [ 0x58 [Enable Group 3 Channels 2 and 0 at 320 Mb/s and Fixed Phase

0xCA | 0x58 [Enable Group 2 Channels 2 and 0 at 320 Mb/s and Fixed Phase

0xFB | 0x06 [DLL / PLL Config Done bits

Figure 6.28: Configuration template for IpGBTv1 A and B, to enable the transmission of the
measurements.
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Chapter 7
Back-End Development

The BLM readout electronics is covered, focusing on the development of the firmware to
be installed within the back-end FPGA. The data acquisition architecture is illustrated
and the function of the leading digital modules will be analysed in detail. These include
the high-speed transceivers, the [pGBT core and the BLMASIC data retriever. Solutions
to the major implementation challenges are proposed, such as the BLMASIC bitstream
phase alignment, the redundancy management and the diagnostics. Furthermore, a
feasibility study of novel floating-point filters is carried out. This reports promising
outcomes that can be extended to applications beyond those discussed here. Finally, the
modules developed for the overall system test-bench are illustrated, together with the

performance considerations about the FPGA implementation.

7.1 Key Purposes

In agreement with the BLM readout electronic description (cf. Par.2.3.2) and the
specifications established for the new system (Par.s 2.5 and 2.6), the back-end involves

the ensemble of hardware and firmware, required to:

1. establish a reliable communication with the front-end boards;
2. acquire the raw data produced by the BLMASIC converters;
3. process the data into beam loss measurements;

4. trigger the beam dump request in case of excessive losses;

5. verify the correct monitoring function and the system sanity.

The board which will carry out such tasks is the VFC-HD [45], which proved to
include suitable resources. Thus, the work focused on developing and testing the VHDL
codes, which are then programmed within the embedded FPGA device. The whole
design has been developed exploiting Quartus Prime Standard [S44], version 20.1.1.

The tasks 1 and 2 were of utmost interest at this prototype stage, since their imple-

mentation is entirely novel. The data processing was described in detail in Chapter 5
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and the analysis of its implementation feasibility will be displayed in the following
Par. 7.8. The measurement thresholding modules will be derived from an adaptation of
the previous firmware, the features of which were presented in Par.2.3.2. Hence, this
manuscript will not address such an argument, being part of the works of integration

into the existing plant. Finally, an overview of the diagnostics is reported in Par. 7.9.

7.2 Data Readout Architecture Overview

VFC-HD UserDatasinn —
230
mar [ JPEBT 25, —> oo Data
IP Core A X8
5.12 Gb/s \sz o
f 1 IC ki
cotsSFParm ) |9 A [ » > ibronous
- \ Config. & Redundancy | 230 BLMASIC | x
Slow Control —A|  Dpata
1, [ Reset Manager [ ‘. : 8 I
COTS SFP+apP2®) | <> ygT [ = Ui | Retriever [~ Siope Data
| 5.12 Gb/s o p— /?2 ——> Diagnostics
i <b> p \, 240
Uplink 1
— : & IP Core B 230 — ﬂL} Registers
Downlink 2 Data :
X .~ J x4

Figure 7.1: Architecture of the data readout chain.

In Fig. 7.1, there are the digital modules and the related connections necessary to
manage the communication with the front-end, acquire the transmission streams and
extract the data produced by the BLMASICs. The optical bitstream, generated by
the front-end VTRx devices, is here digitised by commercial multi-gigabit transceivers.
Due to the non-standard and asymmetric bit-rates (Uplink: 5.12 Gbps and Downlink:
2.56 Gbps), an investigation was carried out together with the VITRx developers, to
select the devices suitable for the application. Specifically, 10 Gbps SFP+ plus modules
have been used, implementing a single-mode optical link (LC connector) that operates
at the same wavelengths of the VI'Rx. The modules are installed within the board
general purpose slots (Application SFPs) and they are interfaced with the FPGA Cur-
rent Mode Logic (CML) transceivers through differential lanes. The VFC-HD can host
up to 4 SFP modules, thus it can be connected to 2 front-end boards employing the
redundancy (cf. the Unit presented in Par.2.6). In fact, the acquisition chain shown
in Fig. 7.1 is actually doubled for the parallel monitoring of 16 BLM detectors.

The shown MGT blocks concern the Intellectual Property (IP) cores providing ac-
cess to the FPGA transceiver primitives. These perform the data serialisation (down-
link) or parallelisation (uplink), to convert the fast bitstreams into buses composed of
multiple bits and operating at a slower clock frequency. Such a solution is mandatory
for handling high throughput data inside the FPGA logic, since the latter is optimised
to operate with a high level of parallelisation rather than very fast clocks.

Subsequently, the raw data are exchanged with the IpGBT IP core, which is the
firmware counterpart of the hardware device. It includes all the processing logic re-

quired for encoding or decoding the stream, performing the FEC and handling the
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communication session. The downlink is employed to provide the clock to the front-end
and to write into the configuration memory of all the embedded devices (cf. Par.6.4.5).
On the other hand, the configuration readout and the measurement data are received
through the uplink. In particular, the latter are propagated to the rest of the logic
modules by the userData (uplink) bus.

A redundancy manager module is also included in the design to deal with the parallel
data streams, thus improving the availability of the system. Several methodologies
can be exploited to identify which of the links, between A or B, should be selected.
In this way, a single userData bus will be used to feed the successive BLMASIC data
retriever block, allowing a transparent operation in case of link failure. This last module
performs the parallelisation of the BLMASIC bitstream, decodes the 8b/10b [70] frame
(cf. Par.4.7) and retrieves the content of its registers. Finally, the same module includes

the logic necessary to collect and organise the measurements to be later processed.

7.3 FPGA Transceivers

The interface between the fabric logic and the high-speed SFP modules is represented
by the transceivers embedded into the Arria V FPGA. Specific IP cores, supplied by
the manufacturer, are used to integrate such interfaces within the design. They also
provide effective tools for achieving the desired configuration, like the GUI wizard shown
in Fig.7.2. The block reported displays the nets involved in the transceiver primitive,
with the inputs on its left side and the outputs on the right. On the other hand, the
menu reflects the configuration employed in this project. It is possible to notice that
RX or TX data paths have been enabled, both operating at 5120 Mbps. In fact, the
actual rate asymmetry is managed by the IpGBT IP core, simplifying the setup even
for devices which do not natively support such a solution in their primitives. Precisely,
the downlink bits are duplicated just before the transmission, emulating a 2.56 Gbps
link.

The logic of transceivers is enabled with just the basic features, such as the Phys-
ical Medium Attachment (PMA) module (comparable to that used in computer net-
works [S45]). This is used for the clock recovery (in the uplink) and the data serialisa-
tion, or parallelisation, by a factor of 16. Furthermore, the Physical Coding Sublayer
(PCS) logic has also been enabled. This is employed to remap the 16 bit PMA bus
over a 32 bit one, thus allowing a data clock of 160 M Hz. Such a frequency represents
the best compromise for this FPGA generation. The frame alignment and decoding
features, usually performed by the PCS, are not enabled here since they are all imple-
mented inside the IpGBT IP. This latter is connected to the transceiver primitive by
the 32 bit interfaces, the data validity flags, the clocks and the uplink bit-slip control.

Finally, the PLL embedded into the FPGA high-speed interfaces has been driven
by a 160 M H z reference clock, which is sourced by an external programmable Si5338N
oscillator, produced by Skyworks [S46].
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Figure 7.2: Multi-Gigabit Transceiver (MGT) configuration for operating with the IpGBT.

7.4 The IpGBT IP Core
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Figure 7.3: Internal architecture of the IpGBT IP core.

This TP core is divided into two modules, handling the uplink and the downlink

sessions, respectively. They are provided by the IpGBT development team (EP-ESE

Group [S47]), which is in charge of supporting the code repository and documentation [S48].

From the user point of view, the modules require a basic configuration of parameters,

which set the bit-rate, the employed FEC, the transceiver bus and clock morphologies.

Then, it performs its operations transparently (see Fig.7.3) and the exposed interfaces

can be connected to the rest of the logic.

During normal operations, the digitiser

measurements will be presented at the userData output bus and the validity signal
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uplinkClkOutEn will be used to strobe the updates. Indeed, such a large bus (230 bit)
includes the data coming from all the E-Links, like the transmissions of BLMASICs (cf.
Par6.4.3). It is clocked at fp,s = 160 M Hz and the strobe is asserted every 4 clock
cycles, corresponding to a duty cycle § = 25 %.

According to the module implementation, 16 bit of the userData bus are assigned to
an entire E-Link group. Since the connections of BLMASICs are spread over 2 groups
(cf. Tab.6.3), a total of 32 bit is employed for their readout (8 bit for each device).
Furthermore, due to the acquisition oversampling OStrqme = 4 (cf. Par.6.4.3), 2 new
bits are actually received at each bus strobe. In fact, the BLMASIC data bit-rate
BR4pc is obtained by

o X fbus x 8 bit

BRAspc = =80 Mbps . (7.1)
oS frame
>< N >< N+1 >< BLMASIC Stream >< N >< N-+1 ><
ICO IC1
} T T T } T T T | userData_uplink Bus bits | T T T } T T T |
56 59 60 63 48 51 52 55
58 62 50 54
>< N >< N+1 >< BLMASIC Stream >< N >< N+1 ><
IC2 IC3
} ; — } ; I I | userData_uplink Bus bits | ; I I } ; I I |
40 43 44 47 32 35 36 39
42 46 34 38

Figure 7.4: Data stream allocations on the userData_uplink bus for the 4 BLMASICs.

In Fig. 7.4 are reported the specific userData bit indexes b;, 4., that are allocated
to each BLMASIC converter, highlighting their designators (ICO - IC3). Note that
such indexes remain fixed in time. For instance, the picture representing the successive
bus strobe will result the same as Fig. 7.4, except for (N,N +1) = (N + 2, N + 3).
Furthermore, it is shown how the bit phase should be aligned to the sampling in optimal
conditions. In the example, the bus bits represented in green (like bsy, b3g) will hold the
higher confidence values, since they are likely sampled at the maximum eye opening (cf.
Par. 4.7). Instead, those in red (like bs2, bsg) will be affected by the utmost uncertainty,
being located in the proximity of the transitions. A real data example is shown in
Fig. 7.5 and its zoomed version Fig. 7.6, which were obtained by using the Signal Tap

tool, provided by Quartus. The clock driving the logic analyser is shared with userData.
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Figure 7.5: Real userData_uplink bus values, showing the transmissions of BLMASICs.
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Figure 7.6: Zoomed version of Fig. 7.5.

In both figures, the optimal sampling bits and the uncertainty ones are highlighted

with the same colours as before. In Fig. 7.5 it is possible to roughly distinguish the

BLMASIC payloads from the periodic synchronisation commas, having patterns reflect-

ing those presented in Par.4.7. As expected, some sampling discrepancies are visible in

the uncertainty bits. In the zoomed picture, it is also possible to notice the bus strobe

signal (last row), which is asserted for 1 clock cycle over 4.
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7.5 Phase Alignment

By configuring the IpGBT registers, the data sampling phase was fixed while monitoring
the userData bus waveforms. Such a procedure aims to realise the conditions shown
in Fig.7.4. However, it is not guaranteed that the programmed values would provide
the optimal result on different boards or in long-term operations (see considerations of
Par.6.4.3). Thus, a phase tracking logic should be implemented at this stage.

One possible method can force the data transition to be always located on a fixed
index like, for instance, the bit bgg of the ICO data. This can be achieved by monitoring
the adjacent bits (bsg and bg1) values and comparing them with the one sampled in bg,

obtaining the flags

bear = b59 D b
ly 59 © o (79)

biate = beo @ be1

Since the data are DC balanced, it is expected to observe very frequent transitions
between bsg and bg1. If the edges are synchronous to the bgg sampling, the average duty
cycle of beqriy should be approximately equal to the bjge one (50 %). If bygte is asserted
more often than by, the delay of the data must be incremented, otherwise reduced.
Such a mechanism is widely employed for the phase detectors included in PLLs, (cf.
Alexander Phase Detector [93]). The data delay circuit is integrated within the IpGBT
E-Link logic and can be configured by remote, using the optical interface. This solution
can realise an efficient phase locking system, requiring a relatively simple logic and
providing fixed indexes for the optimal sampling bits. However, it can be affected by a
relevant latency since the phase alignment control involves both the front-end and the
back-end sides. Furthermore, the method’s effectiveness can be severely compromised
by the limited data delay range of the IpGBT. In fact, a test on the real system revealed
that the maximum delay may not cover the entire bit period (12.5 ns).

Because of these considerations, a second option has also been studied to imple-
ment a stand-alone phase tracking module, not involving the front-end. It is guaran-
teed that the BLMASIC data are driven by a clock synchronous to the one used for

their sampling. Thus, no relevant phase drifts are expected during the operations.

Best Condition Worst Condition
>< N >< N+1 >< N-1 >< N >< N-+1
ICO ICO
L 1 ] L 1 ]
' 1 1 1 T 1 1 1 1 I I I 1 T I I 1 1
56 59 60 63 56 59 60 63
L J L J
I N 1 I el 1 ITI l-NT1-I

Figure 7.7: Data sampling without phase correlation in the best and the worst conditions.
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Under this assumption, it is possible to develop a logic to detect where the transitions

occur, regardless of their position within the observation windows (cf. again Fig. 7.4).

The implementation could exploit the oversampling to locate the data belonging to
the same bit eye. Since the phase is generally unknown at system start-up, different
scenarios can occur. As reported in Fig. 7.7, the best condition involves 2 groups of 3
samples each sharing the same value. In this case, the optimal sampling index is certain
and it is possible to read correctly the values N (bsg) and N 41 (bg2). On the contrary,
the worst condition makes identifying the optimal sample more difficult. But, the logic
can be programmed to recognise such a situation and it is still guaranteed that two
adjacent bits are equal, at least. They must reside in the middle of the N word. Thus,
it is possible to sample N (i.e. in bsg) and exploit bsg or the bgs to acquire N — 1 or
N + 1, respectively. It is not important which of those bits is actually chosen, because
the whole data stream will be read anyway. Nevertheless, it is necessary to prioritise

one of the choices, to avoid the selection logic jumping from one to the other.

Finally, the actual eye diagram of the streams must be taken into account to validate
the assumptions made in this study. The results of the BLMASIC characterisation (cf.
Fig.4.11) reported Tyise = Tfan =~ 850 ps, which are about 3.7 times shorter than
the oversampling period. Thus, a properly scaled waveform would look as in Fig. 7.8,

showing narrower transition regions than what is represented in previous figures.

Worst Condition

N-1 X N X N+1

1
} T 1 1 T I T 1 {
56 59 60 63
L
—

N+1

Figure 7.8: Realistic eye sampling in the worst condition.

Here, it is much more common to identify a cluster of three identical samples
amongst bsg to bgg or bsg to bgi. Thus, if the system can identify it, the optimal
sampling locations can be easily chosen. Clearly, it cannot be assumed that data would
change at every eye, like in the figures. Hence, the logic must detect the different con-
ditions, otherwise some may lead to an inability to resolve the sampling phase. For

instance, if the system detects no transitions, it should hold the previous phase setting.

This last solution requires a more complex logic and it needs to be extensively
validated. However, it has the significant advantage of being front-end independent
and can potentially eliminate the locking latencies. Obviously, the IpGBT data delay

feature must be disabled in this case.
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7.6 Redundancy

The redundancy management logic is necessary to handle the doubled data stream re-
ceived by the back-end (cf. again the Fig.7.1). This enables the system to perform its
protection role, even in case of a single link disconnection. Such an event, for instance,
may be due to a faulty component (IpGBT, VIRx, SFP transceivers), a problem with
the optical connections or the sporadic case of an unlock of PLLs. Anyhow, the module
must undertake the correct measures to ensure an uninterrupted flow of data towards
the processing chain. Its development is out of the scope of this work, since many
solutions have already been validated and employed in the BLETC card (cf. Par.2.3.2)
for the currently operational system. However, it has been ensured that the new archi-
tecture could potentially support them. In addition, the new BLMASIC characteristics
and the FEC features provided by the IpGBT pave the way for further possibilities.

