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A BSTRACT: The LHCb detector will be upgraded during the next LHC shutdown in 2018/19 [1].
The tracker system will have a major overhaul. Its components will be replaced with new technologies in order to cope with the increased hit occupancy and radiation environment. Here we
describe a detector made of scintillating fibers read out by silicon photomultipliers (SiPM), with a
view to its application for this upgrade. This technology has been shown to achieve high efficiency
and spatial resolution, but its integration within a LHCb experiment presents new challenges.
This article gives an overview of the R&D status of the low-Power ASIC for the sCIntillating
FIbres traCker (PACIFIC) chip implemented in a 130 nm CMOS technology. The PACIFIC chip is
a 64-channel ASIC which can be connected to a SiPM without the need of any external component.
It includes analog signal processing and digitization. The first stage is a current conveyor followed
by a tunable fast shaper (≈ 10 ns) and a gated integrator. The digitization is performed using
a 3 threshold non-linear flash ADC operating at 40 MHz. The PACIFIC chip has the ability to
cope with different SiPM suppliers with a power consumption below 8 mW per channel and it is
radiation-tolerant. Lastly, simulation and test results show the proper read out of the SiPMs with
the PACIFIC chip.
K EYWORDS : VLSI circuits; Front-end electronics for detector readout; Particle tracking detectors;
Analogue electronic circuits
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Introduction: the SciFi detector

The LHCb detector will be upgraded during the next LHC shutdown in 2018/19. The components
of the tracker system will be replaced with new technologies in order to cope with the increased
hit occupancy and radiation environment. A 1 MHz hardware trigger will be replaced by a 40 MHz
software trigger, and front-end electronics will work at 40 MHz. This will reduce the statistical
uncertainties which are currently the major limitation of almost every physics measurement in
the LHCb. Moreover, the LHCb will have to run at an increased instantaneous luminosity of
5 × 1032 cm2 s−1 . Here we describe a detector made of scintillating fibers read out by silicon photomultipliers (SiPM), called the SciFi tracker, and assess its suitability for use in the downstream
tracker upgrade.
The downstream tracker position within the LHCb detector is shown in figure 1(a). It will
consist of three stations (T1-T3) of 4 planes, each with 5 to 6 layers of scintillating fibers with
0.25 mm diameter, 2.5 m length and 2.8 ns decay time. Figure 1(b) shows the details of one station
with the half-planes moved apart. Its area is 5 × 6 m2 and the expected hit resolution is less than
100 µm in bending plane. Each plane is split in 12 independent modules of ≈ 530 mm. The readout
box (ROB) containing 16 SiPM per module and the front end electronics is located in the top and
bottom parts of the detector. In total, 560 k channels are read out at 40 MHz. The array of pixelated
SiPM provides fast signals, high photon detection efficiency (+40%) and compact channel size. A
mirror is placed at the end of the fibers (in the middle of the detector) in order to improve the light
yield, which is particularly important after radiation degradation.
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(b) Details of the first station.

Figure 1. The LHCb detector.

2

SciFi electronics

We discuss the design of the low-Power ASIC for the sCIntillating FIbres traCker (PACIFIC) chip
implemented in a 130 nm CMOS technology. The SciFi tracker uses a front end board (which
includes the PACIFIC chip, among other electronics) connected to a SiPM without the need of any
external component.
2.1

SiPMs

SiPMs are well suited for this application, as they exhibit a fast signal response combined with a
fast recovery. SiPMs must present several features: (1) photon detection efficiency (PDE) higher
neqv
than 40%; (2) crosstalk below 5%; (3) neutron radiation tolerance up to 6 ∗ 1011 cm
2 (with neutron
%
shield); (4) gain temperature coefficient below 2 ◦ C ; and (5) small dead region (channel gap below 250 µm). At the moment, only two producers can provide SiPMs with these characteristics:
Hamamatsu1 and Ketek.2 The signals from the SiPMs from Ketek and Hamamatsu are shown
in figure 2.
SiPMs exhibit very different signal shapes depending on their design and technology. The
Hamamatsu SiPM recovers in ≈ 50 ns while the Ketek SiPM signal has a very fast and sharp
response but takes ≈ 250 ns to recover. Moreover, their amplitudes are quite different (1.4 mV
vs. 0.5 mV). Therefore, the front end chip must be versatile and able to suppress the long tails
before the digital processing.
2.2

