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Abstract—PACIFIC is a 64 channel mixed-signal ASIC designed for the readout of the Scintillating Fibre (SciFi) Tracker
developed for the LHCb upgrade in 2018/19. The SciFi Tracker
uses as active material 250 µm scintillating fibres, stacked in 6
layer mats and sensed by custom designed 128 channel silicon
photomultiplier (SiPM) arrays. It will be comprised of 12 planes,
each covering an area of 5x6 m2 . PACIFIC is connected directly
to the SiPM arrays without any interface components, using
a current conveyor to acquire the current pulses coming from
these sensors. The following stage is a fast shaper with a fully
configurable double pole-zero cancellation scheme, which reduces
the pulse width and thus the spillover. Subsequently, the signal
is accumulated with a gated integrator, using two interleaved
units to maximize the integration time. Finally, the digitization is
performed with a 2 bit non-linear flash ADC, bundling together
the data from two channels and outputting them through a
serializer at 160 Mbps. Altogether, the target power consumption
is 10 mW per channel. Several prototypes have been produced
using IBM and TSMC CMOS 130 nm process technology,
including a full size prototype.
Index Terms—ASIC, SiPM, Tracker, LHCb.

I. I NTRODUCTION

T

HE LHCb detector, shown in Fig. 1, is a single-arm
forward spectrometer at CERN designed for studying
particles containing b or c quarks and indirectly searching for
New Physics. A full description of the LHCb detector can
be found in Ref. [1]. Up to date, the measurements have not
shown any significant deviations that can not be accounted
for by the statistical experimental uncertainties. In order to
reduce this uncertainties, the LHCb experiment has planned to
increase the total integrated luminosity from the current 3 fb−1
after 2012 to 50 fb−1 over 10 years [2]. This will require a
major upgrade of the detector, scheduled for the next LHC
shutdown in 2018/19.
To achieve this, the current 1MHz hardware trigger will be
replaced by a 40MHz software trigger at the front-end (FE)
electronics level. Additionally, the instantaneous luminosity
will be increased by a factor of 5, reaching 2·1033 cm−2 s−1 .
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Corpusculaire - Université Blaise Pascal (CNRS/IN2P3), BP 10448, F-63000
Clermont-Ferrand, France.
A. Comerma and X. Han are with Physikalisches Institut - RuprechtKarls-Universit¨at Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg,
Germany.
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Fig. 1.

LHCb detector side view [3].

This will rise the occupancy and ionising radiation to unsustainable levels for the current tracking stations downstream
from the magnet. As a replacement, the Scintillating Fibre
(SciFi) Tracker [3] is being developed.
The SciFi Tracker will use as active material plastic scintillating fibres with a diameter of 250 µm, which also transport
the optical signal to the photodetectors. The selected fibres
have a scintillation decay time of 2.8 ns, a propagation speed
of 6 ns/m and an attenuation length of about 3.5 m before
irradiation. Six layers of these fibres are wound into 2.5 m long
mats and mirrored at the inner end to improve the light yield.
The scintillating light is collected by 128-channel doubledye arrays of pixelated silicon photomultipliers (SiPMs) with
a pitch of 250 µm. These sensors provide within a highly
compact design a photon detection efficiency above 45% and
a gain of several millions of electrons per photoelectron at the
expected operation over-voltage of 3.5 V.
The tracker will consist of three stations, placed at the same
positions as the current stations. One station is composed by
four planes, each covering an area of 30 m2 . The two internal
planes are tilted at a stereo angle of ±5◦ with respect to
the two external vertical planes, as displayed in Fig. 2. The
planes are further divided into 12 independent modules with
readout boxes (ROBs) at the top and the bottom. A module
encloses eight fibre mats in a sandwich of 20 cm syntheticfibre honeycomb panels covered with a 200 µm carbon fibre
reinforced polymer skin, providing structural rigidity and light
tightness. In turn, the ROB is a metallic receptacle that hosts
16 SiPM arrays and the corresponding FE electronics, allowing
to cool the sensors at -40◦ C while keeping the circuits at
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Fig. 3.

Fig. 2.