The legacy module implements a logic that stores a certain amount of data in
the memory, then it also performs a comparison between the two channels, before
proceeding with the propagation. In fact, the optical transmission and the successive
readout modules introduce a slight delay between the streams. Therefore, it is necessary
to integrate some sort of FIFO logic before selecting one of these by a multiplexer.
Otherwise, the output data samples may not be contiguous. In addition, the new
system provides detailed information about how many bits, and which ones, have been
corrected by the FEC (dataCorrected bus) in each link. Hence, it can be possible to
adopt predictive techniques, to withdraw the channel that is likely to fail and select
the backup one.

Finally, a different approach could involve relocating the redundancy manager after
the BLMASIC data retriever block, thus implementing a higher-level redundancy. This
requires duplicating several modules, but it may dramatically simplify the logic. In
fact, the delay between the fast data streams (userData buses) is usually much smaller
than the current measurement period, leading to a single sample skid on the results.
Furthermore, it is not necessary to manage the contiguity between the fast buses,
as required in the previous solution, because they would feed different measurement

retriever modules.

7.7 BLMASIC Data Retriever

This module includes the logic necessary to retrieve the content of the frames from
the raw userData bus (presented in Par. 7.4), which were generated by the BLMASICs.
Furthermore, it establishes a new level of abstraction in the FPGA firmware, enabling
simplified access to the status of converters and measurements. The following descrip-
tion is referred to one out of four readout logics (one for each BLMASIC) since they are
all alike. It involves two main sub-modules, which are represented in Fig. 7.9, including

their ports.
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Figure 7.9: Simplified architecture of the data retriever module.

7.7.1 Physical Coding Sublayer

For each converter, the userData bus (cf. Fig.7.4) yields a pair of new bits at each
strobe. The PCS logic (in Fig. 7.10) provides the parallelisation of the resulting stream,
identifies the frame morphology and decodes the 8b/10b (cf. Par.s 3.3.8 and 4.7).

bit
1 1 o
bit(N+1) ﬁ;)/ \{ Slip /
userData
1 1 1
BLMASIC ICx . . Word Valid . OF
bit(N) —#—») Serial 2b to Parallel 10b S > Frame Aligner
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Y
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10 8b / 10b Decoder .
N Valid
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- J

Figure 7.10: Physical Coding Sublayer included in the BLMASIC data retriever.

Data Paralleliser

The first task involves converting the 2 bit input bus into a 10 bit one, which can contain
a whole 8b/10b encoded symbol. Furthermore, its output bits must be correctly aligned
to the latter, so the decoder can interpret it. The paralleliser is based on a 2 bit shift
register, with a depth of 6, shown in Fig.7.11. The shifter inputs are directly fed by
the userData bits and the registers share the clock and strobe control with the bus.
Hence, the data are moved from one register to the next one, whenever a new update

is presented.
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Figure 7.11: Shift register employed in the PCS data paralleliser. The two possible selections
of outputs (ODD, EVEN) are reported.

The word alignment is achieved by bit-slip control circuitry, not shown in the figure.
Its behaviour can be easily understood by imagining the system taking periodic 10 bit
snapshots of the data flowing. In particular, the snapshot is represented by the outputs
of registers and is propagated to the successive modules with a period 5 times larger
than the bus strobe one. From the schematics of Fig.7.11, it can be noticed that
the outputs are actually updated at the strobe rate, simplifying the logic. In fact, the
propagation of results is commanded by an additional logic, which asserts the word valid
signal once every 5 strobes. Furthermore, a phase control mechanism for the snapshot
bits is required to enable the correct alignment of symbols. By only modifying the
generation of word valid pulses, achieving a 2 bit resolution step in phase is possible.
However, to further reduce it to a single bit, the multiplexing of the outputs between

two possible configurations is required (see Fig.7.11).

The output phase value is stored into a 4 bit register, which can be incremented
by acting on the bit-slip control signal. The 3 most significant bits are compared
with a counter running synchronously to the data, to generate word valid pulses with
the desired phase. Meanwhile, the least significant bit drives the multiplexing of the
outputs. By exploiting such a solution, it is possible to shift the 10 bit output codes
with a resolution of a single bit, thus correctly aligning the 8b/10b symbols.
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Figure 7.12: BLMASIC frame structure and the generated SOF signal.

Frame Aligner and Decoder

The 10 bit words, sourced by the paralleliser, feed both the frame aligner and the de-
coder modules as shown in Fig. 7.10. The former is employed to detect whether 8b/10b
symbols are recognised and it shifts the paralleliser phase otherwise. The methodology
of identification exploits the property stating that 5 consecutive 1s or Os in the bitstream
can only occur within the K28.5 synchronisation commas, which are 0b1100000101
or the bitwise negated 0b0011111010. Thus, a finite state machine (FSM) has been
developed to identify such a pattern, during its SEARCH state. As soon as the comma
is recognised, the FSM enters in the LOCK state and asserts the word aligned flag.
Otherwise, if the pattern is not identified for the entire duration of the frame (80
words), the FSM asserts the bit-slip for a clock cycle (BITSLIP state) and it returns
back to SEARCH. Additional control is performed during LOCK, to keep checking that
a minimum number of K28.5 commas are still detected within the frame period. If
this is not the case, for instance due to the front-end disconnection, the FSM is reset
to the SEARCH state, word aligned is de-asserted and the whole procedure repeated.
Finally, the same module is designed to locate the sequence of control symbols { K28.5,
K28.2}, which is followed by the beginning of the data payload (cf. Par.3.3.8). This
allows asserting the Start of Frame flag (SOF in Fig. 7.12), which is used subsequently

to synchronise the content acquisition.

These operations are carried out in parallel with the 8b/10b decoding, performed
by the block shown at the bottom of Fig.7.10. New decoded bytes are propagated by
asserting the PCS output validity, whenever the paralleliser produces a new word, and

the described logics guarantee the correct alignment.

Such processes have been validated using the Signal Tap analyser, the waveforms
of which are reported in Fig.7.13. Before the trigger event (sample 0), a reset of the
BLMASIC ICO0 has been forced to visualise the word and the frame locking mechanism.
It can be observed how the frame aligner module drives the bit-slip control, to mod-
ify the 10 bit words phases. In fact, both the K28.5 and K28.2 symbols have been
recognised before the lock, but not synchronously with the word validity signal. Thus,
the waveform shows that the phase is shifted by 3 bit, before the locking condition is
achieved. After that, the aligner FSM goes into the LOCK state, the word aligned
flag is asserted and the SOFs are generated. Such conditions enable the 8b/10b de-
coder, thus it is possible to distinguish the decoded K28.5 comma value (0zBC') in the
resulting data (8 bit Word row in Fig. 7.13).
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Figure 7.13: BLMASIC data retriever module operations, including the frame alignment and the measurement ID capture. The bottom figure is the zoomed
version of the top one, close to the trigger instant.
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Finally, it can be noticed that the K28.5 symbols are only recognised outside the
payloads, while 10 bit words that are coincidentally equivalent to the symbol K28.2
are sometimes found in the data. This agrees with the encoding standard [70], since
the uniqueness of bit representation is only guaranteed for the comma symbols (like
K28.5). Such a statement emphasises the importance of detecting the sequence { K28.5,
K28.2} before asserting the SOF, instead of just K28.2.

7.7.2 Frame Interpreter

Once the PCS provides the decoded stream of BLMASIC bytes, the payload information
is easily extracted. Such a goal is performed by a dedicated FSM, paired with an array
of registers, which is used to store incoming data. In particular, the FSM waits for
the SOF signal to be asserted during the IDLE state, then it begins incrementing the
array pointer as the new bytes are received, in order to fill the storage (READ state).
When all the payload bytes are written, the FSM reaches its last state STORE and
the entire frame is copied into a shadow array of the same size. This solution has been
introduced to simplify the subsequent data processing, which retrieves the data from
the shadow copy, remaining untouched during the READ state. After the STORE, a
specific flag is also set for a clock cycle, to trigger the data processing and to provide
the strobe signal for the module outputs. The frame acquisition mechanism can be
observed at the bottom of Fig.7.13. The interpreter FSM begins operations after the
PCS properly aligns the frame, so it starts to alternate IDLE and READ states. The
word counter value is also reported, incrementing up to 32, before the frame stored flag
is asserted. The 33th word is the parity check byte, which is not stored. Instead, it
is directly verified during the READ state. The incrementing measurement ID byte is
shown in the last row of the figure. As with all the propagated results, this latter is
delayed by one frame, explaining why the unexpected value Ox1F is displayed before
the new data arrival. Indeed, it belonged to the acquisition before the reset.

Some received values, like the I2C' interface address, the measurement ID, the aux-
iliary Wilkinson ADC data and the configuration registers, are directly passed to the
module outputs, for onward use. The parity check is computed during the READ state,
in parallel with the data storing, adopting the methodology described in Par. 3.3.8. At
the same time, the main CFC measurements are pre-treated before their propagation.
In particular, the 10 bit registers containing the counters of the threshold crossing (pos-
itive and negative) are reassembled from the stored bytes. Thus, running differences are
iteratively computed between the new and the previous counts, to obtain the number
of threshold breaches that occurred during the last acquisition period. The results of
the positive and the negative differences are finally added together, to get the total
integrator waveform inversions (cf. Par.3.2). It can be proved that the overflow of
the BLMASIC counters is transparently managed by the binary differences in two’s
complement, if the output is also truncated to 10 bit. Obviously, the total addition
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requires an extra bit, so the CFC measurement output is represented on 11 bit.

The integrator slope direction is also a valuable information for the combination
of CFC and auxiliary ADC measurements (cf. Par.5.2). It can be read by directly
querying the dedicated converter register (cf. Appendix C) or derived from the data of
CFC counters. This last solution involves the comparison of the differences between
the positive and the negative crossings of thresholds. If the number of positive ones is
higher than the negative, then the integrator output is currently falling, otherwise it is
rising. Instead, if the values are equal, the slope calculated at the previous iteration is
held. After many tests performed on the real system, it has been decided to delay the
propagation of the CFC total counts and the slope information outputs by one frame
(10 ps). This is necessary for a correct synchronisation to the auxiliary ADC data,
thus enabling the combination of the measurement sources according to the technique
described in Par. 5.2.

Finally, all the described modules have been quadruplicated to operate indepen-
dently on the data produced by the four BLMASICs. Since each frame interpreter
propagates its results by asserting a dedicated Valid Out signal (visible in Fig.7.9),
these are combined in an additional logic, to generate a unique validity flag. In partic-
ular, the latter is asserted for a single clock cycle after updating the results of all the
BLMASICs.

7.8 Processing Implementation

The complete back-end firmware must involve the measurement processing and the
successive thresholding required for the accelerator protection. An investigation was
carried out during the development, to identify which of these tasks can be improved
by an upgrade or retained from the previous system. In particular, it is convenient
that the thresholding logics (cf. Par.2.3.2) would be migrated to the new FPGA,
exploiting the features already well integrated into the BLM plant. On the other hand,
data processing can benefit from the advantages of novel methodologies, which provide
higher precision measurements and faster responses. Their theoretical bases have been
extensively discussed in Chapter 5, and the computer implementation allowed a quicker
analysis of their performance in view of the future FPGA implementation.

The research activity was focused on the feasibility study of the IIR filter implemen-
tation (cf. Par.5.5.2). In particular, it has been highlighted that filters characterised
by very low cutting frequencies require a high accuracy tuning of parameters. Fur-
thermore, their stability can be influenced by the numeric quantisation and it must be
validated case by case. A floating point (FP) processing enables us to overcome these
difficulties, but its implementation could be challenging.

The Arria V device does not include dedicated DSP blocks for the FP computation,
but the manufacturer provides all the IP cores able to fulfil this need, in compliance with
the IEEE-754 standard [94]. In particular, the ALTFP_ADD_SUB and ALTFP_MULT
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modules were examined for the computation of the additions and multiplications. The
main issue concerning the employment of such FP cores concerns the influence of their
inherent latency on the behaviour of the filter. In fact, the delays set into its struc-
ture (cf. Direct Form II in Fig.7.14) are strictly constrained by the target frequency
response characteristics. The additional computation latencies were not considered in
the theoretical study (cf. Par.5.5.2) since they were all assumed null. However, their
effect cannot be disregarded at this stage. For instance, a first-order IIR is described

by the difference equation

yr =bo xp —a1 2 Ly . (7.3)

However, assuming that the product operations add latency of D clock cycles, it be-
comes

—(D+1)

ye=0bo 2P xr—ay 2 Yk (7.4)

which describes a filter of order (D+1), having different characteristics respect to (7.3),
because of the supplementary poles. The configuration of IP cores allows setting the de-
sired latencies, which may even be removed in some cases, making the logic completely
combinatorial. In this way, the value of D vanishes, thus the filter implementation will
exactly correspond to the structure of Fig.7.14. However, such a solution could dra-
matically limit the maximum operation frequency since the FPGA timing constraints
become more difficult to be accomplished. In particular, if a high data throughput is
required, advanced pipelining techniques [95], [96] must be adopted to compensate for
the effect caused by the additional poles. They involve the introduction of properly

tuned zeros into the transfer function or the interleaving of channels, if required.

Maximum latency paths
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Figure 7.14: Maximum data latency paths for a second order IIR filter (Direct Form II).

Nevertheless, because of the BLM specifications, such issues are significantly facili-
tated, since the sampling frequency of measurements is much lower than the computing
clock one. In particular, each input channel is sampled at 100 kH z, while the raw data
processing will be carried out at 100 M Hz. This means that up to 1000 clock cycles

can be exploited to produce the filtered output sample.
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To analyse the maximum latency affecting the filter implementation, it is possible to
refer to Fig. 7.14, the structure already presented in Par.5.5.2. Furthermore, the factor
1/ap has been included in the other coefficients, to reduce the number of required
multipliers by one. As stated above, the addition and multiplication operations are
implemented using the FP cores. On the other hand, the central column delays (z7!)
are realised by shift registers, fed at the same rate as the input. Their depth must
be set accordingly to the desired FP representation, for example 64 bit, if the double

precision is employed.

As soon as the new input zy is introduced, the computation is started and carried
on until all the internal signals are propagated throughout the required operations and
the output y; is produced. At this stage, the structure nodes are stable and the logics
are disabled, pending the new input sample. The longest paths are highlighted with
colours in Fig.7.14 and both of them involve 3 additions and 2 products. The typical
operation latencies for the employed FPGA are reported in the manufacturer FP cores
manual [97]. In particular, the double precision adder requires 12 clock cycles and the
multiplier 7 cycles. Furthermore, their maximum operating frequencies are 251 M H z
and 186 M H z, respectively, which are well inside the targets. Thus, following the above
considerations, it is possible to obtain the maximum structure latency, corresponding
to 50 clock cycles. Since all the operations are performed concurrently, such a value
also corresponds to the total number of cycles required for the overall computation.
The obtained results have demonstrated that the filter logic is employed for only the
5 % of the available time (50 over 1000 cycles), even if the computation is carried out
in double precision. This represents a remarkable achievement, considering that the
floating point provides a more effective processing and better precisions with the high

dynamic range BLM measurements.

If the overall data readout is considered, interleaving the total 16 channels into
the same logic significantly reduces the employed FPGA resources. In fact, this would
increase the computation duty cycle up to 80 %. In doing this, the number of FP
cores will remain the same, while the registers must be replicated for each channel.
Furthermore, multiplexers can be adopted to switch the different register banks, the
input and output ports. The number of allocated resources has been estimated using
the official documentation data [97] and the synthesis process results. In particular, the
required FPGA primitives are reported in Tab. 7.1, including the percentage use of the

target device.