The front end board

The readout board is connected to the SiPMs on one side and to the experiment data-acquisition,
experimental control system and services on the other. More specifically, the front end (FE) box
consists of 3 boards: (1) the analog board containing the PACIFIC chip (one or two) and connectors
to SiPMs and FPGA; (2) the clusterization board including FPGA(s), GBT(s) and connectors to the
PACIFIC chip and the master board; and (3) the master board comprising the concentrator FPGA,
the master GBT, the SCA, the power and the optical links.
1 Hamamatsu
2 KETEK

Photonics K.K., 325-6, Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka Pref., 430-8587, Japan.
GmbH, Hofer Str. 3, 81737 München, Germany.
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(a) Location of the downstream tracker.

(b) Ketek SiPM.

Figure 2. Single cell signal from the SiPMs: measurement iin blue and simulation in red.

The SiPM is connected with a flex cable to the FE connector on one side. Its output signal
is processed using the dedicated front-end PACIFIC chip, and then an FPGA handles the clusterization and the zero suppression. This consists in the computation of the barycenter of the signal
deposit, and then the results are sent to the concentrator FPGA3 which optimizes its bandwidth
depending on the detector occupancy. Finally, the data are sent using the GBTx chip and optical
links to the data acquisition block (DAQ) [2] on the other side of the FE board. A GBTx/GBT-SCA
makes it possible to receive and distribute the slow control and the clocks to the FE chips. Lastly,
the board is powered using the DC/DC converters developed at CERN [3].

3

PACIFIC: 64-channel front end ASIC

The PACIFIC chip is developed in order to provide the same granularity as the SiPM (64 channels).
The first two prototypes (one and eight channels) have been developed in IBM 130 nm and the third
prototype will be implemented in TSMC 130 nm with 64 channels. The target power consumption
for 64 channels is lower than 0.5 W (8 mW/channel).
Each channel is composed by several analog processing stages, as depicted in figure 3. The first
stage is a current conveyor with low input impedance (≈ 35 Ω). It can be configured with 4 gains
to handle various dynamic ranges (saturation between 0.8 mA and 3.2 mA), which corresponds to
40 photo-electrons (or fired cells) for the minimum and maximum SiPM gain respectively. The
input stage can also adjust the SiPM bias voltage within 0–500 mV at 1.2 V power supply. The
second stage is a fast tunable shaper, with a fully configurable double pole-zero cancellation. It
makes it possible to cancel the SiPM exponential decrease in order to obtain a full width at half
maximum (FWHM) lower than 5 ns (95% of the charge < 10 ns), in order to minimize spill over.
The third stage is a dual interleaved 25 ns gated integrator which processes the signal before the last
stage, the digitization with a 3 threshold non-linear flash ADC. The charge or energy information
is used to compute the barycenter of the signal deposit in the clusterization FPGA.
3 Option

under study.
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(a) Hamamatsu SiPM.
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The complete channel of the PACIFIC2 is simulated for 1, 5 and 15 cell signals, as depicted in
figure 4.

Figure 4. PACIFIC analog processing simulation.

