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Abstract—The LHCb detector will undergo a major upgrade
during the Long Shutdown 2 (LS2), with the full replacement of
the main tracking system. The new tracker will use scintillating
fibres to cover the complete area of the detector. An array of
silicon photomultipliers (SiPMs) will be used to readout these
fibres. Each array will provide 128 channels, to be readout by
the electronics. The low Power ASIC for the sCIntillating FIbres
traCker (PACIFIC) is the readout ASIC designed specifically to
cope with the readout of the Scintillating Fibre Tracker (SciFi).
The ASIC is located far from the interaction point, but the
radiation levels are not negligible and some techniques have been
applied on the design process to mitigate their effects. PACIFICr3
was the first full size prototype and the version used during these
tests.

Index Terms—LHCb, ASIC, SEU, PACIFIC

I. INTRODUCTION

The LHCb detector will be upgraded during the LS2 of the
LHC in order to cope with higher instantaneous luminosity
and to read out the data at 40MHz using a trigger-less
read-out system. The current LHCb Tracking stations will
be replaced by a single homogeneous detector based on
scintillating fibres, covering the complete 5m×6m area of
the detector[1]. The detector will be built from 2.5m long
plastic fibres with a diameter of 250µm. The scintillation
light is recorded with arrays of multi-channel SiPMs. Each
SIPM sensor provides 128 channels, grouped in two silicon
dies and packaged together. The electrical SiPM signals are
then collected and processed by PACIFIC. According to the
FLUKA simulations presented in [8], based on the expected
upgrade conditions (

√
s = 14TeV, 100mb proton-proton

cross-section and 50fb-1 integrated luminosity over 10 years),
the ASIC will suffer a neutron fluence below 13×1011neq/cm2

and a maximum integrated ionising dose of 80Gy. Other
effects than transient Single Event Upsets are not expected
for this accumulated radiation dose.

A. PACIFIC

Each of the 64 channels in this ASIC comprises the analog
processing, digitization and digital output at a rate of 40MHz
(see figure 1). The analog processing includes preamplifier,
shaper and integrator. The integrator is formed by an inter-
leaved double gated integrator and a track and hold to avoid
dead time (one integrator is in reset while the other collects

the signal). The output of the integrator is digitized using three
comparators (non-linear flash ADC). The three bits output is
then encoded into two bits and serialized to be transmitted to
a readout FPGA, used for clustering and data-compression.
Some auxiliary blocks are also needed to produce a fully
functional device, including voltage references, current ref-
erences, control DACs, power on reset (POR) circuitry and
serializers. Additionally, the chip includes a digital block for
slow control, composed of a register bank and an I2C slave
for communication. PACIFIC has been designed using deep
sub-micron technologies and the actual implementation uses
TSMC130nm process. PACIFICr3[2] was the first full size
prototype providing real measurements of signals from 64
channels and including the analog processing, digital control
and serialization. Although further improved versions have
been produced [3], this version has been used for multiple tests,
including the radiation characterization.

Fig. 1. PACIFIC analog processing chain

The output data from PACIFIC is processed by an FPGA
and then transmitted using the GigaBit Transceiver (GBT)
data link[4] provided by CERN. The GBT also provides a
Slow Control Adapter chip[4] (GBT-SCA) for monitoring and
slow control communication.

1) Slow Control: The standard protocol chosen for the
communication between the GBT-SCA and the ASIC is
I2C. The configuration will be stored in a set of registers
that will be accessed through the I2C slave implemented in
the ASIC. This slave is based on a design provided by the
Microelectronics section of the CERN PH-ESE group. It
is fully compliant with the I2C standard, using the 10 bit
addressing mode introduced in Version 1 of the standard and
multi-byte read and write commands based on the automatic
increment of the address by the slave, both compliant with



the GBT-SCA design. Two lines on PACIFICr3 are accessible
to change the device address if needed. The slave will be
operated at 40MHz, deriving this clock directly from the
general 160MHz clock but independently from the clocks of
the two interleaved gated integrators.

2) Registers block: The ASIC requires a total of 1391
control bits, divided in control of the test features, common
features and channel specific features. The registers size is
standardized to one byte (even if not all bits are used). The sig-
nal distribution throughout the registers was done so that each
variable was fully included in a single register, trying to gather
together variables related to the same concept, such as the
first and second pole-zero parameter selectors for the shaper
or the debug control. This architecture generates a memory
space less compact than the multi-byte structure used in the
previous design, but it allows to eliminate the counters for-
merly employed to move along those longer registers. It also
assures that the values of each variable are changed in a single
operation, which prevents confronting the analog circuits in the
signal processing channel with undesired configuration values.
As such, the common feature signals are located at the lower
end of the address range, taking up 39 registers. The debug
functions control follows the common configuration using 5
registers. After these, the channel specific signals are placed,
grouped in eight channel blocks to optimize memory use, each
one requiring 16 registers. Finally, the error counters occupy
the last two registers, as presented in table I. In overall 1464
memory bits are present to the device with it’s corresponding
1464 parity bits.