Layout of a SciFi tracking station [8].

ambient temperature. In total, the detector has over half a
million channels, aiming at a position resolution below 100 µm
in the horizontal plane. Even if this technology has proven to
achieve high efficiency and spatial resolution, its integration
within a LHC experiment bears new challenges.
The FE electronics provide a digital representation of the
position of the detected particles at a rate of 40 Mhz. It consists
of a modular system with three elements: the analog board, the
clusterization board and the master board. The analog board
contains four readout ASICs, which acquires, processes and
digitises the analog SiPM signals. The main task of the clusterization board is to implement an algorithm which estimates the
position of the observed particles based on the digital output of
the analog board. It computes the barycenter for each cluster of
signals produced by a particle track, improving the resolution
intrinsic to the geometrical layout of the sensors. Additionally,
this processing serves as a compression and zero suppression
mechanism, greatly reducing the required throughput. The
clustering process also serves to suppress noise from thermally
generated low-amplitude signals in the SiPM. Finally, the
master board collects the data from the clusterization boards
and send it through a fast communication link using the GBT
chipset [4] and Versatile Link [5] devices. Furthermore, this
board is equipped with DC/DC converters [6] to power the
whole FE.
The low Power ASIC for the SCIntillating FIbres Tracker
(PACIFIC) is a 64 channel chip developed to read out the
SiPM signals at the experiment clock rate of 40 MHz. It
is implemented using 130 nm CMOS technology aiming at
a radiation tolerant design. The target power consumption is
10 mW per channel, using a voltage supply of 1.2 V for the
core and 1.5 V for the padring. The ASIC connects directly
to the SiPMs, without any interfacing components, therefore
requiring a current mode input. After analog processing,
including shaping and integration, and digitization, a 2-bit digit
is obtained, containing the charge information of the SiPM.

PACIFIC channel architecture [3].

bandwidth. It is followed by a fast shaping stage that adapts
the pulse to the tracker requirements. Subsequently, the signal
is accumulated in an integration stage to average the photostatistical fluctuations before digitization. The digitization is
done using a 2 bit non-linear flash ADC operating at 40 MHz.
Finally, the results from two channels are serialized and output
through a digital pin at 160 Mbps. Additionally, the chip
includes fully tunable common biasing circuitry and a set of
configuration registers controlled with an I2 C slave.
The input stage is a current mode amplifier composed of a
current conveyor and a closed-loop transimpedance amplifier,
as depicted in Fig. 4. The current conveyor is based on a
novel double feedback approach [7] and optimized for SiPM
arrays with anode connections. The low frequency loop (LFfb )
controls the input voltage of the channel through the virtual
short circuit of a folded cascode operational transconductance
amplifier (OTA), driving a follower in a low frequency range
to close the loop. This allows to fine tune the SiPM bias
voltage over a range of 700 mV with a resolution of 50 mV.
The high frequency loop (HFfb ) employs a common-gate
regulated cascode configuration to fix the input impedance
at 50 Ω over the full bandwidth of 250 MHz. The design
includes a selectable gain control, achieved by connecting
additional branches at the slave of the current conveyor. The
ensuing closed-loop transimpedance amplifier converts the
SiPM current signal into a voltage signal for further processing
in the analog chain, allowing also to control the output voltage
of the current conveyor. For this circuit, a high speed OTA
is used with a GBW larger than 250 MHz, a high sourcing
current capability and a low power consumption (700 µW).
The goal of the shaping stage is to reduce the pulse width
so that 90% of the charge can be integrated in 10 ns. This
requirement is driven by the distribution of the time of arrival
of the scintillating light. Given the length of the fibres the time
of arrival spreads over a range of 15 ns, consuming most of the
40 MHz clock period. Additionally, the recovery time of the

II. A RCHITECTURE
The architecture proposed for the signal processing channel
is presented in Figure 3. The SiPM signal is acquired by
means of an input stage with low input impedance and high

Fig. 4.

Input stage schematic [3].
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Fig. 5.

SiPM response for a 3.5V overvoltage.