Finally, it must be pointed out that the complete system will require the instan-
tiation of 12 filters (cf. Par.2.3.2), tuned with the parameters presented in Tab.5.3.
Thus, the number of resources is multiplied accordingly, obtaining: ALMs 69.6 %, DSP
Blocks 26.4 % and Registers 25.2 %. These results are still promising, but further

optimisation may be necessary to preserve more device area for the other tasks.
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Function ALMs DSP Blocks Registers
Adders 3544 0 4500
Multipliers 1695 20 2810
Multiplexers 1280 0 0
Data Buffers 0 0 2048
Total 6519 20 9358
Utilisation 5.8 % 2.2 % 2.1 %

Table 7.1: Arria V (model 5AGXMB1G4F40C4N [S49]) deployment of resources for

the 16 channels IIR filter implementation. Double precision floating-point is used.

7.9 Diagnostics

The back-end must provide different levels of diagnostics to validate the monitoring
operations, alerting the staff about anomalies and providing the tools to investigate
their causes. Initially, this is achieved by querying the extensive features included in
the front-end boards to which it is connected (cf. Par.6.4.8). The commands and the
values can be exchanged by using an auxiliary slow control IP core (named GBT-SC),
which is included in the IpGBT related repository [S48]. This is directly connected to
the session management modules, described in Par. 7.4, by using a 2 bit bus (ICData).
The architecture provides for the diagnosis to be either launched automatically, to
periodically monitor certain parameters, or requested by the operator through the
VME bus (cf. Par.s 2.3.2 and 2.5).

By exploiting the described logics, the back-end can access the internal registers of
IpGBTs and, consequently, all the other front-end components. These include the sen-
sors, the BLMASICs and the VTRx transceivers (cf. Par.6.4.8). Some critical values,
such as the detector biasing voltage, will be regularly monitored by iterated requests,
because their role is mandatory for machine protection and the beam dump must be
triggered in case of fault. Although the front-end architecture allows direct reading of
the critical quantities by both the IpGBTSs, a cooperation with the redundancy manager
(cf. Par.s 7.2 and 7.6), can speed up queries for auxiliary signals as well. Indeed, the
triggering of cross I2C' requests between the two IpGBTs may be necessary to allow
complete board monitoring in case of a single optical link failure (cf. Par.6.4.5).

Additional diagnostic features are also provided by exploiting the mainstream trans-
missions. In fact, the continuous reception of the configuration registers of BLMASICs
allowed for validating the devices in the radiation environment. In particular, custom
modules developed to carry out SEU statistics were widely employed during the ir-
radiation campaign performed at the Paul Scherrer Institut (PSI) (cf. the results in
Par.8.10). They periodically check the content of converter registers, reporting any cor-
ruptions. If even a single bit is modified, the counter is incremented and the diagnostic

module will adopt the new content as the model for the successive comparison. In view
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of the irradiation sessions, additional running counters were also implemented to log:
parity and 8b/10b decoding errors, continuity of samples and number of corrections
applied by the FEC on the optical link. Specific software has also been developed to
visualise in real time and store the diagnostic reports. The example shown in Fig. 7.15
highlights three recognised issues, involving errors in the BLMASIC transmission and
the corruption of registers. The first one (Meas. ID 2) was triggered by a forced reset
of all the converter devices during the acquisition. Instead, the others (Meas. ID 5 and

7) were caused by external I?C register configurations of ICO and IC3, respectively.

| Meas. ID | Current [A] | FEC| 8b/10b Dec. Errors | Parity Check Errors |  Skid Detection Errors | Registers Changes | overrun | Links Status |
| 1] 9.88e-07(1)| @] e(0) o(1) 06(2) 6(3)| 6(e) (1) e(2) e(3)| e(e) 6(1) e(2) e(3)] o) e(1) 6(2) e(3)] o | skid ok UDP Ok |
| Meas. ID | Current [A] | FEC| 8b/10b Dec. Errors | Parity Check Errors |  Skid Detection Errors | Registers Changes | overrun | Links Status |
| M | 9.8se-07(1)| O] 11(8) 11(1) 10(2) 11(3)| e(e) 8(1) 8(2) e(3)| 2(0) 2(1) 2(2) 2(3)] e(e) e(1) e(2) e(3)]| @ |Skid Error UDP Ok |
| Meas. ID | Current [A] | FEC| 8b/16b Dec. Errors | Parity Check Errors |  Skid Detection Errors | Registers Changes | overrun | Links Status |
| 3| 9.88e-07(1)| e e(0) e(1) o(2) o(3)| e(e) 6(1) e(2) e(3)| e() e(1) 6(2) e(3)| o) e(1) o(2) 06(3)] o | skid ok UDP Ok |
| Meas. ID | Current [A] | FEC| 8b/16b Dec. Errors | Parity Check Errors | skid Detection Errors | Registers Changes | overrun | Links Status |
| 4| 9.88e-07(1)| e () 6(1) e(2) 0(3)] oe(e) o(1) o(2) e(3)] e(e) (1) o6(2) e(3)| o) o(1) o(2) o(3)] @ | Skid ok UDP Ok |
| Meas. ID | Current [A] | FEC| 8b/10b Dec. Errors | Parity Check Errors |  Skid Detection Errors | Registers Changes | overrun | Links Status |
| MENS | 9.87e-07(1)| e e(e) (1) e(2) e(3)] e(e) 8(1) 6(2) 6(3)| e(e) (1) e(2) e(3)| 3(0) e(1) 8(2) 6(3)]| ® | skid ok UDP Ok |
| Meas. ID | Current [A] | FEC| 8b/10b Dec. Errors | Parity Check Errors |  Skid Detection Errors | Registers Changes | overrun | Links Status |
| 6| 9.88-07(1)| | () 6(1) e(2) 08(3)] e(e) e(1) e(2) e(3)| e(e) (1) 6(2) e(3)| o) 8(1) e(2) o) o | skid ok UDP Ok |
| Meas. ID | Current [A] | FEC| 8b/10b Dec. Errors | Parity Check Errors |  Skid Detection Errors | Registers Changes | overrun | Links Status |
| M | o.87e-07(1)] 6| e(e) e(1) 6(2) e(3)] e() 6(1) 06(2) o(3)] o) e(1) e(2) o(3)] o) (1) e(2) 6(3)] @ | skid ok UDP Ok |
| Meas. ID | Current [A] | FEC| 8b/16b Dec. Errors | Parity Check Errors |  Skid Detection Errors | Registers Changes | overrun | Links Status |
| 8| 9.87e-07(1)| e] () 6(1) e(2) 0(3)] oe(e) o(1) o(2) e(3)] e(e) e(1) 06(2) e(3)| o) 6(1) o(2) o(3)] @ | sSkid 0k UDP Ok |

Figure 7.15: Screenshot of the diagnostic software terminal.

7.10 Test-Bench Data Transmission

In order to evaluate different processing chains by the computer-based prototype (cf.
Par.5.8), a module for real-time data transmission has been developed. A study was
conducted to determine the interface that would provide sufficient bandwidth, an ef-
fective way of uploading measurements to the computer and be economical in terms of
development time. Thus, the choice focused on the 1000Base-T Gigabit Ethernet inter-
face (IEEE 802.3ab [S45]), which was exploited to realise an ad-hoc network involving
the back-end board and the test-bench management computer. Due to the specific use
case, it was not necessary to implement the numerous protocols involved in standard
local-area networks, but only the bare essentials. In particular, a custom FPGA module
has been designed to generate User Datagram Protocol (UDP) [98] packets. The UDP
module is based on an FSM that manages the data acquisition from a cross-domain
clocking FIFO and propagates the produced packets toward the Media Access Con-
troller (MAC) [S45], provided by the manufacturer. The FIFO is required to transfer
the BLMASIC measurements and the diagnostic information from the 160 M H z to the
125 M Hz clock domain, which is the standard frequency for the Ethernet logic. The
PCS/PMA modules, included in the Quartus IP catalogue, were configured to meet

the physical link requirements.
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The produced UDP packets need to be encapsulated in the lower level Internet and
Ethernet protocols (EtherNet/IP)[S45], which include the details about the packet
morphology, the sender and the recipient (both IPv4 and MAC addresses). These
parameters will remain fixed in the assembled test-bench, so the same values are trans-
mitted at every iteration. The same happens for the IPv4 header Cyclic Redundancy
Check (CRC) value, which is calculated using the Wireshark tools [S50] and hard-coded
into the firmware. On the other hand, the UDP payload includes 16 acquisition sam-
ples of 64 byte each, composed of measurement and diagnostic data. Each of them is
organised according to the following C++ structure, adopted in the processing software

presented in Par.5.8.

struct BLMASIC_data_struct{

[l ===scsssooosossoooosoosooooooos
// Measurements Data

/] mmmmmmm e

// 8 x channels CFC data
uint16_t CFC[8];

// 8 x channels Wilkinson data
uint16_t Wilkinson[8];

A

// Diagnostic running counters
// for each BLMASIC device (ICO to IC3)
R e

// 8b/10b decoding errors

uint8_t decoding_errors_counter [4];

// abnormal configuration register changes

uint8_t registers_changes_counter [4];

// wrong BLMASIC frame parity

uint8_t parity_errors_counter[4];

// non-contiguous packet reception

uint8_t skid_detection_counter[4];

// UDP transmitted samples

uint32_t tx_sample_counter;

// FEC12 corrected frames
uintl6_t FEC_counter;

// UDP transmission overruns

uint8_t overrun_counter;

/Y SomsoscormooosoooonooooooDDooos
// Payload Padding
// (all bits set to 1)
Jf =cmmoccsoooooocooonoooocooonoos
uint8_t set_bit_paddingl[9];

I8
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Finally, an FSM to receive UDP data has also been integrated within the same
module, to enable an essential control of the board operations (acquisition enabling,
diagnostic reset). It is programmed to accept a payload made by a pair of unsigned
32 bit integers, which indicate the desired register address and the value to be config-
ured, respectively. Thus, a simple interpreter was programmed to validate the requests
and perform the commands. In Fig.7.16, an example is shown in which the computer
asks for a reset of the diagnostic counters (first two packets) and the start of data
transmission. Then, it is possible to notice the packets sent by the UDP module on the
MAC Tx Data bus.

Type Alias ‘ 12288 -8192 -4096 4096 8192 12288 16384 20480 24576

- MAC Rx Data

> MAC Rx Valid
MAC Rx Last

Rx Cmd Valid

% Rx Cmd Adaress
=3 RxCmd Data
5 MAC TxData
MAC Tx Valid
MAC Tx Ready
MAC T Last
Data Tx Busy

1)
/A O |

|
LT

B
:UDP_Packet_Gen_i|tx_busy 7|

Figure 7.16: UDP transactions, including the commands received by the computer (top rows)
and the transmitted data (bottom).

7.11 Performance Considerations

The VFC-HD firmware developed during this research has laid the foundations for the
renewed BLM readout system. However, further work will be required to implement
the described signal processing and to adapt the new logic interfaces to the legacy
modules. The whole measurement signal paths have been clocked at 160 M H z, except
the modules dedicated to the UDP data transmission (cf. Par.7.10), to accelerate the
prototype development and proceed with the overall system validation. Although this
frequency is relatively high for the employed FPGA, the positive timing slacks, reported

in Tab. 7.2, show the result of a successful implementation.

Timing Slow Slow Fast Fast

85 C 0° C 85° C 0° C
Setup Slack 0.092 0.222 2.076 2.606
Hold Slack 0.176 0.052 0.092 0.080
Recovery Slack 1.101 1.222 3.206 3.325
Removal Slack 0.463 0.373 3.206 3.325
min. Pulse Width 0.195 0.195 0.195 0.195

Table 7.2: Timing margins of the FPGA firmware used in the test-bench.

Nevertheless, it will be a good practice to reduce this frequency domain to only
those operations that strictly require it, since the number of FPGA resources deployed

in the final firmware could likely make it difficult to achieve the same results.
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In particular, cross clocking domain FIFOs can be introduced before all the buses
characterised by a slow duty cycle, such as after the IpGBT cores (dyserpata = 25 %)
or after the BLMASIC data retriever (dmeasurements < 0.1 %). This procedure will
reduce the bus frequencies while maintaining the same data throughput. A 100 M H z
clock is expected to represent a good compromise between the processing capabilities
and the FPGA timing requirements. But, it may eventually be reduced to 80 M H z,
maximising the duty cycle of the filters (cf. Par.7.8).
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Chapter 8

Results

The assembly of the overall system test-bench is shown, describing the involved equip-
ment. The power consumption of the novel front-end is verified to comply with the
design specifications and a strateqy is established to validate its features. Downstream
from a procedure of measurement calibration, the analogue conversion performance is
tllustrated in detail. The extent of the collected information is summarised through
the introduced merit factors, which prove that the instrument precision is within the
specifications. In particular, currents down to 1.32 pA are detectable, with an error of
er < 10 %, which decreases to e, < 1 % for currents above 3.05 pA. Furthermore, the
same study demonstrates the benefits brought by the novel processing filters, confirming
the theory. A custom chart will be provided for identifying the optimal processing tun-
ing, given a neighbourhood of currents and a target precision. The digitiser accuracy is
inwvestigated and a corrective function is suitably defined to limit the systematic devia-
tion at currents > 10 pA. Furthermore, at least up to 10 mA, no ambiguities can arise
from injected currents out of the design operating range. Finally, the proton irradiation
test performed at PSI ( 200 MeV ) is detailed. It shows no major performance drifts
or SEFE consequences up to at least = 3.3 kGy of TID.

8.1 Overall System Assembly

During the research activity, the new hardware was developed and produced. This
allowed for the assembly of a pair of prototyping test-benches, involving the same
components that will be installed during the commissioning phase. The setup is shown
in Fig. 8.1 and it presents an architecture similar to those used during the BLMASIC
validation (cf. Chapter4). However, the analysis is here focused on the system level,
emulating a scenario closer to the real one. The front-end has been assembled within
a prototype of the new crate (EDA-03916), which will be employed both in SPS [S51]
and HL-LHC, with some geometric differences. It is also equipped with the power
transformer (IPU, EDA-03918) and the voltage regulator (PSU, EDA-03919), the rails

of which have been adapted to cope with the new requirements (cf. Par.6.4.1).
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Figure 8.1: System level test-bench architecture.

On the back-end side, a commercial ELMA [S52] crate hosts the VFC-HD card,
which has been programmed with the test-bench firmware described in Par.7.10. The
connection of the two domains is established by two pairs of optical fibres, enabling the
up/downlink data paths between the front-end board and the VFC-HD. Actually, in
the test-bench only a single pair has been assembled, being still sufficient for accessing
all the front-end features, whether it is connected to the link A or B (cf. Par.s 6.4.4
and 7.2). However, both the fibre pairs have been installed during the redundancy
functionality test and the evaluation of the board power consumption (cf. Par.8.2).
Moreover, the employment of some attenuators has been required, since such a setup
involves much shorter connections than those needed for the final installation. This is
especially true for the uplink, due to the high output power (2 dBm) produced by the
front-end VIRx transmitter (cf. Par.6.4.4).

The front-end configuration is provided by a Raspberry Pi 4 [S53] embedded com-
puter, which runs a custom software to launch I?C transactions. These can be con-
trolled by the network via TCP packets, which enable remote operations. A voltage
level shifter (3.3 V' <+ 1.2 V') has been installed between the Raspberry and the front-
end to adapt their digital interfaces. Furthermore, as seen in the previous validation
architectures (cf. Chapter4), a bench-top reference current source has been installed
and connected to the front-end, to carry out the analysis of its conversion performance.

The available 8 input channels have been tested individually.

Finally, a dedicated computer is integrated into the setup to allow the overall system
management. In particular, it executes the processing software described in Par. 5.8,
acquires the data from the VFC-HD board and stores the results of measurements.
Furthermore, the same computer can control the I2C configuration and the current
source. This is obtained thanks to additional custom-developed software, which also

provides the possibility of programming automatised measurement sessions.
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8.2 Front-End Power Consumption

The front-end board power consumption was estimated by monitoring the electrical
characteristics of the supplying rails for about 6 h. During the whole time, both the
redundant links were kept activated and several test input currents were injected into
the converters, to emulate typical operating conditions. The rail voltages were set to
the nominal design values and constantly regulated by the sense feedback of a bench-
top power supply. Meanwhile, the values of currents have been recorded with a period
of 1 s.