3.1

Input stage

The input stage is a low voltage current mode preamplifier with the current flowing from a SiPM
array with anode connection to the circuit. The goal of this block is to achieve these specifications:
• High bandwidth (≈ 250 MHz), so a FHWM lower than 5ns can be achieved after the fast
shaper.
• Low input impedance (30 Ω < Zin < 40 Ω).
• DC voltage controllable at input node (≈ 0.5 V range). Used to equalize each SiPM channel
response (overvoltage control).
The input stage is a current conveyor [4–6] based on a novel approach of double feedback, as
depicted in figure 5(a). The Low Frequency feedback loop (LFFB ) controls the dc voltage (Voffset)
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Figure 3. PACIFIC analog processing.

of the input node through the virtual short circuit of a folded cascode operational transconductance
amplifier (OTA). This OTA drives a follower closing the LFFB loop. The High Frequency feedback
path (HFFB ) employs a common-gate regulated cascode configuration [7] in order to keep the input
impedance constant over the bandwidth of interest (250 MHz). Lastly, the gain of the current
conveyor is tunable by a factor 4 in order to deal with different SiPMs and different operating
conditions. The highest gain is intended for single cell calibration (“single photoelectron”) with a
signal to noise ratio larger than 5 after the gated integrator, which is enough for calibration.

-

Vo
+

Vi
+

Slow PZ

(a) Input stage current conveyor with double feedback.

Vcm

(b) Pole-zero cancellation shaper.

Figure 5. Detailed circuit of the input and shaper stages.

The current conveyor is followed by a closed-loop transimpedance amplifier where the SiPM
current signal is converted into a voltage signal for further processing and the output voltage is controlled in order to keep the linearity error below 2%. For this purpose, a high speed OTA (referred
as OTAfast ) is employed with a GBW larger than 250 MHz, a high sourcing current capability (fast
rising edge) and a low power consumption (700 µW).
3.2

Shaper stage

The signal from the SiPM extends over several LHC clock periods. There are two main factors
contributing to signal shape: light generation and propagation in the fiber and SiPM recovery. The
second factor depends entirely on the SiPM. A shaper is used to perform tail cancellation prior to
gated integration in order to minimize the spill over and the fluctuation of the integrated signal as a
function of the signal arrival time.
The implementation of the shaper consists of a tunable double pole-zero cancellation, as illustrated in figure 5(b). The typical MIP signal has only about 15 photons, and, therefore, large
statistical fluctuations are present. Moreover, the signal shape depends on the detection point across
the fiber (SiPM distance). These two factors make it almost impossible to correct the scintillator
decay time. For this reason we focus on the SiPM tail cancellation. The first time constant suppresses the slowest time constant of the SiPM response, related to the internal SiPM capacitances
and the quenching resistor. The second one cancels the fastest component of the SiPM signal,
which is determined by the parasitic interconnect capacitance (typically known as Cg ) and the input impedance of the preamplifier. It is a closed loop shaper based on the same OTA used for
the transimpedance amplifier of the input stage (OTAfast ). The poles and zeroes are tunable, and
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Fast PZ

Vref

they have been calculated to be able to operate with the different time constants of the Ketek and
Hamamatsu SiPMs considered for the detector. The slow pole-zero time constant can be adjusted
from 0.5 to 15 MHz with 4 bit resolution, and the fast one can be tuned from 3 to 60 MHz with the
same resolution. Lastly, a DC feedback loop is used to control the quiescent output voltage prior
to the gated integrator.
3.3

Integrator and digitization stages

(a) Dual gated integrator.

(b) Miller sample and hold circuit.

Figure 6. Detailed circuit of dual gated integrator and sample and hold stages.