SiPM largely extends over the clock period. Figure 5 depicts
the single photoelectron response the last SiPM version. A fast
rising edge is followed by a slower falling edge, modelled as
a double exponential decay with a 20 ns constant for the slow
component.
The fast shaper relies on the pole-zero cancellation technique to eliminate the slow component of the SiPM response.
It is implemented using an OTA based close loop configuration
with a passive cancellation net on each input, as shown in
Fig. 6. The net on the non-inverting input suppresses the
slower time constant of the SiPM response, related to its
internal capacitance and the quenching resistor. On the other
hand, the net on the inverting branch takes on the faster time
constant, related to parasitic interconnect capacitance and the
load applied to the sensor. The passive components of both
nets are fully tunable, allowing to control the undershoot
as well as the pulse width. The charge contained in this
pulse is collected with a gated integrator, using the classical
architecture and based on an OTA with GBW of 200 MHz
and 300 µW of power consumption. Two interleaved units
are sequentially and alternatively activated and reset, allowing
to extend the integration time over the whole 25ns clock
period and thus minimizing dead time during the acquisition.
Between these two stages, an active DC feedback loop is used
to control the quiescent output voltage of the shaper before the
integration. Additionally, the output offset of each integrator
can be adjusted using an open-loop voltage level shifter, in
order to correct any potential mismatch between the two units.
The digitization stage is comprised of three comparators
with a hysteresis of 10 mV and ranging from the DC reference
down to 20 mV. The channel signal is provided by a dual
track and hold operating synchronously with the integration

Fig. 6.

Fast pole-zero cancellation shaper schematic [3].

Fig. 7.

Digitisation stage schematic [9].

stage. Three independently configurable thresholds define the
transitions between the values of the non-linear 2 bit output.
The thresholds are derived from the channel DC reference
using the scheme in Fig. 7, assuring the coherence among all
these voltage levels. This design is driven by the clusterization
process performed in the FPGA downstream from the ASIC.
The algorithm uses these thresholds to define the vicinity
among the channels, as well as to validate the resulting cluster.
This way, the required bandwidth between the ASIC and the
clusterization FPGA in minimized.
The output of the comparators is fed to a serializer, which
converts them into a 2 bit representation. The serializer collects
the output of two channels, streaming them at 160 MSs/s.
Three analog debug outputs grant access to the signal shape
at the output of the input stage, the shaper and the track and
hold. The connections of the different channels are multiplexed, allowing to select the channel of interest or to disable
these outputs. A single calibration input (CAL) provides the
possibility to inject electrical signals to the channels. At each
channel, it connects, in parallel to the sensor input, through a
100 Ω, that converts the voltage to current, and a pass gate,
that allows the selection of a single channel. Alternatively,
each channel is also equipped with an internal charge injection
structure. Two capacitors of 660 fF and 1 pF can be discharged
onto the channel through a 9 kΩ resistor, mimicking the pulse
shape of the SiPM. The load and unload of each capacitor can
be independently controlled through two digital inputs, CIN1
and CIN2. On the other side, a pass gate gives access to the
channel, allowing any combination of channels to be injected
and assuring no interference with the external charge injection,
following the scheme presented in Fig. 8. Finally, an external
pattern can be introduce through four digital inputs directly
to the serializers. Using a control flag, the serializers can be
instructed to use this pattern instead of the channel output to
test the communication link.
Additionally, the chip contains a common block that provides the bias currents and reference voltage shared by all
channels. This current and voltage levels are derived from a
385 mV bandgap and a 50 µA current reference. A series of
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Fig. 8.

Debug input scheme [9].