Power Rail Current [mA] ‘ Power [mW]
1.2V 543 652
2.5V 420 1050
5.0V 24 120

Table 8.1: Power consumptions of the front-end board at full load.

No major fluctuations have been detected during the test and the maximum stan-
dard deviation of 1.5 mA has been reported for the 1.2 V rail. The averaged consump-
tion measurements are presented in Tab. 8.1. The current drawn from the first two rails
in the table above is well below the maximum allowed by the PSU unit, corresponding
to 4 A. Also, the 5.0 V line is inside the limit, given by 3 A. Furthermore, a total power
consumption of 1.822 W has been reported, including the major contribution brought
by the optical transceivers (2.5 V rail). Such a value is well inside the specifications and
ensures low operating temperatures, which also has considerable advantages in terms of
noise. In particular, at the ambient temperature of 27 °C, the thermal camera reported

the maximum readings shown in Tab. 8.2.

Component Natural Convection ‘ Crate Fan Ventilation
IpGBTs 36.2 °C 32.6 °C
BLMASICs 34.3 °C 30.6 °C

Table 8.2: Temperature of components (27 °C' ambient).

8.3 Analysis Strategy

During the development of the hardware electronics and the related firmware, analyses
at different levels were performed to validate the features of several specific components.
This made it possible to gradually proceed with assembling such a complex project,
reporting any issues that might have compromised its optimal success. In particular, all
the basic functionalities have been validated in the previous stages, such as: the proper

system powering, the BLMASIC operations, the digital data transmission, the front-end
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configuration and the measurement processing. Hence, this latest test-bench has finally
offered a comprehensive view of the upgraded system, at least as a high dynamic range
current monitor. This is because the protection and the threshold logic will be inherited
from the former BLM.

The present investigation has therefore focused on an exhaustive validation of the
conversion performance in terms of precision and response speed. In particular, the
absolute current errors o, and the relative ones ¢, have been measured downstream
of the full data chain, beginning with the raw BLMASIC data and terminating with
the different processing methods (cf. Chapter5). To enable a targeted study of the
different current ranges and filter parameters, test-bench automation was employed to
manage the entire measurement session, which took about a week of continuous data
acquisition. According to the options presented in Par.s 5.6 and 5.7, the automation

plan has been set by defining:

e the type of employed filter (AVG, IIR Eq.Loss or Eq.Rise),
e the different RSx tuning,

e the sweep minimum and maximum currents,

e the number of sweep currents,

e the number of samples to be acquired for each current,

e the settling time after each current configuration,

e the time interval between each sample,

the values of which are reported in Tab. 8.2.

Signal Sweep Features Acquisition Settings Diagnostics
Currents Min Current Max Current | Samples Acquired Settling Time Sample Period | Total Measurement Time
Tested [A] [A] per Current [s] [s] [minutes]
Direct 1000 100n im 10000 0.10 10u 3.4
RSO| 1000 10n m 10000 0.10 10u 3.4
RS1 1000 10n m 10000 0.10 10u 3.4
RS2| 1000 1n 100u 10000 0.10 20u 5.1
RS3| 1000 1n 100u 10000 0.10 20u 5.1
RS4| 1000 100p 10u 10000 0.1 190u 33.6
RS5| 1000 100p 10u 10000 0.13 190u 33.9
RS6 500 10p 1u 10000 0.30 1.83m 155.1
RS7 500 10p 1u 10000 0.92 1.83m 160.3
RS8 250 1p 100n 10000 3.38 18.3m 776.7
RS9 250 1p 10n 10000 13.21 18.3m 817.6
RS10 150 1p 10n 10000 52.53 18.3m 588.9
RS11 100 1p 1n 10000 209.82 18.3m 654.8

Figure 8.2: Measurement plan for each filter tuning.
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It can be noticed that each analysed sweep range does not cover the entire device
dynamics. In fact, a limitation of the current minimum has been imposed on the fastest
tunings (like RS0-RS3), since they cannot carry out sufficiently precise measurements
below such values. Instead, although the slow tunings (RS9-RS11) are able to provide
high precision on the full range, their characterisation has been focused on the lower
one only, to limit the long acquisition times while maintaining fine sweep steps. In
fact, the theory proves that, up to full scale, these cases provide lower o, than their
faster versions (cf. Par5.7). In any case, precise measurements of weak currents are

still challenging and must be carefully treated.

For each current, the number of acquired samples is fixed to 10* for all tunings,
representing an optimal compromise between good statistics and a reasonable duration
of the data analysis computations. The settling time concerns the period the system
has to wait between the configuration of the injected current and the beginning of data
saving. This quantity has been calculated by selecting the longest amongst the source
stabilisation, the electronic delay and the processing step transient (cf. Par.5.5), which
is generally dominant. In this way, the data saving begins when the transient has been

completed at the 99.9 % at least. Thus, o, will not be significantly influenced.

The novel processing has been developed to operate at the sampling frequency of
100 kH z and it does not apply any decimation of the outputs, contrary to the currently
operational BLM (cf. Par.2.3.2). This minimises the over-threshold detection latency,
optimising the accelerator protection. However, during the batch data analysis, it is
not necessary to employ such a high rate for data saving while slower filter tunings are
selected. In fact, filter bandwidth can be so narrow (< 10 mH z, cf. Par.5.7) that the
higher frequency components of the noise will no longer affect o,. Hence, the decimation

of the output samples will not entail any disadvantages for this characterisation.

Following such remarks, specific sample periods (cf. Tab. 8.2) have been set accord-
ing to the desired measurement duration. At the early acquisitions, it was observed
that o, could be noticeably higher, whether peaks (or valleys) occurred in the inte-
grator waveform, that is for skCFC > 0 (cf. Par.s 3.2.1 and 5.2). The causes of this
phenomenon can be related to an inaccurate calibration of the auxiliary ADC thresh-
olds or other non-ideal behaviours of the converter (cf. Par.4.8.7). Thus, for each
current, the acquisition duration has been imposed long enough to involve at least 3
waveform reversing (skCF ¢ > 3). Such a solution allows for avoiding underestimating

the measurement error, regardless of the specific cause of the degradation.

In conclusion, the time required to run the entire sweep acquisition is reported in the
latest column of Tab. 8.2. It is possible to observe that the cases involving slow tunings
take several hours to be completed, due to the long settling times and the conditions
imposed. The total session length was 54 h, which must be tripled (6.75 days) to allow
the complete characterisation of the 3 different processing methods. The details about

each tuning and the corresponding filter parameters were reported in Tab. 5.3.
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8.4 Data Calibration

The data produced by the BLMASICs and propagated up to the processing software are
not calibrated, but the system provides both hardware and software features to achieve
this goal. Thus, different steps must be performed before carrying out the analysis
of the precision and the commissioning of the instrument. Furthermore, the real-time
processing employed in this research (cf. Par. 5.8) exploits the combination of CFC and
auxiliary ADC data (cf. Par.5.2), which must be preliminarily tuned. For the sake of
simplicity, the front-end operates in its default configuration during measurements.
The first calibration step involves identifying the operating range for the auxiliary
ADC (cf. Par.3.3.7). In fact, its raw data are represented over 10 bit, but the span
which actually contains the triangular waveform is narrower, corresponding to the total
Viwing of about 2 V' (cf. Par.s 3.3.5 and 3.2.1). So, the ADC data have been monitored
for a long time, tracking the maximum and minimum values. Furthermore, the pro-
cedure is iterated for the 8 front-end inputs to obtain better statistics about different
BLMASICs. Since no major differences have been detected amongst the channels, the
characterisation was carried on by exploiting the averages of the maxima and minima.

They are:
o ADC\q: = 583, corresponding to the integrator output of 0.96 V,
o ADC);n = 11, corresponding to the integrator output of —0.96 V.

Momentarily, assuming that the system response is linear with the input current,
the subsequent calibration steps involve finding a gain coefficient Gg and a baseline
offset b, which optimise the accuracy of the results my (hence also ry, cf. Chapter5),
that is

my, = Go mEAW b, (8.1)

where mkRAW denotes the dimensionless stream of values produced by the front-end.
The device linearity was investigated by employing the CFC counter data (cf. Par.5.2).
In particular, the post-processed measurements were compared with the intensities of
the injected reference currents, to identify a linear relation between them. It has been
observed that such behaviour is well approximated between 100 pA and 1 pA, while
the outer ranges are affected by a deflection. Unfortunately, this degrades the accuracy
of the instrument, although it does not influence its precision (cf. Par.5.1). Hence, a
possible mitigation mechanism can be sought and it will be described in Par. 8.8.

To carry out a precise calibration of Gy and b values, a linear fitting [99] was com-
puted amongst the measurements and the corresponding reference currents, exploiting
the data acquired for the characterisation (cf. Par.8.3). This technique minimises the
absolute error power over the whole acquired sweep by definition, thus maximising the
accuracy of 7. It was decided to use the results achieved by RS6 / RS7 tunings (AVG
method), which are characterised by high precision and were acquired in sweeps centred

in the linearity zone.
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Thus, the computed coefficients yield:
o Gy =10.787 nA,
e b=91 pA.

The first one represents the ratio between the raw data produced by the system
and the real injected currents, that is o< fs Viwing C (cf. Par.3.2.1). Instead, b is
the measurement bias and corresponds to the current added to the input by the cali-
bration DAC (cf. Par.4.8.6) and additional leakages. Both the results agree with the
estimations carried out during the design.

In order to accommodate any considerable mismatches amongst the various input
channels, or the different front-end boards, three hardware calibration features can
be exploited. The first one concerns adjusting the CFC quantiser thresholds by the
external pins VREFA and VREFB, which directly affect Go. In the present board
prototype, these have been tied to the 1.2 V analogue supply rail, leading to £+ 0.96 V'
thresholds. However, improved solutions can be adopted to enable better repeatability
of the results across multiple boards (cf. Par.6.4.9).

The second feature involves the tuning of the auxiliary ADC range, which can be
regulated by the dedicated registers (cf. the 5 bit value WADCRBe in Appendix C).
This action will actually modify the ADC,,. and ADCy,;,, affecting both the data

combination process and the gain Gy. Nevertheless, since an analogous action can also

be achieved by operating on the firmware or the software sides, like in this case, it is
recommended to keep the registers in their default status. This is up to the preferred
calibration strategy and either the solutions can still be implemented after the hardware
installation.

Finally, the calibration DAC can set the desired measurement bias, to ensure that
a minimum positive current is always injected into the converter (cf. Par.3.3.6). In
fact, its output can be fine-tuned by the PLEAKBe and NLEAKDBe registers and
it is also possible to modify the operating range, by replacing the external precision
resistor (cf. Par.4.8.6). Furthermore, a comparison procedure can verify the DAC bias
accuracy. Concretely, it is possible to run the converter while an external reference
current is injected and the DAC is disabled. Hence, the measurements are acquired
and an averaged result is computed. After that, the external reference is disconnected
and the DAC re-enabled, configuring its registers to obtain an output similar to the
previous one. Thus, this bias calibration method employs the converter to adjust its
own embedded DAC and can be adopted even if the converter itself is inaccurate. It
should be noted that such a procedure assumes that, throughout the test, the intrinsic
device leakage is constant. If the estimation of the actual leakage magnitude is required,
the DAC must be disabled and a decreasing sweep of reference currents must be injected
externally until the integrator waveform stops (cf. analogue probing described in Par.s
3.3.8 and 4.8). Hence, the latest configured current will represent an approximation of

it. This characterisation reported a value of = 2 pA.
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8.5 Conversion Performance

At this stage, the most significant analysis carried out concerns the validation of the
system conversion capabilities. In particular, the final test-bench setup (see Fig.8.1)
has been employed according to the strategy presented in Par. 8.3, to measure a variety
of reference currents and calculate the corresponding error. The overall characteri-
sation data, obtained by the three described filtering methodologies, are graphically
summarised in Fig.s 8.3, 8.4 and 8.5, which are reported in the following pages. The
plots on the left represent the conversion characteristic, namely the current measured
by the system as a function of the injected one. Specifically, the absolute minimum /
maximum of the acquired samples are plotted for each injected current, highlighting the
respective enclosed interval. Instead, the measurement relative errors €, are reported
on the right. These provide an effective insight into the system precision, which is
strongly dependent on the intensity of the input. However, the absolute errors o, are

also reported for completeness in Fig. 8.6.

These results deliver a detailed description of the converter behaviour over a large
variety of cases. In fact, the plots can be used to foresee ¢, and estimate the mea-
surement outcomes under certain operative conditions, precisely: the type of employed
filter, the selected tuning and the range of the input currents. Higher errors have been
reported while measuring the lowest currents of each sweep since the signal has approx-
imately the same magnitude as the noise in those cases. Then, a decreasing trend is
noticeable for increasing currents, the shape of which differs significantly between the
IIRs and the AVG (see examples in Fig.s 8.7 and 8.8). In particular, it has been ob-
served that the IIR slope is usually steeper than its counterpart, allowing it to achieve
a higher precision over larger current spans. Furthermore, when high currents are mea-
sured, plateaux of minimum error can be easily detected for most of the tunings. Their
values do not appreciably change amongst the filter types, meaning that the converter
operates at its maximum achievable resolution. This performance limit cannot be en-
hanced by modifying the spectral characteristics of the filter, since the conversion noise
is superimposed on the useful information within the passband (cf. Par.s 4.5 and 5.3).
However, such an issue does not entail relevant drawbacks for the goals, because the

measurement precision is still sufficiently high (e, < 0.1 %).

The detection of the maximum and minimum samples, acquired at each current,
provided a direct overview of the range of measured values. Although such limits are
helpful for roughly estimating the distribution of outcomes, a deeper analysis shows
that it often deviates from the Normal one. For example, while measuring the lowest
currents of each sweep, a quasi-Gaussian distribution was identified with a variance
much smaller than the estimated error o,.. This occurs because a few percentages
of samples are spread almost uniformly over an interval large as far as 10 times the
mentioned variance. Furthermore, the outliers sporadically reach 0, when the measured

currents are of the same order as the noise (€, ~ 100 %). The null outliers can be seen
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in the plots, where only the maximum samples are drawn. This effect is due to the
data combination method employed before the filtering (cf. Par.5.2). Nevertheless,
it does not lead to an underestimation of the losses in the long term, since each null
sample will be balanced by the successive ones to sustain the average. The plotted
€, considers all these contributions, providing a worst-case estimation of the device
precision. A detailed study of the probability distribution of samples is out of the goals
of the present work.

Finally, the exploitation of the slowest tuning RS11 has allowed for investigating the
maximum resolution capabilities of the developed system. It proved that it is possible
to carry out a measurement of currents lower than 10 pA with e, < 1 %, which is largely
inside the design requirements (cf. Par.2.6). Specifically, down to 1.32 pA it is reported
an error of €, < 10 %, which decreases to ¢, <1 % for currents above 3.05 pA. On the
other hand, intensities above 1 A can still be monitored with an error €, < 10 %, even
employing the fastest tuning RS0. This ensures that even prompt beam loss spikes
can be detected with the desired precision. A complete overview of the achievable

performance will be described in the next Par. 8.6.
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8.6 Merit Factors

The results presented in Par. 8.5 show a detailed analysis of the converter performance
under specific circumstances. Nevertheless, the system capabilities can be synthesised
in fewer key specifications (presented in Tab.8.9) by introducing appropriate merit
factors. This also facilitates comparing performance amongst the different processing
methods, to identify which is the best suitable for the goals.

The first class of factors reports the minimum currents that the system can measure
with the target error ¢! (equal to 50 %, 10 % and 1 %) for the various filter tunings
RSx. The investigation was carried out by comparing the calculated ¢, data with the
desired target €. Due to the non-monotonicity of €, as a function of the current, the
maximum value of this variable that best approximates the target e! (from below)
is reported. This means that currents weaker than those shown in the table could
possibly be estimated with higher precision, but the measurements of all the major
ones are guaranteed to deliver errors €, < ez.