Name Control function Bits(total) Address
Right Common Register Common bias block 123 (156) 01h-14h
Left Common Register Common bias block 123 (156) 14h-27h
Debug Register Debug functions 41 (48) 28h-2Dh
Channels 0-7 Register Channels block 136 (136) 2Eh-3Eh
Channels 8-15 Register Channels block 136 (136) 3Fh-4Fh
Channels 16-23 Register Channels block 136 (136) 50h-60h
Channels 24-31 Register Channels block 136 (136) 61h-71h
Channels 32-39 Register Channels block 136 (136) 72h-82h
Channels 40-47 Register Channels block 136 (136) 83h-93h
Channels 48-55 Register Channels block 136 (136) 94h-A4h
Channels 56-63 Register Channels block 136 (136) A5h-B5h
Error Register Errors counters 16 (16) B6h-B7h

TABLE I
REGISTERS ADDRESSES SUMMARY

B. Single Event Upsets mitigation techniques

The I2C slave is protected against single event upsets by
means of the triple redundancy feature included in the original
design. This architecture implies the triple implementation of
the slave core, which includes the state machine controlling
the communication process along with the synchronization
logic for the two communication lines, SDA and SCL, and
the derived START and STOP signals. This measure has very
little impact in the size of the whole block, which is dominated
by the registers.

Considering the large impact that the registers have on the
total size of the Slow Control block, triple modular redundancy
was already discarded in previous versions of the ASIC for
single event upset protection, using instead a Hamming(7,4)
encoding with an extra parity bit. In order to store 4 bits of data
(d0,d1,d2,d3), this schemes requires half a byte to additionally
store the 3 Hamming parity bits (p0,p1,p2) and the extra parity
bit p3. Each of the Hamming parity bits is calculated as the
exclusive OR of a different combination of 3 of the 4 data bits,
while the extra parity bit is calculated as the exclusive OR of
all the other elements in the byte, as presented in equation
(1). Hence, the exclusive OR of any of the parity bits with
its related data bits will yield a null result. Profiting on this
trait, the Hamming(7,4) scheme allows the detection of single
bit and multiple bit flips in the data or Hamming parity bits,
as well as the correction of single bit flips. Additionally, the
extra parity bit guarantees the discrimination between single
and multiple errors.

p0 = d0 ⊕ d1 ⊕ d3

p1 = d0 ⊕ d2 ⊕ d3

p2 = d1 ⊕ d2 ⊕ d3

p4 = d0 ⊕ d1 ⊕ d2 ⊕ d3 ⊕ p0 ⊕ p1 ⊕ p2 (1)

The calculation of the parity bits is continuously performed
through a purely combinational circuit based on the register
input. This input is multiplexed, allowing to feed the register
a new value, the current value at the output of the register or
the initial default value hardwired inside the register. Then, the
selected input and the calculated parity bits are periodically
stored in memory every 25ns. An additional process was
included in the register, which evaluates the consistency of
the values stored in memory, calculating also the correct value
when a single bit flip is found. This process is placed between
the memory and the output of the register, offering a corrected
output in case of a single error and the direct memory value in
any other case, even if a multiple error was found. This process
also generates two independent output signals for both cases,
which remain set as long as the inconsistency persists.

The signals from all the registers are logically added and
sent through dedicated output pins to the Front End elec-
tronics. In parallel, the error signals are also arithmetically
added for test purposes, storing the result in two dedicated
registers. These two registers are automatically updated when
the corresponding error signal of any of the registers changes
value. Its content can be normally accessed through the I2C
read command.

Besides these two output signals, the registers have a refresh
input signal that triggers the self-correction of the memory
content by selecting in the input multiplexer the current output
of the register. In case of a single error, this output has been
modified by the process controlling the output, leading to the
storage in memory of the corrected value. On the other hand,
a multiple error should force the Front End electronics to
rewrite the whole configuration. In both cases, the changes in



the memory content, trigger the process controlling the output
recalculating the value of the error signals, which should be
reset. In the same way the error counters are calculated every
time error signals are changed thus being sensible to the reset
effect of the refresh signal.

For validation of the correct operation of these error
management and test features before going to a radiation
facility, an additional signal has been included. This signal,
which must be externally provided to the ASIC, takes control
over the memory writing process, setting the lowest bit of
each Hamming byte. This bit corresponds to parity bit p0,
producing a controlled number of errors, given a known
configuration, without modifying the output of the register or
the operation of the analog circuitry.

II. MEASUREMENT OF SINGLE EVENT UPSETS

For measurement of the Single Event Upsets rate, a specific
board has been designed including the packaged version of
PACIFICr3. This board includes an ASIC with power supply
and connectors interface to a readout board. The readout board
is sitting a few cm far from the Device Under Test (DUT)
and includes an FPGA and a USB link. Using the previously
described output error signals, the FPGA constantly monitors
the state of the ASIC. During the test, the current consumption
of the different power supplies is also monitored, and the
forward voltage of a reference BPW34F diode is measured
every minute. The reference diode should provide a dose
measurement[6]. The diode is soldered to a ”piggyback” board,
aligned with the ASIC die and downstream it (see figure 2).