4

Experimental PACIFIC test

The PACIFIC1 chip was manufactured in order to test the analog channel. The signal after the
current conveyor and after the shaper for the 4 different gains is illustrated in figure 7. Shaping
works for both devices (Hamamatsu and Ketek). For large gains, the shaper goes into saturation
and a large undershoot is caused. This is not a problem as it only occurs for high amplitude signal
which will normally be processed by a lower gain.
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The dual interleaved gated integrator, depicted in figure 6(a), is the block located between the
shaper and the A/D converter. Gated integration is employed to obtain optimal light collection
(25 ns integration) and average photo-statistical fluctuations. Two complementary gated integrators
have been interleaved in order to fit with the dispersion of the time of arrival of the signal in the 25 ns
window and thus avoiding any dead time during the acquisition. The integrators consist of a classic
Miller OTA with a GBW of 200 MHz and 300 µW power consumption. A closed loop baseline
restoration is used to control the DC operating point at the input of the integrator. Each gated
integrator is working at a frequency of 20 MHz in order to fit in the 40 MHz general frequency.
The first prototypes used a simple capacitor and switch block to store the analog value at the
end of integration period before the digitization. However, the output of the block depends on
the load, and charge sharing problems cause sampling errors between 5 and 10%. In the newest
versions, this block is replaced by a Miller sample and hold (see figure 6(b)) circuit [8] to mitigate
these problems. The digitization is done using a 3-bit non-linear flash ADC operating at 40 MHz
and synchronized with the dual gated integrator. The ADC is based on a 3-threshold hysteresis
comparator system.

(b) Ketek SiPM.

Figure 7. Input signal (bottom), Current Conveyor output (CC) (middle) and Shaper Output (SH) (top) for
the 4 possible gains and the 2 SiPM devices considered.

Input Impedance (Ω)

Input impedance of PACIFIC1 is shown in figure 8. Measured low frequency impedance is
about 5 Ω lower than the typical simulation case, but still within resistor process variation boundaries. The discrepancy at high frequency is slightly larger due to additional process variation effects
in the high frequency feedback loop gain and due to package parasitics.
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Figure 8. Input impedance of PACIFIC channel.

Figure 9 shows the output of the shaper of the PACIFIC1 ASIC using a 128 SiPM array for
each SiPM employed. In both cases, the charge resolution of the electronics makes it possible
to distinguish the different photo-electrons detected (in red). The signal to noise ratio is ≈ 8 for
the Hamamatsu device and ≈ 9 for the Ketek device. Moreover, the pedestal (absence of signal,
depicted in green), shows that the ASIC measures hardly any false detected photo-electron, since
entries in the first photoelectron region, corresponding to the dark count rate, are well below 1%.
Figure 10 shows the dual gated integrator response for 4 clock cycles and for a typical Hamamatsu pulse (10 cell amplitude signal) as a function of the delay of the input pulse with respect
to the system clock. An arbitrary waveform generator is used to mimic the typical signal of a
Hamamatsu device. A phase of 25 to 30 ns allows correct measurement of signal in the bunch
crossing period (BX1), minimizing spill-over in the next cycle (BX2). Spill-over should be below.
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(a) Hamamatsu SiPM.

(b) Ketek 128 SiPM array 50 × 50 µm cell, at 2 V overvoltage, gain ≈ 5 × 106 .

Figure 9. Area histogram of the output of the shaper illustrating the charge resolution.

The second version of the chip includes a PLL and enhanced sampling (Miller sample and hold).
Unfortunately, a problem in the I2C interface did not allow a complete characterization, and the
precise study of noise and ADC performance requires a new prototype.

Figure 10. Dual gated integrator response.

5

Conclusions and future avenues

The PACIFIC is an ASIC designed for fast scintillating fiber trackers read out by silicon photomultipliers (SiPM). The PACIFIC provides fast shaping time, without dead-time and low spill-over
thanks to the dual gated integrator and pole zero cancellation shaper to suppress long time constant
related to SiPM recovery time. Moreover, the preamplifier and the shaper can be tuned to employ
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(a) Hamamatsu 128 SiPM array 50 × 50 µm cell, at 2 V
over-voltage, gain ≈ 1.2 × 106 .

different SiPMs, pulse shapes and operating points. First PACIFIC prototypes show that the analog
processing of the signal from the SiPM can be efficiently performed. The test of the second version
of the chip with a detailed performance analysis with digitization lies as a future work.
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