Across the different tunings, it can be observed that the performance of the IIR
Eq.Loss is approximately equivalent to the AVG filter, when an error of 50 % is imposed
as the target. However, both the IIR filters drastically extend the effective range
of measurements, while higher precisions are required (10 % and 1 %). The results
confirm that the system operates within the established specifications (cf. Par.2.6),
allowing for measuring currents below 10 pA with an error of 10 % for all the processing
techniques. In particular, the best achievable performance for weak signals is obtained
by the IIR Eq.Rise, which allowed to monitor currents down to 3.05 pA with ¢, =1 %
(that is o, = 31 fA). The presented theory does not explain why this filter performs
unexpectedly better than the Eq.Loss version. However, a possible explanation can
be sought in the quantisation effects carried by the IIR implementation, which begins
to dominate over the conversion errors while employing very low cutting frequencies.
In fact, the coefficients used in the direct form structure (cf. Par.5.5.2 and Tab.5.1)
tend to ag — 1, a1 — —2, as — 1, by — 0, by — 0, bs — 0, which represent a
degenerate case of filter having a double pole in z = 1. Thus, even minimal changes in
the coefficients may produce relevant discrepancies in the numerical calculation result.

Whereas the presented figures provide a local evaluation of the device performance,
an additional merit factor can be introduced to score the processing methods over the
entire sweep. In particular, for the application concerned, it is interesting to evaluate
the average error €., obtainable while measuring a generic current in the input range.

Assuming on it a uniform probability density, such a value can be estimated by

N
I—I_ I I 8.2
& = e IlkZ; k= Ip—1) (I > Ip-1) (8.2)

where I}, represents each current in the acquired sweep, N the total number of currents

(k)

and ¢’ is the relative error computed by the I current measurements.



174

Chapter 8. Results

"WOdI3 Ul poYSIYSIY oxe sjnsal rewryd() ~Sursseoord posojdure JueIofIp oY) JI0J SI0j0e] JLIOW JUOTWSINSRII (6§ 9INTIq

0e oe 0e €00 10 910 dgo'e dyo'y dose dege'L deg'L degg L dege'L dege'L dege'L
0e 0e oe 2Lo 2ro 1€°0 diy'y do6'e dpgt dyg L dogz dorz dgg'L dyzL dpg L
0e oe 0e S0°0 2Lo 820 de'gl dipt dz'9e dzgz dep'e dzgz dog'L dog'L digL
82 62 62 6€0 220 620 dsv8 dz'v9 dpeL dgyL dgroL dg'gl doo'v dgre dsLe
92 2 2 v€0 2e0 ¥€0 doLy dgge dogs dzgs dzzs de'eg de'gL dzelL dezL
74 o4 14 "0 "0 6v°0 ugl'L uee” ugoe dzze dgze dsze de'ov dg-ge dg'ge
€2 €2 €2 A1) 0v'0 S0 uovi ugTLL ug-ol upylg upyleg upylg dygl desL dogt
12 k4 12 €0 G590 880 ug'ss ug'v uz'g9 uge'L upe'9 ugy'9 diig dzos dggy
61 6L 61 290 L0 82’1 ugze ugLl uy9g upy'Le ug-ge ug'ge uzee uylLeg upl'g
8L 6L 61 vS'L pLL 6v'c Uppy uzGe upes upy'e9 uzLép ug'0s ugs'y uey'e ugs'e
9L Ll Ll 88'L 'L ¥6'L no'69 nze9 nL'sg ugyg ugelL uzoze ug'LL uo'yL uoyL
Gl 9L 9L AR S2'e 18'€ noLL no-ze ne'v8 ugog uoee uleg ug'ze uo'9e ug'e

4t 08’y no.S nLo9 ugol

asiy ‘b3 sso1 b3 asiy ‘b3 sso7 ‘b3 asiy "bg sso ‘b3 asiy b3 sso "bg asiy ‘b3 sso "b3

il il DAV il il DAV il il DAV il il LY\ il il DAV

s)g uonejuasaiday pasinbay

[°%] 10113 payoadx3 uesy

[w] uauing sjgenaiyoy Jou3 o |

[v] Juaung s|qenaiyoy 1013 %01  [v] Jusung ajqessiydy Jou3 %05

LiSH
olsH
6SH
8SH
LSH
9sH
SSH
vSd
€sH
csd
ISy
osd

10941

[eubis




175

Note that, under the made assumptions, the equation (8.2) can also be successfully
adopted when the measurements are acquired over a logarithmic sweep, like in this
case. The values reported in the table confirm the theory anticipated during the design
of filters (cf. Par.5.7) and they agree with the consideration stated for Fig.s 8.7 and 8.8.
In particular, a noticeable reduction of the estimated error € is obtained by employing
the novel proposed techniques, which translates to higher conversion precision over the
ranges of interest.

Finally, the overall analysis has been performed by employing a double precision
floating point representation (IEEE-754[94] at 64 bit). However, the values of current
measurements can be exhibited in more condensed fixed point numbers. The presented
characterisation allows calculating the minimum number of required bits for such a
representation, in order to prevent the loss of information in all possible cases. These
may be interpreted as merit factors for the different tunings and filters, since having
more significant bits implies enhanced dynamics. However, it is important to recall
that this information should not be used as a benchmark of precision, contrary to the
other factors. For instance, the measurement of a low current could be reported as a
number having many leading zeros and few rightmost significant bits. On the contrary,
a high current would involve a large number of non-zero bits, the leftmost of which are
the only ones actually significant for the result, due to the increased absolute error. In
fact, in such a complex system, both ¢, and €, are dependent on the input signal, thus
the number of significant bits fluctuates accordingly. The required number of bits Q.4
is computed by the ratio between the system full scale F'S (1 mA) and the minimum

detectable currents I, (target e =50 %). In particular, it holds

Qreq = ’VL092 FS-‘ ) (83)

I min

where the ceiling of the logarithm result is computed.

8.7 Optimal Parameters

An alternative presentation of the results can be achieved by exploiting the data ac-
quired during the characterisation sessions (cf. Par.8.3). In particular, it concerns the
realisation of charts which allow for the identification of the optimal tuning for a given
input current neighbourhood and a target error e!. Thus, such tools deliver more prac-
tical guidelines about employing the different filters and tunings, even for applications
beyond BLM purposes.

As it was introduced in Par. 5.5 and shown in the analogue characterisation results
(cf. Par.8.5), filters with lower cutting frequencies provide better precision at the
expense of a slower step response. The BLM system must be able to detect as quickly

as possible the events that might compromise the safety of the accelerator (cf. Par.2.1).
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Thus, the optimal criterion concerns the identification of the fastest response tuning
that delivers the desired target precision. Thus, a data analysis software was developed
to correlate ¢! at the injected currents, similarly to the procedure adopted for the
computation of the merit factors (cf. Par.8.6). This led to a two-dimensional graph,
which correlates each tuning (in colours) to regions in the space of measuring currents
and target errors. Clearly, different charts have been obtained for the three filter types
and they are shown in Fig.s 8.10, 8.11 and 8.12 (in the following pages).

Such representations should be exploited by identifying a neighbourhood of the cur-
rent of interest and the desired measurement relative error. Hence, the colour of the
area denoted by these contours indicates the most effective tuning to be employed. Of
course, the real case would involve rather extended spans for those variables, particu-
larly the injected currents, so the parallel monitoring of several tunings is eventually
required. This explains why all the possible tunings are generally monitored by the
BLM (cf. Par.2.3.2). However, exceptions can be considered to minimise the required

computational resources whenever the solicitations of specific loss ranges are foreseen.

By observing the charts, the presence of white-coloured regions can be noticed at the
left and bottom right of the plane. The former refer to target performance unattainable
by the device, since a too high precision is demanded while measuring weak signals.
Instead, the latest ones are due to the lack of data, because some of the sweeps were
limited to currents lower than the full scale, according to the reasons described in

Par.8.3. It is very likely that the tunings RS2 to RS4 actually cover these areas.

A comparison amongst the results of the AVG and the IIR filters shows that the
coloured bands of these latter have a steeper descent and are slightly translated to-
wards the left. For instance, the RS8 band of the AVG reports an error ¢/ = 0.1 %
between =~ 1 nA and ~ 6 nA, while the same target is achieved by the IIRs in the
range =~ 300 pA to =~ 1 nA. This agrees with the considerations made about the merit
factors (cf. Par.8.6), especially concerning high precision measurements, and it can
be interpreted in two different ways. Assuming that the demanded precision remains
the same, the IIR filters allow monitoring weaker currents than the equivalent tuning
of AVG. Alternatively, the IIRs can measure the same current more rapidly than the
AVG counterpart since faster step response tunings can be employed. For example, the
ITR RS8 tuning can be used to detect currents in the neighbourhood of 600 pA with
eTT = 0.1 %, but the slower RS9 has to be selected if the processing is carried out with
the AVG filter.

Finally, the IIR filtering reduces the surface of the unattainable white area on the
left-hand side, further pushing the performance of the system. In addition, their bands
are less irregular than those observable for the AVG, as a consequence of a smoother

frequency response curve. This simplifies the identification of the optimal tuning.
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8.8 Accuracy Considerations

A considerable amount of time invested in this research was devoted to optimising and
characterising the conversion precision of the system. Indeed, this is one of the main
requirements for the success of the project, according to the considerations made in
Par.5.1. However, the validation of accuracy is also a critical point in this context,
since the entire measurement chain must produce realistic estimates of the beam loss

over the broadest possible range of magnitudes.

The analysis was based on comparing the performed measurements and the corre-
sponding list of reference currents, injected by the bench-top sources (Keithley [S23],
models 6430 and 6221). The data acquired during the precision characterisation (cf.
Par.8.3) have been preliminary calibrated, following the methodologies presented in
Par. 8.4. Thus, to evaluate the accuracy, one needs the ratio between the results r; and

the input currents I, namely the relative gain coefficient

Tk

G, =k
k Ik’

(8.4)
which is calculated and plotted over the whole range of interest (see Fig.8.13). Note
that r, already contains the calibration factor Goy. Wherever the ratio is equal to 1,
the device response is accurate, meaning that the gain coefficient Gy and the baseline
offset b are optimally calibrated. Otherwise, they should be corrected to fulfil the goal.
Usually, the offset b is dominated by the effect of the calibration DAC. Furthermore,
it has a value of the order of 100 pA, so its impact on the measurements is limited to
the lower range of the dynamics. Consequently, the main deviations to be corrected

are described by Gj.

While G, has been initially assumed constant for the entire measurement range, the
results in Fig. 8.13 highlight that it is actually a function G(I) of the input current I,
supposed to varies continuously. In fact, above 10 uA, a significant drift of the response
is observed, degrading the accuracy of the outcomes. In particular, the full-scale current
(1 mA) is actually measured by the instrument as ~ 829 pA, which is the 17.1 % less
and does not comply with the specifications. Nevertheless, the characterisation assessed
that the precision achieved in the neighbourhood of the full-scale is high (e, < 0.6 %),
even if direct raw data are considered. Thus, it is possible to introduce a corrective

function F'(I) to enhance the accuracy, namely

1
FI)=——. 8.5
=G5 (35)
As observed in Fig. 8.13, the weak currents are also affected by the degradation of
features, but corrections are not recommended in this case. In fact, the measurement
precision is here generally lower, hence the application of an emphasis function may not

be as effective as in the previous situation. Specifically, the relative errors may become
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Figure 8.13: The relative gain coefficient Gy, is reported for a sweep of input currents. The
employed data correspond to the AVG sweeps RS1 and RS10 combined.

so high that the benefits expected in terms of accuracy are actually outweighed by the
limited precision. On the other hand, the correction can be applied for sufficiently high
currents, estimating a modelled fitting function G~ (I) from the characteristic response.

It was observed that a good approximation of the trend is achieved by an expression
of the form

l+al+bI?
T ltcldlPrel’’
where all the parameters were calculated to minimise the least squares between the
G~ (I) and the real AVG RS1 data, as an example. The values obtained are

G> (1) (8.6)

e a =5962.93,

o b=9.08392 x 106,

¢ = 6146.28,

d =1.09181 x 107,

e =1.1232 x 10°.

Thus, the fitting curve shown in Fig.8.14 is obtained. Consequently, the function
F>(I) = G>(I)™! can be employed to correct the measurements in the considered
range, improving their accuracy. The deviation reached at the full scale is now reduced
to 1.8 % and all the computed ratios F~(rg) r / Ij are reported in Fig. 8.14.

The real-time implementation of this correction may be inefficient in the back-end

FPGA device, due to the extensive employment of arithmetic operations on the samples.
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Thus, it would be convenient to include in the device memory a pre-calculated table
of the factors F~(ry), or even the corrected measurements F~(ry) ri. The latter table
would suppress the multiplications, but the monotonicity of r; as a function of I; must
be guaranteed. This procedure can be effectively applied when the data are represented
in fixed-point, for instance, after the filtering processing (cf. Par.8.6). Finally, it is
remarkable that such a methodology introduces a deterministic noise, which could be

possibly mitigated by resorting to the dithering technique [100].
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Figure 8.14: Comparison of the measured relative gain coefficient (blue) with its fitting function

(8.6) (red), in the 10 nA to 1 mA range. The corrected gain values are represented in green.
All the data were obtained by the AVG RS1 sweep.

8.9 Full-Scale Reliability

Although the device performance was examined in detail up to the full-scale specifica-
tion of 1 mA, it has been investigated for currents above such a limit. In fact, whether
huge beam loss events occur in the accelerator, the device response shall not be less
than the full-scale value. In particular, the raw converter data were acquired up to
10 mA and corrected by the function described in Par.8.8. The results are shown
in Fig.8.15, highlighting the maximum and minimum values as it was done for the
study in Par.8.5. It can be qualitatively observed that the system linearity is kept
up to 1 mA, as required by the specification. Later, the measurements increase to a
maximum, at the input current of 1.38 mA, before decreasing to a plateau value of
about 1.1 mA. This behaviour is mainly due to the limitations introduced by the CFC

integrator bandwidth on its highest waveform oscillation frequencies.
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The investigation ensured that the plateau of measurements is maintained at least
for a decade above the full scale. Thus, it can be concluded that, up to this limit, no

ambiguities can arise from injected currents out of the design operating range.
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Figure 8.15: Characteristic above the full scale (up to 10 mA), using unprocessed data (Direct).

8.10 Radiation Test

An essential milestone required prior to the release of the BLM upgrade concerns the
validation of the front-end ability to work in a radiation environment. In fact, the
fulfilment of such a specification involved a substantial fraction of the development
time, representing one of the major distinguishing features with respect to commercial
solutions. A variety of parameters characterise ionising radiation fields, which can af-
fect electronics in many ways (cf. Appendix A). Thus, several scenarios were identified
to better emulate the final working conditions. Furthermore, the team discussed the
strategy for the irradiation campaign in view of an effective validation within a rea-
sonable time. The test targets focused on the inspection of the performance drifts due
to the TID, to which the front-end will be subjected, and its resilience to SEEs as a

consequence of its exposure to high-energy beam fluxes.
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Figure 8.16: Aerial view of Paul Scherrer Institute (PSI).

8.10.1 Irradiation Facilities

The considered irradiation facilities have included the CERN High Energy Accelerator
Mixed-field (CHARM) [S54] and the Proton Irradiation Facility (PIF)[S55], which is
located at the Paul Scherrer Institute (PSI) (Villigen, Switzerland) [S6]. The features
provided by the former site have been considered well suited for the present research,
due to the possibility of evaluating the overall system behaviour under conditions very
closely resembling the operational ones. However, very long acquisition times would
have been required to achieve the desired TID (order of some months). In addition,
since no collimation solutions are available in this laboratory, a targeted analysis of the
individual BLMASIC would have been more complex. Hence, it has been decided to
perform such a validation campaign at the PSI (in Fig. 8.16), irradiating the front-end

board directly with a proton beam.