6 bit current DACs allow to derive from the current reference
the bias of the current conveyor, the shaper OTA and the DC
feedback loop circuit. The bandgap voltage is tuned by means
of a 6 bit voltage DAC, using an additional 6 bit voltage DAC
to define the baseline voltage at the DC feedback loop and the
transimpedance amplifier inside the input stage. The reference
for the input node voltage control is generate using a resistor
ladder with 16 possible values. The threshold voltages are
produce with voltage DACs, using a granularity of 7 bit for
the lower threshold and 6 bit for the other two. Three sets of
thresholds are available, selectable at a channel level.
The chip relies on a collection of 8 bit registers to control
the tunable features of the channels, the voltage references and
bias currents generated by the common block and the operation
of the debug features. In order to protect them against radiation
effects, these registers implement Hamming(7,4) encoding
with an additional parity bit, requiring two bits for every registered bit. Such implementation allows to distinguish between
single and multiple bit flips, providing also register output
correction for single flips. Two digital output separately notify
the appearance of each kind of error to other devices connected
to the chip. One digital inputs triggers a memory regeneration
feature that corrects the content of the register assuming it
only has single flips. The registers are read and written by
means of an I2 C slave, which is protected against radiation
effects though triple voting.
III. M EASUREMENTS
Several prototypes of this ASIC have been produced and
tested so far. The first version (PACIFICr0) only contained
the current conveyor, a design that had been migrated from
AMS BiCMOS 350 nm technology. For the following version
(PACIFICr1), the shaper and the integrator were also included,
both as individual blocks and as a full analog processing chain,
with external biasing to allow full testability. The ensuing
version (PACIFICr2) was the first multichannel device submitted. It consisted of 8 full channels, analog and digital,along
with the biasing and configuration circuitry, providing usable
electronics for a full test system. All these prototypes were
developed using the IBM 130 nm technology, allowing to
validate the proposed architecture for the application at hand.
In 2015, the first full 64 channel prototype (PACIFICr3)
was submitted using TSMC 130nm technology, resulting in
the chip depicted by Fig. 9. In contrast to previous versions,
this time the chips were encapsulated in 196 BGA packages.
The ASIC was characterized using a test system based on two

Fig. 9.

Microscope photograph of PACIFICr3 [9].

printed circuit boards. The analog board contains the device
along with all the required power supply and analog debugging
circuitry. The digital board, controlled via an USB connection,
relies on an FPGA to read out the ASIC and produce the clock
and control signals needed. This set-up allowed the verification
of all the operational and debug features of the processing
channel, as well as the bias and configuration circuitry.
Three units have been mounted on the setup for testing. The
devices have an average power consumption of 10.4 mW per
channel, in accordance with the simulations. Using the default
configuration, the average DAC-corrected reference voltage is
496 mV and the average baseline voltage is 598 mV, slightly
lower than the expected value but within the variance given by
the Monte Carlo simulation. Once the initial state of the ASIC
is determined, the behavior of the common biasing block is
further investigated. Fig. 10 shows the result of the linearity
sweep performed on the bandgap correction DAC of one of the
test units. It shows a good linearity over the complete range,
with a differential non-linearity of less than 1 LSB, an integral
non-linearity of less than 0.5 LSB and the expected step of size
of 7 mV. Similar test are performed on the baseline voltage
DAC, also 6 bit, and on the other test units, presenting all of
them similar results.

Fig. 10.

Linearity sweep of 6 bit DAC [9].

5

Fig. 11.

Linearity sweep of 7 bit DAC [9].

Fig. 13.

PACIFIC output and the FPGA reconstruction [9].

The DACs controlling the comparator threshold voltage are
also inspected in the same way. Fig. 11 presents the results for
the lower threshold, which is a 7 bit DAC. A loss of linearity
is observed below 250 mV, but this effect is produced by the
saturation of the output amplifier distributing this signal from
the common block to the channels. In the rest of the range,
the response of the 7 bit DAC is as satisfactory as the one
observed for the 6 bit DAC. The other two threshold DACs,
which use the 6 bit design, show the same loss of linearity al
low voltage as well as the adequate behavior on the rest of
the range.
The final element to be tested in the common block is the
resistor ladder providing the voltage references for the input
voltage control. This voltage can only be observed at the input
of the channel, so it has to be tested in combination with the
input stage. Fig. 12 shows the linearity sweep for six channels
of one test unit and the step size at every configuration value.
The response is more than adequate, losing linearity only in
the last three values, but covering the desired range of 700 mV
and with a very stable step size of 50 mV. Additionally, all
channels behave very similarly, proving that the input stage is
virtually transparent to the propagation of this voltage level.
During the design of the chip, simulations showed that the
standard output digital drivers offered by TSMC were at the
limit, in terms of driving power, for the application at hand.

