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A BSTRACT: The EndoTOFPET-US system is a multi-modal imaging system, combining Time of
Flight PET (200 ps time resolution) and Ultra-Sound into an endoscopic probe. The PET component has an asymmetric configuration. The in-probe detector is based on 0.8 × 0.8 × 10 mm3 LYSO
crystal fibers, read by a Geiger mode SIPM with digital output. The other detector is a 200 × 200
mm external plate, based on 3 × 3 × 15 mm3 LYSO crystals, coupled to discrete 3 × 3 SiPMs read
by a 64 channel ASIC. A compact data acquisition system based on digital reconfigurable electronics is proposed. FGPAs on the front end concentrate event data and transmit it to an external
trigger. The probe electronics also transmit event data to the trigger. The trigger is a single PCIe
card which sits directly in the acquisition computer. A preliminary event selection is performed
directly in the trigger FPGA, while more sophisticated event processing is handled by software.
The system is capable of handling rates up to 40 MHz from the external plate and 200 kHz from
the probe.
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1

EndoTOFPET-US detector

The EndoTOFPET-US system [1] is a multi-modal imaging system, combining Time of Flight
PET (200 ps time resolution) and Ultra-Sound into an endoscopic probe, aimed at the development
of new biomarkers for prostate and pancreas cancer, developed under an European Comission
project [2]. The probe is based on a commercial Ultra-Sound endoscopic probe to which a PET
head is added. The PET component has an asymmetric configuration. The in-probe detector is
based on 9x18 array of 0.8x0.8x10 mm3 LYSO crystal fibers, coupled to a digital SiPM. The other
detector is a 200x200 mm external plate, based on a 64x64 array of 3x3x15 mm3 LYSO crystals,
coupled to analog SiPMs read by a 64-channel ASIC. In both cases, the crystals are individually
coupled to a SiPM cell cluster. A magnetic tracking system is used to relate the position of the
probe and the external plate.
1.1

SiPMs and ASICs

The analog SiPM read out ASIC provides, for each input pulse, a fine time measurement and a
time-over-threshold (ToT) measurement, which relates to pulse energy. A dual threshold scheme
is used: a low threshold for fine time measurement and a higher threshold for dark count rejection
and ToT measurement. The time measurement is performed by an analog TDC based on time
to amplitude converter [3–5], which provides a 128x time amplification factor, yielding a 48 ps
binning for a 160 MHz reference clock. Events are grouped into frames, each frame covering 6.4
µs (1024 clock periods) A 32 bit frame ID allows for continuous acquisitions up to 7h without
wrapping around (figure 1). Events are transmitted over a serial link with bandwidth of 160-640
Mbit/s (configurable). The maximum event rate is 160 kHz per channel (10 MHz per ASIC). 4X
multi-buffering at the TDC and dark count rejection schemes allow it to operate at the maximum
event rate, plus 1 MHz dark counts per channel, with 1% event loss.
The probe’s digital SiPM [6] tracks, for each cell cluster, the number of cells fired and up to
48 individual cell firing times. By combining the information from the multiple cell firing times,
the statistical error in the γ-interaction time estimation can be reduced [7]. Every 6.4 µs, up to 4
clusters which pass a configurable threshold, are read out by a small FPGA within the probe itself.
The maximum event rate for the probe is 625 kHz.

–1–

2013 JINST 8 C02049

1

CRC16 (7:0)

CRC16 (15:8)

TAC ID
0x00 padding
when N Events is even

E Fine Counter

T Coarse
Channel
Counter
ID

E Coarse Counter

T Fine Counter

T Coarse Counter

TAC ID
E Fine Counter

T Coarse
Channel
Counter
ID

T Fine Counter

T Coarse Counter

E Fine Counter

T Coarse
Channel
Counter
ID

E Coarse Counter

T Fine Counter

Frame ID (7:0)

T Coarse Counter

Frame ID (15:8)

Frame ID (23:16)

Frame ID (31:24)

0

N Events

Event

7

E Coarse Counter

Event

TAC ID

Event

Figure 1. ASIC frame format.
ListMode for reconstruction

Analog SiPMs

Event rate at this point: <50 kHz
(depending on selected time and energy window)

Coincidence
selection

Front-End Board
FPGAs

Merge data

Data Acquisition
Software

Energy Filter

Max event rate at this point: 40.2 MHz

Data Acquisition Card
FPGA

Merge data

Reconstruct in-detector
compton scattering

Pre-select
coincidence candiates

Extract
Time & Energy

Max event rate at this point: 350 kHz

Figure 2. Event processing chain.

1.2

Data rates and trigger

Due to the close proximity to the patient’s body, the PET detectors are subject to high event rates.
The system is required to cope with event rates up to 40 MHz in the external plate and 200 kHz
in the endoscopic probe. In order to achieve the required 200 ps FWHM resolution and maximize
sensitivity, before a fine coincidence selection can be applied, some processing operations have to
be performed, which are unsuitable for implementation in a FPGA:
• Convert the ASICs’ ToT value to an energy value
• Extract accurate time and energy from digital SiPM information, using the multiple cell firing
times available for each crystal interaction
• Sort the events for cases of Compton scattering in the detector
A simple two-stage approach (figure 2) was chosen, leveraging on both reconfigurable electronics (FPGA) and software. Logic implemented in FPGAs merges event data and then pre-selects
coincidence candidates using a wide (12.5 ns, 2 clock periods) coincidence window as the only
criterion. This minimal cut ensures that no events of possible interest are lost while ensuring a
considerable reduction in the data that needs to be fully processed.

2

DAQ architecture

In order to have a compact bedside system, the DAQ system (figure 3) is based on a PCIe card that
sits directly in the acquisition workstation. This card receives data from the external plate and the
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probe, then merges and pre-selects the events before forwarding them to the DAQ software. It also
distributes the 160 MHz system clock and the synchronization signals, to the external plate and
probe, as well as those needed to synchronize with the position tracking system and the ultra-sound
system.
The external plate is divided into 8 Front-End Boards (FEB). Each FEB contains eight 64channel ASICs and a Spartan-6 LXT FPGA which concentrates the data from the ASICs and transmits them to the Data Acquisition card using 800 Mbit/s serial links. In a compromise between the
volume of cabling and the bitrate, only 4 FEBs connect to the DAQ card while the others are daisy
chained to each of the first four (figure 3).
The probe contains a digital SiPM and a iCE40 FPGA which reads out data from the digital
SiPM and transmits it to the DAQ over a 160 Mbit/s serial link.
Bidirectional links are used for both the external plate and the probe, as the front-end FPGAs
also perform configuration duties.
2.1

DAQ/FEB communication protocols

The DAQ bound links carry both data (events) and control information (figure 4). The links run
over Xilinx’s Aurora transport protocol and use a layered design which allows them to be flexible
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while keeping the frame handling logic simple: the inbound data and control frames share an overall structure, while all control frames also share a common structure.
Daisy chain addressing is implemented by source/destination manipulation. For FEB bound
frames, a FEB takes a frame for itself if the destination ID is zero, otherwise it decreases the
destination ID by one and forwards it to its slave FEB. For DAQ bound frames, a frame sets the
source ID as zero for it’s own frames and increments the source ID by one for frames received from
its slave FEB.
Control frames support a number of functions: ASIC configuration/monitoring, SiPM bias configuration, temperature monitoring and link monitoring.
As the DAQ software issues control frames to different targets, their replies may come out of order.
To keep track of this, each outbound control frame has a sequence number, which is preserved in
its reply.
FEB/DAQ data frames are built up through merging multiple ASIC data frames and retain the same
32-bit frame ID.