Originally, the PIF (in Fig.8.17) was constructed by the cooperation between the
European Space Agency (ESA)[S56] and the PSI for testing spacecraft components
under a controlled radiation field. Thus, it has become a landmark for the scientific
community that employs systems which operate in such harsh conditions. The facil-
ity is part of the PROSCAN project for cancer proton therapy. Its beam is sourced
by the compact superconducting cyclotron COMET (COmpact MEdical Therapy cy-
clotron) [101], [102], which can be fully configured to achieve the desired features. The
PIF transfer line is operative only on weekends since the working days are reserved for

biomedical applications.
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Figure 8.17: Rendering of the PROSCAN project layout, including the proton beam transfer
lines and the containing building structure. The COMET accelerator is shown in the top left
and the PIF area is designated. The related accessing maze is also visible between this latter
and the entering room (on the centre top).

8.10.2 Test-Bench Installation

During the evening of 20th May 2022, a version of the test-bench described in Par. 8.1
was installed at the PIF. The bare front-end board was fixed on the target holder
frame (see. Fig.8.18) and its connections were propagated outside the experimental
area through a 20 m umbilical cable. The hosting crate, employed in the laboratory
setup, was not used during this campaign since the analysis was only focused on the
board. Instead, the remaining setup components, namely the power supply and the
back-end crate, were placed at the beginning of the accessing maze, protected from the
radiation by concrete walls. While, the computer receiving the data was installed in
the facility control room. Finally, the configuration Raspberry Pi and the level shifter
box were positioned about 1.50 m below the target and shielded by 50 mm thick lead
blocks. Such a solution has been adopted to avoid excessive signal integrity degradation
due to the transmission of the I2C bus over longer distances.

The power supply was configured to drive the electronics in the experimental area.
Its recording capabilities allowed logging the values of the voltages and the currents
throughout the test duration. Furthermore, since undesired voltage drops were reported
on the cabling, sense feedbacks were exploited to control the supplying rails at the
delivery location. Both the back-end FPGA and the acquisition software were equipped
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Figure 8.18: Front-End board assembled as a target at the Proton Irradiation Facility of PSI.

with the diagnostic features presented in Par.7.9 and a set of currents were injected
into the inputs for the planned test. In particular, their intensities for the different

channels and the type of sources are reported in Tab. 8.3.

Input Channel Approximate Injected Current Source
Current [A]

Ch.1 10 pA External reference
Ch.2 100 pA Internal calibration DAC
Ch.3 700 pA Locally mounted resistor
Ch.4 100 pA ”
Ch.5 10 pA ”
Ch.6 1 pA "
Ch.7 100 nA no
Ch.8 10 nA "

Table 8.3: Test currents injected into the front-end during the irradiation test at PSI.

8.10.3 Irradiation Session

The analyses focused on detecting SEE occurrences (cf. Appendix A), monitoring cur-
rent measurement drifts, in relation to the TID, and evaluating the overall system
behaviour under radiation exposure. Using the developed diagnostic framework (cf.
Par.7.9), it has been possible to visualise and store the front-end data and carry out
the setup of beam parameters accordingly. In particular, a preliminary cycle was started
with low beam intensity, to detect the possible presence of major issues. Then, it was

gradually increased up to the maximum achievable particle flux.
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Figure 8.19: Beam pointing locations and collimation area.

To allow a focused evaluation of performance, the beam was collimated (50 mm)
on the BLMASICs ICO and IC1, as shown in Fig.8.19, while the rest of the card has

only been subjected to the scattered radiation. Instead, on the last run, the beam

was pointed on the area of transceivers, moving the card by using the XY positioning

system. Due to the limited time allocated for the test, only a minor dose was delivered

to this zone. Nevertheless, it was deemed necessary to identify possible issues affecting

the data serialisation and transmission.
The irradiations started at about 23:30 of May 20th and finished in the early
morning of the 21st. In Tab. 8.4 are reported the details about each specific run. The

beam energy was set to 200 MeV and the flux, calculated at its maximum current of

10 nA, was 3.7 x 10® p em™2 s~!, with p denoting the proton.

Run Sizart SFOP Beam Current [nA] | TID [Gy]| | Target Area
Time Time
1 23:34 00:25 50 ICo / IC1
2 00:30 00:46 3 50 ”
3 00:51 01:14 200 "
4 01:17 02:39 10 1k Y
5 02:41 04:00 10 1k ”
6 04:02 05:22 10 1k 77
7 05:31 05:52 10 200 Transceivers

Table 8.4: Specifications of the irradiation runs and collimation targets.
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8.10.4 Radiation Test Results
Power Supply Monitoring

In Fig.s 8.20 and 8.21, the trends of voltages and currents during the runs are reported
for the powering rails. They correspond to those provided by the back panel connector
under standard operations within the crate (cf. Par.6.4.1), with the only exception of
the 7.0 V one (shown in purple), which was actually used to supply the P5V line (cf.
Par.6.4.9). Such a higher voltage was set to correctly operate the linPOL12V regulator
even without the need for sense feedback. This does not lead to any difference in the
front-end performance. Instead, the 5.0 V' bus (in green) was only used to supply the
Raspberry Pi.

Due to the successful employment of the voltage regulation at the delivery point, no
significant voltage changes were reported during the whole session, hence the devices
were always correctly powered. The current consumption also remained well inside the
margins, however some features can be remarked. It is possible to notice that the 1.2 V
rail fluctuates into an interval of &~ 3 mA. This is an intrinsic behaviour of the board
neither related to radiation exposure nor to an abnormal condition. The root cause
can be sought in the internal circuits of the BLMASICs or the IpGBTs.
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Figure 8.20: Voltage measurements of the supply rails during the irradiation session.
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Figure 8.21: Current measurements of the supply rails during the irradiation session.

Instead, for the same rail, it is possible to notice that small jumps of &~ 1 mA are
displayed between the end of a run and the beginning of the next one (white spaces).
These are probably due to the photocurrent effect induced by the incident beam. In
fact, the data acquisitions were configured to always include a short time during which
the beam shutter was closed, facilitating the recognition of the irradiation periods. In
any case, this phenomenon is not related to the electronics of the board and does not
pose any threats to the application.

Of particular interest is the only rapid current rise that certainly occurred during
the irradiation (after 60 min) for the 1.2 V rail. This might represent a case of a single
event latch-up which, however, caused no further detectable effects.

Finally, relevant consumption changes were reported for the rail supplying the Rasp-
berry Pi. In particular, higher currents were measured while it was committed to per-
form I2C transactions towards the front-end devices, which is reasonable. Furthermore,
at least 6 cases in which the current reached 650 mA were observed during the irradi-
ation periods. It turned out that, in these instants, the device got stuck into deadlock
states due to the radiation exposure, thus the reboot was forced. Although the char-
acterisation of this single board computer is beyond the scope of the research, such

results carry a relevant scientific implication. In particular, it has been demonstrated
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that devices not built with radiation tolerant features quickly fail in such harsh en-
vironments, even if they are heavily shielded. This is further supported by observing
that the Raspberry Pi was located rather sideways to the beam trajectory, hence it was

subjected to a much lower flux than the hardware developed in this work.

Digital Validation

Exploiting the diagnostic tools presented in Par.s 7.9 and 7.10, the reliability of the
configuration memory of BLMASICs and the integrity of the data propagation, up to
the acquisition computer, have been validated with excellent outcomes. In particular,
no errors were detected throughout the test in the 8b/10b coding and the frame parity
check, involving the communication between the BLMASICs and the lpGBTs. The
absence of skids guaranteed the contiguity of samples and no unexpected changes in
the registers were observed in any BLMASICs. This means that, even if SEUs could
have potentially occurred, the triple redundancy of the digital logic mitigated all the
consequences.

The uplink optical data transmission has also been monitored by reading the diag-
nostic report provided by the IpGBT IP core (cf. Par.7.4). Indeed, its embedded FEC
system declares any correction performed on the received bits, but no occurrences were
detected. Instead, the acquisition software recognised a single case of a UDP packet
loss. This event is not radiation-induced, since both the back-end and the computer
were placed in protected areas (cf. Par.8.10.2). Also, it is guaranteed that this did not
influence the diagnostic reports, since all the faulty cases are counted within the back-
end FPGA, the results of which are regularly transmitted to the computer. Finally,
such a missing packet certainly did not affect the current measurements, because the

raw data are filtered over a larger time window.

Current Measurement Drifts

The test currents were monitored during the session and processed by an IIR filtering
(RS8 tuning). Their percentage drifts, with respect to the mean values, are shown in
Fig.8.22. The channels CH1 to CH4 belong to the devices directly irradiated (ICO and
IC1). An overall mild increase is observed in them because of the absorbed ~ 3.3 kGy
TID. In particular, this can be easily recognised in CH3 and CH4. On the other hand,
in CH1 and CH2, the photocurrent is neatly detected, in analogy to that seen for the
consumption measurements presented in Par.8.10.4.

Remarkably, the maximal measurement deviations never exceed the 0.5 %, which

is an outstanding achievement accordingly to the design specifications.
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Figure 8.22: Percentage drifts of the current measurements during the irradiation session.
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Chapter 9

Conclusions

The HL-LHC accelerator will significantly increase the beam loss radiation throughout
the tunnel, exposing the superconductive magnets, as the new Triplets of ATLAS and
CMS experiments, to a higher risk of quenching and the whole critical equipment to a
harsh working environment. For these reasons, the BLM system performance needs to
be upgraded in terms of resolution and response speed, enhancing its ability to detect
potential hazardous scenarios promptly. Such a goal has demanded the development of
radiation-tolerant digitisers, which must be located as close as possible to the detection
spots. In particular, an improvement factor of more than 6 was assessed as the TID
target (3 kGy) with respect to the state of the art, considering a 20 years lifetime.

Since such requirements are not achievable by employing commercial products, a
completely new front-end board was engineered and validated in this work. The ac-
tivity also involved supporting the design and performing the characterisation of an
application-specific integrated circuit (the BLMASIC'), which represents the crucial
component devoted to the digital conversion of the detector signals. This agrees with
the strategy of exploiting in-house designed ASICs. In such a manner, the number
of components populating the card scaled by a factor of ~ 5, translating into bene-
fits concerning reliability, power consumption and reduction of costs to about 1/3, in
comparison with the former solution. Moreover, the ASIC-based design enables more
precise planning of spare procurement and obsolescence. The new electronics are com-
patible with the latest solutions provided for the beam instrumentations at CERN, the
optical data transmission and the readout back-ends. Their firmware was also largely
developed during the reported research. Finally, all the hardware products were op-
timised to simplify future commissioning and embed a broader range of diagnostic
features, to effectively supervise the BLM system as part of its ”sanity checks”.

The delivered instrument has been optimised to fulfil the BLM specifications for the
HL-LHC project. However, the flexibility of the employed architecture allows it to be
effectively adapted to applications beyond the commissioning target. In fact, designers
of modern particle accelerators for fundamental research, medical and technological

purposes strive to boost either the beam brightness, or the luminosity. Hence, they must
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cope with increasing losses and the associated damaging potential. Therefore, having
electronics that can effectively monitor and operate in harsh radiation environments will
increase the reliability and availability of their systems. Furthermore, the developed
digitisers pave the way to miniaturised conversion solutions, which can eventually be
integrated within the detector. This prevents the need for bulky font-end crates. In
addition, the sensitive analogue transmission is drastically reduced and the optical data
stream is generated on site. Such a concept could greatly simplify the maintenance of
the BLM system in very large accelerators, like in the foreseen FCC [103]-[105], and it
will allow for the plant robotisation [106].

A detailed frequency domain analysis of the data stream and the signal process-
ing was undertaken to optimise the system conversion performance. In particular, by
exploiting the theoretical foundations of Signal Theory and using specific numerical
procedures, novel data treatment solutions were proposed. These are designed to en-
hance the precision of the loss current measurements and the response speed to abrupt
transitions. Precisely, the technique of running sums, employed in the previous BLM
filtering, was compared with a more advanced IIR one. Then, the assumptions and the
deriving benefits have been successfully validated on real data.

As filtering of base-band signals is popular in scientific applications, the presented
methods can be effectively generalised and reproduced to gain the same kind of im-
provements. Actually, as shown in Par. 5.9, it is also possible to accurately estimate the
outcome error for a wide range of filters and inputs, without performing extensive mea-
surement campaigns. This directly derives from the simple rules of composition among
the spectral amplitudes of the data and the frequency response of the applied filter. In
conclusion, the novel proposed methodology shows that the targeted acquisition of the
only measurement noise spectrum can be exploited for a flexible and automatised error
prediction. This significantly reduces the test-bench occupancy time and, consequently,
increases its availability.

Furthermore, the convenience of adopting IIR filters for the treatment of measure-
ments carries a general value, since their improved spectral characteristics allow for
sharper conversion noise suppression, with respect to the usual moving average ap-
proach. This feature is particularly demanded in locations where high background
noise is combined with detection cross-talk or beam collision debris, which makes it
arduous to establish appropriate protection thresholds. A processing prototype was
implemented in C++ to validate the proposed methods, applying a multi-threaded
software architecture. It readily carried out a detailed characterisation of the system
conversion performance, without the need to involve an FPGA logic for such an aim
at this stage. In addition, different embedded systems can execute the same code on
stand-alone processors, enabling the filter realisation to be used for generic applica-
tions. For the final implementation, an analysis of the minimal required logic resources
was undertaken, proving the feasibility of such methods, even if a double precision

floating-point representation is exploited.
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Different analysis levels were performed to validate the basic features of the critical
components. They include the power supply, the converter calibration, the data trans-
mission and the configuration of the boards. For all of these, successful responses have
been obtained. This led to the assembly of the overall system test-bench, which is very
similar to the definitive configuration that will be installed at HL-LHC. Leveraging this,
a standardised strategy of measurements provided the complete characterisation of the
analogue conversion performance. In concrete, for 54 h, suitable current sweeps were
injected into the system and the measurements were acquired and processed, to validate
the converter resolution for different filtering techniques and tunings. The front-end
power consumption was also measured at full load, obtaining a value of 1.822 W, which
is well inside the upper bound of the design. Similarly, the temperatures of lpGBT and
BLMASIC devices were monitored by a thermal camera, reporting readings always be-
low 40 °C' at an environmental temperature of 27 °C. The analogue characterisations
show that currents down to 1.32 pA were detectable by the system, with an error of
e < 10 %, fulfilling the design specifications. Furthermore, the minimum intensity
of 3.05 pA was measured with high precision (¢, < 1 %), using the equivalent rise
time IIR filter. Concerning the high-intensity loss currents, values above 1 pA can still
be monitored with an error €, < 10 %, employing the fastest tuning (RS0) with the
rise time of 40 ps. This ensures that even prompt beam loss spikes can be precisely
detected. Instead, by direct use of the raw data (period of 10 us), the minimum de-
tectable current is 109 nA (at ¢, < 50 %), increased to 60.1 pA if demanding an error
€ < 10 %. Finally, precision map charts were displayed, to facilitate the identification
of the best tuning given a specific neighbourhood of currents and the target error.

For measurements with a target error of 50 %, the performance achieved using
the equivalent loss IIR filters proved similar to the AVG one. However, the former
dramatically improves the capabilities when higher precisions are required (e, < 10 %
or < 1 %). The mean measurement error was also estimated over the whole sweep
range, providing a score assessing the best performing filter for the various tunings.
In all the examined cases, it turned out to be the IIR. In conclusion, although the
AVG solution still delivers excellent results, the IIRs provide a lower average error for

equivalent step responses, according to the introduced metrics.