Both in the test setup and in the final application, the ASIC
is readout by an FPGA placed on a different PCB, accounting
for a large capacitive load. Fig. 13 depicts the voltage signal
produced by the chip and the signal the FPGA is able to
generate once the timing of the sampling is adjusted. The
measured serializer is generating a constant 4 bit pattern with
three low level digits followed by on high level digit. It is
apparent that the high level is not reached and the pulse width
is well below the 6.25 ns period. However, the FPGA is able
to reconstruct the signal and readout the ASIC.
The internal charge injection is a feature that has been added
in this third prototype. To have a better understanding of its
behavior, it is evaluated using the analog debug signal at the
output of the input stage, which has the minimal effect on the
measurement in terms of frequency response. The waveforms
produced for the three different charge values are plotted in
Fig. 14. Three distinct signal levels can be injected and they all
present a similar pulse shape. The total duration of the pulse
is close to 100 ns, which can be assimilated with the SiPM
response.
The internal charge injection system has been then used to
evaluate the performance of the integration stage, specifically
how it was affected by the delay between the input and the
clock. For that reason, the injection system is triggered with
an external source oscillating at a rate uncorrelated with the
160MHz clock fed to PACIFIC, making this trigger apparently
random to the ASIC. This trigger signal is also delivered to
the FPGA controlling the operation of the chip, where the data
points are filtered and tagged according the phase difference
between the trigger and the clock using a TDC with a
resolution below 800 ps. This way, when a threshold scan with

Fig. 12.

Fig. 14.

Linearity sweep of the input voltage control [9].

PACIFIC output and the FPGA reconstruction [9].

6

Fig. 15.

Integration window [9].

sufficient statistics is performed, an S-curve can be generated
for each of the 32 steps of the TDC, each one presenting a
single transition at the threshold value corresponding to the
charge the integration stage was able to accumulate. Fig. 15
presents a relative representation of this measurement over
the full TDC range for 16 channels. The resulting integration
window has a width of 4 ns for and integration of 90% of the
total charge, which is insufficient for the detector requirements.
The origin of this limitation has been pinpointed at the low
slew rate of the amplifier used in the integration stage.
A recurring problem during the development of PACIFIC
has been the effects of mismatch of the offset voltage at
different stages of the processing chain. PACIFICr3 has shown
no significant offset mismatch between the two units in the
integration stage, in terms of the resolution of the threshold
DACs. However, the comparator offset mismatch, estimated in
Monte Carlo simulation as a standard deviation of 5.5 mV, has
exceeded the expectations. In order to evaluate this mismatch,
threshold scans are performed for all the comparators in all
the channels of the three test units, all in absence of input
signal. Using the threshold DAC characteristics, the voltage
levels corresponding to the transition are obtained, allowing
to calculate the relative offset of the second and third com-

Fig. 16.

Relative comparator offset distribution [9].

Fig. 17.

Threshold scan with light injection [9].

parator with respect to the first. In total, this amounts to 256
measurements that yield the distribution depicted by Fig. 16,
which shows a 20% increase with respect to simulation. As
a consequence, the total spread exceeds the limits considered
to affect the physics measurements, defined as 1/4 PE at the
default operation conditions.
Finally, the ASIC was connected to the SiPM and a blue
picosecond diode laser was used to generate the input signal.
The laser is triggered synchronously with ASIC clock, assuring
a correct integration. Fig. 17 demonstrates that the design is
able to resolve individual photoelectrons This plot displays in
red the typical step function obtained from a threshold scan,
along with its derivative in green and the photopeaks fitted in
grey at each step transition.
IV. O UTLOOK
PACIFIC is a SiPM readout ASIC with a current mode input
for direct anode connection. It provides fast shaping time, with
low spillover due to the pole-zero cancellation shaper that
suppresses the long time constant related to SiPM recovery
time. Moreover, it assures an operation with no dead-time
thanks to the dual gated integrator.
PACIFICr3 is the first full size prototype, adding to the
integration effort the fact that it was migrated from IBM to
TSMC 130 nm technology. It has proven capable of single
photoelectron discrimination in operation with state of the art
sensors, validating the presented architecture for the proposed
application. Still several limitations have been detected and
must be corrected.
The next prototype is already in production, presenting
several improvements. The amplifier used in the integration
stage has been optimized for a higher slew rate, taking care not
to increase the offset mismatch introduced to the processing
chain. The device size of the transistors in the comparator
has been increased by a factor three, compensating the excess
mismatch observed. Additionally, the possibility to select the
threshold values at a channel level has also been introduced.
A custom digital output pad with an increased driving power
has been developed to adapt the chip to the high capacitive
load present in our application. Finally, the trimming circuitry
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has been relocated within the architecture, reducing its effect
on the signal path. The test of this prototype, with a detailed
performance analysis, remains as future work.
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