Fig. 2. Setup used for SEU measurement

A. Test Setup

The DUT boards are powered and monitored with a Hameg
4040 power supply and a Keithley 2611B SMU. Both systems
are controlled by a Raspberry Pi single board computer, that
also communicates with the main FPGA via USB link. An
ethernet connection from the control room allows to check in

real time the status of the different softwares involved in the
test.

The test area at HIT provides a table with elevation control
in the beam region and a Laser 3D cross to select the best point
in terms of focusing of the beam. The full setup installed on
test area is depicted in figure 3.

Fig. 3. Setup in test area

For irradiation, a fixed photon energy of 221MeV has
been used, as recommended for detection of soft Single
Effects measurement [7]. Two Flux conditions are defined
for the tests, Flux1 = 2 × 108protons.s−1 and Flux2 =
2 × 109protons.s−1. At this energy, the Full Width Half
Maximum of the beam is around 8.1mm, covering all the
sensitive area. The spill structure consists on 5 seconds of
particles followed by 3 seconds of recharge. The Flux per cm2

can thus be averaged Flux1 = 1.25× 108protons.s−1.cm−2

and Flux2 = 1.25 × 109protons.s−1.cm−2 for each of the
cases presented previously.

B. Test Results

Under the conditions defined previously, several runs are
taken depending on the accelerator performance (some inter-
lock stops happened) and the stability of the DAQ software.
In tables II and III a summary of Single Event Upsets events
is provided.

RUN Time(s) SEUs SEUs/s
RUN5 2073 12
RUN6 960 2
RUN7 124 1
RUN8 840 3
RUN9 480 2
RUN10 60 1
TOTAL 4573 21 4.6×10−3

TABLE II
Flux1 TEST RESULTS



RUN Time(s) SEUs RUN Time(s) SEUs SEUs/s
RUN11 332 23 RUN23 72 7
RUN12 218 25 RUN24 25 3
RUN13 40 3 RUN25 51 2
RUN14 65 14 RUN26 97 10
RUN15 55 1 RUN27 27 2
RUN16 129 14 RUN28 23 2
RUN17 183 15 RUN30 27 1
RUN18 113 8 RUN31 33 1
RUN19 67 2 RUN32 72 2
RUN20 37 1 RUN33 25 1
RUN21 39 3
RUN22 53 4 TOTAL 1783 144 81×10−3

TABLE III
Flux2 TEST RESULTS

No multiple errors have been detected during the test, nor
any relevant change in power supply currents. After irradiation,
a fast analog performance check has been done, showing the
same results as before irradiation.

Note that the mismatch between the two conditions mea-
surements (factor ≈ 20 and not factor 10) is in agreemen with
the dose measurement (see figure 4), since the slope between
the two operating conditions is a factor 21 and not 10.

From the total average SEUs/s previously shown and the
number of bits in the device, the cross section (XS) of the
device can be calculated as presented in equation (2).

XSSEU =
RATESEUs.s−1

Fluenceprotons.s−1.cm−2×bits (2)

XSFlux1

SEU = 4.6×10−3

1.25e8×2928 = 1.26× 10−14cm2

XSFlux2

SEU = 81×10−3

1.25e9×2928 = 2.21× 10−14cm2

Using the same cross section to calculate the possibility of
having multiple errors in a single register (4 bit data and 4 bit
parity) results in a really small number so probably not seen
during any test (see (3)).

XSSEUM
= XS2

SEU × bits = 3.42× 10−27cm2 (3)

1) Expected SEUs on the detector: Starting with the total
dose accumulated on the detector (in 5× 107s or 50fb−1)[1]
and with the stopping power of silicon the fluence expected
on the detector can be calculated as in (4).

SiSP × Φ = 80Gy = 80J.kg−1 (4)

Φ = 80 J
kg ×

6.242×1012MeV
J × kg

1000g × Si
−1
SP

Φ = 5×1011MeV.g−1

1.6MeV.cm2.g−1

Φ
s = 3.12×1011cm2

5×107s = 6240cm−2.s−1

Taking in consideration that a total of 255 modules with 4
boards and 4 PACIFICs on each board are going to be needed
in the detector it can also be extrapolated the Mean Time to
Upset (MTU) per PACIFIC and on the full detector (5).

MTU = 1
RATESEUs.s−1×Φ×bits (5)

MTU = 1
2.21×10−14cm2×6240cm−2.s−1×2928 = 687h

MTUSciF i = 1
4×10−8×8192PACIFIC

s = 5min

C. Dose monitoring
In figure 4, the measurement of the reference diode can be

observed, seeing clearly the two different rates used during the
test and showing an estimated total dose[6] of around 20Gray
corresponding to a 250mV shift in forward voltage on the
diode.

Fig. 4. Measurement of Forward voltage of Reference diode

III. CONCLUSION

Test results show several Single Event Upset effects on
digital configuration register as expected. Since all the detected
errors are single bit flips they can be corrected internally not
affecting operation of the device. The calculated cross section
is in the order of expected and should not be a problem.

Further tests will be carried out with the final version of
PACIFIC, including a larger register bank and increasing the
total dose to at least 100Gray.
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