The analysis of the conversion accuracy reported that the instrument suffers from
degradation of characteristics for currents above 10 pA. In fact, the full-scale of 1 mA is
actually measured as =~ 829 pA, the 17.1 % less, not complying with the specifications.
Nevertheless, in this range, the response is monotonic and the precision achieved close
to the full scale is still high enough (e, < 0.6 %), even if direct raw data are considered.
Hence, a function has been introduced to correct the data and improve the accuracy.
It may be adopted to emphasise the instrument response and reduce the systematic
deviation down to 1.8 %. Although the linearity is lost above 1.38 mA, the measure-
ments reach a plateau for a decade above the full scale. So, at least up to 10 mA, no

ambiguities can arise from injected currents out of the nominal operating range.
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In a preliminary development stage, the BLMASIC converters were subjected to
X-Ray radiation at CERN for a TID of 1 MGy, not reporting any issues affecting
its digital and analogue circuit behaviours. Later, the complete front-end board was
exposed to a proton beam (200 MeV) irradiation at the PIF experimental area of PSI,
reaching the TID of ~ 3.3 kGy. During the test, its power consumption, the drift of
the current measurements, the quality of the data transmission and the occurrence of
SEEs were constantly monitored. The only remarkable anomaly was represented by a
case of a single event latch-up, which did not lead to further detectable consequences.
On the other hand, the maximal current measurement drift never exceeded the 0.5 %,
which constitutes an outstanding achievement according to the targets. Such features
will finally allow the BLM system to comply with the desired accuracies in areas with
exceptionally high TID, thanks to a localised installation of the front-ends. This will
be crucial not only for LHC and its upgraded version HL-LHC, but also for the SPS
accelerator, where the performance of the existing system is limited.

Based on the above results, it is possible to claim that the developed system proto-
type is sufficiently mature to be considered the best candidate for the commissioning
of the BLM upgrade in view of HL-LHC. Larger scale production of the BLMASIC
and the front-end is currently under discussion, while the readout electronics and the
optical links have already been established. In this perspective, the installation of the
discussed devices will soon be realised on the current accelerator plant. Thus, the digi-
tisers will be calibrated by exploiting the real beam loss measurements. Furthermore,
such an activity will facilitate the know-how transfer to all the project maintainers.

The upcoming period activities will also involve: 1) the migration of the signal
processing into the FPGA logic, 2) the integration of the legacy features into the back-
end firmware, such as the thresholding module, 3) the completion of the diagnostic
blocks and 4) the development of the system user interface. Concerning the hardware,
a few remarks are in order to improve the accuracy of the digitisers. First, as explained
in Par.6.4.9, the voltage which sets the CFC quantiser thresholds should be provided
by a stable reference. For instance, a secondary linPOL12V regulator can be employed,
instead of directly tying the device reference pins to the power supply rail. Second, the
anomaly observed in the CFC waveform (cf. Par.4.8.7) should be investigated in more
depth, before proceeding with its possible employment in the accelerator, or tackling the
problem by designing a new BLMASIC version. Currently, the most accepted opinion
about this phenomenon concerns the existence of parasitic effects within the integrated
circuit. Hence, it is suggested to repeat the simulations by considering a larger class
of causes, eventually correcting the device layout to minimise their influence. Since
an upgrade of the front-end hosting crate is planned alongside the BLM electronic
enhancement, a final observation involves the possibility of providing direct access to
the I?C buses from the back-panel connector. This will allow the complete board

configuration and diagnostics by remote, even if both the optical links are down.
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When all these issues are overcome, both the BLEIC front-end board and the hosted
BLMASIC converters will be manufactured in large volumes, to optimise the costs and
to conclude favourable contracts with the microelectronic foundries. Thus, the provision
of components will probably be vast enough to cover not only the needs of the CERN
upgrades and the maintenance of the future system, but also those of external projects

requiring the same kind of technology.
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Appendix A

Radiation Effects in Electronics

The electronic circuits can be disturbed by radiation-induced effects. These must be
considered when designing mission critical systems requiring high reliability, long op-
eration times and exposure to radiations, like in the case of high-energy physics instru-
mentations.

The protons circulating in LHC beams can escape from the closed orbit, leaving
the boundaries of the accelerator and being lost into local materials. There are several

beam loss scenarios:
e Intentional beam losses, due to the collision of beams in experiments;
e Direct beam losses, when beams strike collimation systems or absorbers;

e Beam / gas interactions, when circulating beams hit residual gas.

Considering a basic MOSFET device as test target, it is possible to classify the

effects of beam loss radiation into three principal types:
e Total Ionising Dose (TID),
e Single Fvent Effects (SEE),
e Displacement Damage (DD).

A brief description of the phenomena involved is reported in the following paragraphs.

A.1 Total Ionising Dose (TID)

An incident particle can cause direct or indirect ionisation of the semiconductor. Indi-
rect ionisation occurs when a primary particle causes nuclear reactions that then lead

to ionisation. These sequence of events may occur:

1. a charged particle passes through a semiconductor material and interacts with

the semiconductor;

2. electron—hole pairs are generated along the path of the particle because of the

energy that it released;
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3. generated holes remain trapped in the integrated circuit oxides (such as passiva-

tion, gate oxides, etc.).

In both cases, the holes created within the oxides cause changes to the device
characteristics. The absorbed, or total ionising, dose is a cumulative radiation effect
measured in Grays [Gy]. This is integrated over time, causing gradual degradation of
the semiconductor performance.

All active components are potentially susceptible to TID and several adverse effects
are due to it. For example, if gate oxides collect positive charges, the N-MOS semicon-
ductors suffer from a switch-on voltage reduction as the gate is progressively activated.
On the contrary, the P-MOS devices exhibit an increase in the switch-on voltage, as the
positive charges progressively inhibit the channel establishment. Furthermore, changes
in timing margins and increases in the leakage currents and the total power consump-
tion are induced. Eventually, N-MOS devices will fail so that they are permanently

activated, and P-MOS devices are permanently inactivated.

A.2 Single Event Effects (SEE)

A single event effect is instantaneous and it has a certain probability (cross-section) of
occurring at every particle interaction. In almost all cases, the root consequence of a

SEE is a current pulse. For instance:

1. a charged particle passes through a semiconductor and interacts;
2. electrons are generated by the particle as it traverses the material;

3. electrons are highly mobile, they flow through the MOSFET and are collected at

the reverse biased junction;

4. these electrons create a current pulse shortly after the interaction.
The impacts and outcomes on the circuit lead to two typical soft failures:

e Single Event Transient (SET): transient created on the signal path. One po-
tentially significant impact concerns the consequent violation of set-up and hold

timings.

e Single Event Upset (SEU): the initial particle interaction causes a stored bit to
change in value. This erroneous value generally persists until it is re-written or
the system is reset. The effect of an SEU on the system level depends upon the
location and the function of the flipped bit.

Furthermore, in complementary metal oxide semiconductor (CMOS) circuitry, if a
particle interaction deposits sufficient charge, then the parasitic structure can cause

hard failures, such as:
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e Single Event Latch-Up (SEL): a low-impedance short-circuit is created between
the supply rails and the ground. This requires the power cycle of the device for
the latch-up to be cleared. An SEL can be catastrophic if it is not mitigated, due

to localised heating of the component in the high current state.

e Other hard failures, such as single event burnout (SEB) and single event gate-

rupture (SEGR).

A.3 Displacement Damage (DD)

Displacement damages occur when particles interact with the silicon lattice. The case

example can be described as follow:

1. an ideal silicon lattice has regularly spaced atoms;
2. incident particles traverse the lattice;
3. the particle could probably strike and dislodge an atom;

4. this interaction can create Frenkel defects, which consist of a vacancy and an

interstitial defect.

Damage to the lattice is proportional to the integrated flux of particles, therefore,
DD gradually increases over time. The effects of DD generally reduce the device gain,
which eventually leads to the complete failure of the device. DD mainly affects bipolar
technologies, while CMOS ones are generally less susceptible. The DD is a cumulative
effect and is measured as the total number of 1 MeV equivalent neutrons that have
passed through a em? surface area. The term non-ionising energy loss (NEIL) is also
used in the subject to estimate the DD.
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Appendix B

Ionisation Chamber Assembly
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Appendix C

BLMASIC Registers

The BLMASIC memory map is reported in Tab.s C.1 to C.3 and the configuration of
the digital and the analogue probe registers is after detailed in Tab.s C.4 to C.6.

It should be noticed that, concerning the analogue probes, the specific monitoring
signal (centre column) can be connected to its dedicated output pin by setting the
corresponding bit. Moreover, it is neither recommended nor useful to enable more than
one signal pointing to the same pin, even if they belong to different channels. For
instance, the differential probing of the CHO integrator output is obtained by config-
uring: CFCFE_CHOTESTBITe = 0203 and CFCFE_CH1 TESTBITe = 0z00.
While, for the integrator of CH1, it implies: CFCFE_CHOTESTBITe = 0200 and
CFCFE_CH1.TESTBITe = 0203. Finally, it can be remarked that the polarity of

differential probes is eventually inverted between the two channels.
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Register | Memory Register Name Read/ Comment Default Binary Default
ADDR Bit Write Value Decimal Value
[1) BLM_SLVSTXBIAS R/W Transceivers current. 0: 1.4mA; 1: 1.7mA; 2: 2.2mA; 3: 3mA g 2
2 blm_reset R/W Full Reset bit 1/3 (Active High) 0 0
0 3 blm_FEreset R/W Analogue Circuit Reset bit 1/3 (Active High) [ 0
: testClockOutSel[1:0] R/W Selects the digital test output probe i 3
6 BImA_bypassab10b R/W bypasses the 8b10b encoding for Ch.A (Active High) bit 1/3 0 0
7 bimB_bypass8b10b R/W bypasses the 8b10b encoding for Ch.B (Active High) bit 1/3 [ [
2 testClockOutSel[3:2] R/W Selects the digital test output probe g 2
10 blm_reset_bar R/W Full Reset bit 2/3 (Active Low) 1 1
1 11 blm_Fereset_bar R/W Analogue Circuit Reset bit 2/3 (Active Low) 1 1
1_3, testClockOutSel[5:4] R/W Selects the digital test output probe ; 1
14 blmA_bypass8b10b_bar R/W bypasses the 8b10b encoding for Ch.A (Active Low) bit 2/3 1 1
15 blmB_bypass8b10b_bar R/W bypasses the 8b10b encoding for Ch.B (Active Low) bit 2/3 1 1
16 testClockOutSel[6] R/W Selects the digital test clock output 0 0
L ] R Empty register. Not used. Contains zero. 0 0
18 blm_reset R/W Full Reset bit 3/3 (Active High) [ 0
2 19 blm_FEreset R/W Analogue Circuit Reset bit 3/3 (Active High) 0 0
20 - R Empty register. Not used. Contains zero. 0 [
21 - R Empty register. Not used. Contains zero. 0 0
22 blmA_bypass8b10b R/W bypasses the 8b10b encoding for Ch.A (Active High) bit 3/3 [ 0
23 bimB_bypass8b10b R/W bypasses the 8b10b encoding for Ch.B (Active High) bit 3/3 [ [
24 [
25 [
26 )
3 27 1
zg CFCFE_CHO_PLEAKBE[9:0] RIW Leakage compensahonclr)]/::n(zlo;-mve current injection). z P00
30 1
31 1
32 [
33 0
34 [
4 35 [
36 [
2; CFCFE_CHO_NLEAKBe[7:0] RIW Leakage ccmpensahonc[;:\r(‘inr:goefhve current injection). z o
39 [
20 0
41 0
42 [
5 43 1
a4 1
e CFCFE_CHO_TRIM20Ue[5:0] R/W Adjustment of main bias generator. Channel 0. o 38
46 [
47 1
48 0
29 CFCFE_CHO_TRIM60UBGAe[2:0] RIW Adjustment of the bias for Band Gap ] 4
= (self reference current source). Channel 0. 7
6 51 1
52 1
3 CFCFE_CHO_WADCRBe[4:0] R/W Adjustment of the bias for the WILKINSON ADC range. 7 15
Channel 0.
54 1
55 o
56 [
57 CFCFE_CHO_CFCCOMPBe[2:0] RIW Adjustment of the bias for the CFC comparators. 0 4
Channel 0.
58 1
59 [
7 &) CFCFE_CHO_WADCCOMPBe[2:0] RIW Adjustment of the bias for the WILKINSON ADC ] 4
Channel 0.
61 1
62 [
63 [
64 [
65 [
66 [
8 67 CFCFE_CHO_TESTBITe[11:0] RIW Control register for the analogue probe output multiplexer. 0 0
68 Channel 0. 0
69 [
70 0
71 [
72 [
73 [
74 [
9 75 [
;s CFCFE_CH1_PLEAKBe[5:0] RIW Leakage compensaﬁonclr)]/:sn(zlolsfﬁve current injection). 2 200
78 [
79 [

Figure C.1: BLMASIC register map, addresses from 0 (0x00) to 9 (0x09).
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80 1
:; CFCFE_CH1_PLEAKBe[9:6] RIW Leakage compensanonca:r?rj(slolsfnve current injection). ; 200
10 83 0
84 [
85 0
86 [
87 CFCFE_CH1_NLEAKBe[7:0] R/W Leakage compensation DAC negative current injection). 0 0
88 Channel 1. 0
89 [
90 0
1 1 91 [
92 [
93 1
94 1
= CFCFE_CH1_TRIM20Ue[5:0] R/W Adjustment of the main bias generator. Channel 1. o 38
96 [
97 1
98 [
39 CFCFE_CH1_TRIMG0UBGAe[2:0] RIW Adjustment of the bias for Band Gap amplifier 0 4
12 (self reference current source). Channel 1.
100 1
101 1
102 1
103 CFCFE_CH1_WADCRBe[4:0] RIW Adjustment of the bias for the WILKINSON ADC range. 1 15
Channel 1.
104 1
105 [
106 _ . 0
13 107 CFCFE_CH1_CFCCOMPBe[2:0] R/W Adjustment of the Zf:::;rge CFC comparators. ] 4
108 1
109 []
110 CFCFE_CH1_WADCCOMPBe[2:0] RIW Adjustment of the bias for the WILKINSON ADC p 0 4
Channel 1.
111 1
112 [
113 [
114 [
14 115 [
116 [
ﬁ; CFCFE_CH1_TESTBITe[11:0] RIW Control register for the ag::,i‘;? ;robe output multiplexer. z 0
119 [
120 0
121 [
122 0
15 123 [
124 R Empty register. Not used. Contains zero. 0 [
125 R Empty register. Not used. Contains zero. 0 0
126 R Empty register. Not used. Contains zero. 0 [
127 R Empty register. Not used. Contains zero. [ 0
128 R Empty register. Not used. Contains zero. 0 [
129 | e R Empty register. Not used. Contains zero. 0 0
130 R Empty register. Not used. Contains zero. 0 [
16 131 R Empty register. Not used. Contains zero. 0 0
132 | 0 e R Empty register. Not used. Contains zero. [ 0
133 R Empty register. Not used. Contains zero. 0 0
134 R Empty register. Not used. Contains zero. [ [
135 R Empty register. Not used. Contains zero. 0 0
136 R Empty register. Not used. Contains zero. [ 0
137 R Empty register. Not used. Contains zero. 0 0
138 R Empty register. Not used. Contains zero. [ 0
17 139 R Empty register. Not used. Contains zero. 0 0
140 R Empty register. Not used. Contains zero. [ 0
141 R Empty register. Not used. Contains zero. 0 0
142 R Empty register. Not used. Contains zero. 0 0
143 R Empty register. Not used. Contains zero. 0 [
144 R Empty register. Not used. Contains zero. 0 0
145 R Empty register. Not used. Contains zero. 0 0
146 R Empty register. Not used. Contains zero. [ 0
18 147 R Empty register. Not used. Contains zero. 0 0
148 R Empty register. Not used. Contains zero. [ 0
149 R Empty register. Not used. Contains zero. 0 0
150 | e R Empty register. Not used. Contains zero. 0 0
151 R Empty register. Not used. Contains zero. [ 0
152 R Empty register. Not used. Contains zero. 0 0
153 | e R Empty register. Not used. Contains zero. 0 0
154 R Empty register. Not used. Contains zero. 0 0
19 155 R Empty register. Not used. Contains zero. [ [
156 R Empty register. Not used. Contains zero. [ 0
157 R Empty register. Not used. Contains zero. [ [
158 R Empty register. Not used. Contains zero. 0 0
159 R Empty register. Not used. Contains zero. [ [

Figure C.2: BLMASIC register map, addresses from 10 (0x0A) to 19 (0x13).
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20

160

161

162

163

164

165

166

bimLockConfidence[6:0]

Confidence that the selected IpGBT is locked;
max is good, mid range is locking/unlocking, zero is no lock

167

BLM_bImSel

R/W

Select IpGBT_A: 0; IpGBT_B 1;

21

168

BLM_B_lpgbt_ready

IpGBT_B is ready

169

BLM_A_lpgbt_ready

IpGBT_A is ready

170

171

172

173

BLM_VERSONID([3:0]

Version identifier

FE D¢

174

Empty register. Not used. Contains zero.

175

Empty register. Not used. Contains zero.

o| o| o| »| of x| o] o] o] of of o o o| o o
o

22

176

177

178

179

180

181

182

183

23

184

185

CFCFE_CHO_CFC_COUNTER_NEGEDGE[9:0]

CFC counter; number of negative edges in 800x80MHz cycles
(resetless and stopless counter). Channel 0.

Measurements

186

187

188

189

190

191

24

192

193

194

195

CFCFE_CHO_CFC_COUNTER_POSEDGE[9:0]

CFC counter; number of positive edges in 800x80MHz cycles
(resetless and stopless counter). Channel 0.

Measurements

196

197

198

199

25

200

201

202

203

204

205

CFCFE_CH1_CFC_COUNTER_NEGEDGE[9:0]

CFC counter; number of negative edges in 800x80MHz cycles
(resetless and stopless counter). Channel 1.

Measurements

206

207

26

208

209

210

211

212

213

214

215

CFCFE_CH1_CFC_COUNTER_POSEDGE[9:0]

CFC counter; number of positive edges in 800x80MHz cycles
(resetless and stopless counter). Channel 1.

Measurements

27

216

217

218

219

220

221

222

223

28

224

225

CFCFE_CHO_WILKINSON_10bCOUNTER[9:0]

Wilkinson counter; number of 80MHz counts between
PHI3 and STOP (timeout is 700 counts). Channel 0.

Measurements

226

227

228

229

230

231

29

232

233

234

235

CFCFE_CH1_WILKINSON_10bCOUNTER([9:0]

Wilkinson counter; number of 80MHz counts between
PHI3 and STOP (timeout is 700 counts). Channel 1.

Measurements

236

CFCFE_CHO_SIGN

sign from the first conversion

237

sign from the first conversion

Measurements

238

CFCFE_CH1_SIGN

Empty register. Not used. Contains zero.

239

=| =| =| =

Empty register. Not used. Contains zero.

Figure C.3: BLMASIC register map, addresses from 20 (0x14) to 29 (0x1D).
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testClockOutSel[6:0]

Selected Digital Probe Output

testClockOutSel[6:0]

Selected Digital Probe Output

0 1'b0 64 blmB_rctxBusy
1 1'b1 65 blmB_FEcontrol_sendMeas & bImB_rctxBusy
2 bImSmClock 66 blmB_txsmState[0]
3 bimSel 67 blmB_txsmState[1]
4 BLM_B_lIpgbt_ready 68 bImB_txsmState[2]
5 BLM_A_lpgbt_ready 69 blmB_txsmState[3]
6 BLM_resetB 70 blmA_data8b10bEncoded_fortx[0]
7 CFCFE_CHO_COUNTER 71 blmA_data8b10bEncoded_fortx[1]
8 CFCFE_CHO_SIGN 72 blmA_data8b10bEncoded_fortx[2]
9 CFCFE_CHO_STOP 73 blmA_data8b10bEncoded_fortx[3]
10 CFCFE_CHO_PHI3e 74 bImA_data8b10bEncoded_fortx[4]
11 CFCFE_CHO_PHI2e 75 blmA_data8b10bEncoded_fortx[5]
12 CFCFE_CHO_PHIle 76 blmA_data8b10bEncoded_fortx[6]
13 CFCFE_CHO_INITe_digital 77 blmA_data8b10bEncoded_fortx[7]
14 CFCFE_CHO_INITe_analog 78 blmA_data8b10bEncoded_fortx[8]
15 CFCFE_CH1_COUNTER 79 blmA_data8b10bEncoded_fortx[9]
16 CFCFE_CH1_SIGN 80 blmA_encoder_disparity
17 CFCFE_CH1_STOP 81 blmB_data8b10bEncoded_fortx[0]
18 CFCFE_CH1_PHI3e 82 blmB_data8b10bEncoded_fortx[1]
19 CFCFE_CH1_PHI2e 83 bimB_data8b10bEncoded_fortx[2]
20 CFCFE_CH1_PHIle 84 blmB_data8b10bEncoded_fortx[3]
21 CFCFE_CH1_INITe_digital 85 bimB_data8b10bEncoded_fortx[4]
22 CFCFE_CH1_INITe_analog 86 blmB_data8b10bEncoded_fortx[5]
23 SDFE_CHO_clk_to_test 87 blmB_data8b10bEncoded_fortx[6]
24 SDFE_CHO_bit_to_test 88 bimB_data8b10bEncoded_fortx[7]
25 SDFE_CH1_clk_to_test 89 blmB_data8b10bEncoded_fortx[8]
26 SDFE_CH1_bit_to_test 90 blmB_data8b10bEncoded_fortx[9]
27 &blmLockConfidence 91 blmB_encoder_disparity
28 blmLockConfidence[0] 92 i2cActive
29 bImLockConfidence[6] & bimLockConfidence[5] 93 blmA_bypass8b10b
30 94 bImB_bypass8b10b
31 CFCFE_CHO_SMSTATE[2:0] 95 bim_reset
:; 96 blm_FEreset

97 1'b0
;‘5‘ CFCFE_CH1_SMSTATE[2:0] 98 TH0
I e —— 99 1'b0
37 elinkclk_80MHzZ 100 1'b0
38 BImA_elinkclk_80MHz 01 40
39 bImB_elnkclk_80MHz 102 1'b0
40 blmA_elinkdataout_80Mbps 103 1'b0
41 blmB_elinkdataout_80Mbps 108 1'b0
a k810D 205 gibo
43 bimA_cIk8b10b 106 1'b0
a BImB_cIk8b10b 107 L0
45 FEcontrol_sendMeas 108 1'b0
46 blmA_FEcontrol_sendMeas 209 1'b0
47 bImB_FEcontrol_sendMeas 110 1'b0
48 blmA_sendMeas_inst_upsy gt 1'b0
49 blmB_sendMeas_inst_upsy g2 1'b0
50 FEcontrol_measCounter[0] g3 1'b0
51 FEcontrol_measCounter[1] L 1'b0
52 FEcontrol_measCounter[2] & 1'b0
53 FEcontrol_measCounter[3] f1c 1'b0
54 FEcontrol_measCounter[4] 117 1'b0
55 FEcontrol_measCounter([5] fi8 1'b0
56 FEcontrol_measCounter[6] g1 1'b0
57 FEcontrol_measCounter[7] g20 1'b0
58 blmA_rctxBusy 121 1'b0
59 blmA_FEcontrol_sendMeas & bImA_rctxBusy 122 1'b0
60 blmA_txsmState[0] 28 1'b0
61 blmA_txsmState[1] g28 1'b0
62 blmA_txsmState[2] 125 1'b0
63 blmA_txsmState([3] g2o 1'b0

127 1'b0

Figure C.4: Table of correspondences amongst the testClockOutSel register values (left column)
and the selected digital output probe.
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CFCFE_CHO_TESTBITe[11:0] Enabled Analogue Probe Output CHO Probe Pin
0 CFC Integrator Output NEGATIVE Brest
1 CFC Integrator Output POSITIVE Atest
2 DC test 240mV (CFC Quantiser Bias) Avest
3 DC test 240mV (WADC Quantiser Bias) Atest
4 Wilkinson ADC (WADC) Output POSITIVE P
5 Wilkinson ADC (WADC) Output NEGATIVE Brest
6 DC Test 200mV (20uA General Bias) ATest
7 DC Test 200mV (60uA Bias) ATesT
8 Resistor 10k to GND Rppolywo Atest
9 Resistor 20k to GND Rppolywo Atest
10 Resistor 10k to GND Hres Atest
11 Resistor 20k to GND Hres AtesT

Figure C.5: Table of correspondences amongst the CFCFE_CHO-TESTBITe register values
(left column) and the selected analogue probe for channel 0. The output pins are reported.

CFCFE_CH1_TESTBITe[11:0] Enabled Analogue Probe Output CH1 Probe Pin
0 CFC Integrator Output NEGATIVE Atest
1 CFC Integrator Output POSITIVE Brest
2 DC test 240mV (CFC Quantiser Bias) Brest
3 DC test 240mV (WADC Quantiser Bias) Brest
4 Wilkinson ADC (WADC) Output POSITIVE Brest
5 Wilkinson ADC (WADC) Output NEGATIVE Avest
6 DC Test 200mV (20uA General Bias) Brest
7 DC Test 200mV (60uA Bias) Brest
8 Resistor 10k to GND Rppolywo Brest
9 Resistor 20k to GND Rppolywo Brest
10 Resistor 10k to GND Hres Brest
11 Resistor 20k to GND Hres Brest

Figure C.6: Table of correspondences amongst the CFCFE_CH1_TESTBITe register values
(left column) and the selected analogue probe for channel 1. The output pins are reported.
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Appendix D

BLMASIC Pinout

The following pages report the BLMASIC pinout list, with the numbering in the first

column corresponding to the actual pins in the package.
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Pin | Name Type Description

1 | VSSPST Power ESD Ground

2 | VCMA Power / Analog Reference Common Mode Ch.A (0.6V)

3 | VSSA Power Analog Ground

4 |VCMA Power / Analog Reference Common Mode Ch.A (0.6V)

5 INPUTA Analog Input Input Channel A

6 |VCMA Power / Analog Reference Common Mode Ch.A (0.6V)

i HE I B (i (Ccilll;l;f:gf ;?Icgugzt’tjﬁrf)zogrhcgﬁixt. 1GQ Resistor)

8 | VDDA Power Analog Supply (1.2V)

9 |vCMB Power / Analog Reference Common Mode Ch.B (0.6V)

10 | VDDA Power Analog Supply (1.2V)

) R It I (?:Z//Z?‘ir:gt? Z)?ﬁguggt?ﬁrto?gr/? g/.vBext. 1GQ Resistor)
12 | INPUTB Analog Input Input Channel B

13 | VCMB Power / Analog Reference Common Mode Ch.B (0.6V)

14 | VSSA Power Analog Ground

15 | VCMB Power / Analog Reference Common Mode Ch.B (0.6V)

16 | VSSPST Power ESD Ground

17 | VCMB Power / Analog Reference Common Mode Ch.B (0.6V)

18 | VDDPSTA | Power ESD Analog Supply (1.2V)

19 | VDDA Power Analog Supply (1.2V)

20 | VSSA Power Analog Ground

21 | VREFB Analog Input Reference Quantiser Thresholds B Reference (1.2V)

22 | VCMWB Power / Analog Reference Common Mode of Wilkinson ADC Ch.B (0.6V)
23 | V25B Power Analog Supply (2.5V)

24 | BTEST Analog Output Analog Probe Output B

25 | vCMWB Power / Analog Reference Common Mode of Wilkinson ADC Ch.B (0.6V)
26 | vDDPST | Power ESD Digital Supply (1.2V)

27 | VSSPST Power ESD Ground

28 | ADDR1 Digital Input, CMOS 12C Device Address Bit1

29 | VDD Power Digital Supply (1.2V)

30 | BSDA Digital I/0, CMOS 12C B Data Signal

31 | BSCL Digital Input, CMOS 12C B Clock Signal

32 |VSS Power Digital Ground

Figure D.1: BLMASIC Pinout (1 to 32).
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

BRDY
VSsS
vDD
BECLKP
BECLKN
BTXP
BTXN
VSssS
vDD
ATXN
ATXP
AECLKN
AECLKP
VSsS
vDD
ARDY
RSTB
ASCL
ASDA
DTSTOUT
ADDRO
VSSPST
VDDPST
VCMWA
ATEST
V25A
VCMWA
VREFA
VSSA
VDDA
VDDPSTA
VCMA

Digital Input, CMOS

Power

Power

Digital Input, CLPS 400mV CM
Digital Input, CLPS 400mV CM
Digital Output, CLPS 400mV CM
Digital Output, CLPS 400mV CM
Power

Power

Digital Output, CLPS 400mV CM
Digital Output, CLPS 400mV CM
Digital Input, CLPS 400mV CM
Digital Input, CLPS 400mV CM
Power

Power

Digital Input, CMOS

Digital Input, CMOS

Digital Input, CMOS

Digital 1/0, CMOS

Digital Output, CMOS

Digital Input, CMOS

Power

Power

Power / Analog Reference
Analog Output

Power

Power / Analog Reference
Analog Input Reference

Power

Power

Power

Power / Analog Reference

Ready Signal from IpGBT B

Digital Ground

Digital Supply (1.2V)

80 Mhz Clock B from IpGBT Positive
80 Mhz Clock B from IpGBT Negative
Data Bit-Stream B 80Mbps Positive
Data Bit-Stream B 80Mbps Negative
Digital Ground

Digital Supply (1.2V)

Data Bit-Stream A 80Mbps Negative
Data Bit-Stream A 80Mbps Positive
80 Mhz Clock A from IpGBT Negative
80 Mhz Clock A from IpGBT Positive
Digital Ground

Digital Supply (1.2V)

Ready Signal from IpGBT A

General Reset

12C A Clock Signal

12C A Data Signal

Digital Output Probe

12C Device Address Bito

ESD Ground

ESD Digital Supply (1.2V)

Common Mode of Wilkinson ADC Ch.A (0.6V)
Analog Probe Output A

Analog Supply (2.5V)

Common Mode of Wilkinson ADC Ch.A (0.6V)
Quantiser Thresholds A Reference (1.2V)
Analog Ground

Analog Supply (1.2V)

ESD Analog Supply (1.2V)

Common Mode Ch.A (0.6V)

Figure D.2: BLMASIC Pinout (33 to 64).
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Appendix E

Front-End Schematics

The front-end board schematics are reported in the following pages, according to the

description presented in Chapter 6.
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Appendix F

Front-End Layout
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Figure F.1: Top layer. The 4 BLMASIC footprints are visible on the right, together with the
routing of the input channels. On the left, the IpGBT devices and the related SFP cages can
be distinguished. Analogue (blue), digital (grey) and chassis (red) ground polygons are visible.

©00000000000000000000000000000000
00000000000000000000000000000000

Figure F.2: Layer 2. Clock and data striplines amongst the BLMASICs and the IpGBT A
device. Analogue (blue) and digital (grey) ground planes are visible.
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Figure F.3: Layer 3. The digital ground plane (grey) can be distinguished from the P2V5A
analogue power plane.

Figure F.4: Layer 4. Clock and data striplines amongst the BLMASICs and the IpGBT B
device. The fast 5.12 Gbps striplines are visible on the left. The digital ground plane is in grey.

Figure F.5: Layer 5. The P2V5D digital power plane (violet) can be distinguished from the
digital ground one (grey), which constitutes one of the stripline references.
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Figure F.6: Layer 6. The P1V2D digital power plane (yellow) and its analogue counterpart
P1V2A (red) are visible.

Figure F.7: Layer 7. The digital ground surrounds the slow control and diagnostic routing.

Figure F.8: Layer 8. The P5V polygon (orange) supplies the linPOL12V vias, from which
the analogue common-mode references POV6A-01 and POV6A-23 (magenta) are derived and
propagated towards the BLMASICs. The remaining area is filled by the chassis ground plane,
used for heat dissipation.
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Figure F.9: Layer 9. Full analogue ground plane throughout the board and part of the power
supply rails on the rear panel connector.

Figure F.10: Bottom layer. Analogue (dark blue), digital (grey) and chassis (light blue) ground
polygons are visible. The right side includes the routing of the powering rails and the star
centres. The back-panel connector pins, employed for the sensitive current inputs, can be
distinguished due to the increased clearance with respect to the surrounding ground copper.
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