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Toward a Full-Flexible and Fast-Prototyping
TOF-PET Block Detector
Based on TDC-on-FPGA

Esteban Venialgo , Nicola Lusardi, Fabio Garzetti, Angelo Geraci, Stefan E. Brunner, Dennis R. Schaart ,

and Edoardo Charbon

Abstract—Typically, a time-of-flight (TOF) positron emission
tomography (PET) block detector is built using application-
specific integrated circuits (ASICs), since they integrate a high
number of channels at a reasonable power consumption and into
a small area. However, ASICs’ flexibility is limited and prototyp-
ing times are long because a semiconductor fabrication process
is required in every design iteration. Alternatively, fast terminal
(FT) silicon photomultipliers (SiPMs) require a simplified analog
front-end in order to achieve TOF accuracy. In addition, field-
programmable gate arrays (FPGAs) can allocate time-to-digital
converters as well as complex digital readout logics. In this paper,
we propose building TOF-PET block detectors based on FPGAs,
FT-SiPMs, and minimal amount of off-the-shelf components. In
this way, TOF-PET accuracy is achieved with a full-flexible and
fast prototyping solution. We evaluated the coincidence resolv-
ing time, performance degradations due to channel multiplexing,
energy resolution, and scintillator pixel encoding performance
of SiPM arrays utilizing the proposed approach. Experimental
results show minimal timing degradations, when multiplexing
FTs. Moreover, simulation results show a low reduction in the
singles count rate of multiplexed channels at typical brain-PET
radioactive doses.

Index Terms—Coincidence resolving time (CRT),
field-programmable gate array (FPGA), positron emission
tomography (PET), silicon photomultiplier (SiPM), time-of-flight
(TOF), time-to-digital converter (TDC).

I. INTRODUCTION

S INCE the introduction of the positron emission tomogra-
phy (PET) block detector in the 1980s, it was possible to
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build PET scanners in a modular approach [1]. One advantage
of breaking out the detection area into many independent block
detectors was the drastic increase in the count rate capability
of the PET scanner [2], [3].

With the advent of time-of-flight (TOF) PET and PET/MRI
imaging modalities, new technologies were introduced, e.g.,
silicon photomultipliers (SiPMs), in order to fulfill the new
requirements, such as high timing resolution and magnetic
field insensitivity. In addition to SiPMs, application-specific
integrated circuit (ASIC) development appeared as a solution
that integrates even more independent channels per PET block
detector up to a single channel per scintillator pixel [4], [5].
This solution avoids utilizing scintillator pixel encoding cir-
cuits, which are usually difficult to calibrate on the edge of
the block detector, and additionally allows to further increase
the singles count rate. However, the main disadvantages of the
ASIC approach are the lack of flexibility and long development
and testing cycles.

More recently, digital SiPMs appeared as an alternative
photodetector utilized in combination with scintillators for
gamma photon detection in PET [6]–[8]. These types of sen-
sor represent a further step into system integration and ASIC
development, since they integrate single-photon avalanche
diode (SPAD) cells along with a comprehensive readout circuit
into the same die. In addition, the analog readout is entirely
removed by exploiting the intrinsic digital nature of SPADs
when detecting light. Once the sensor is developed, it allows
a direct system integration; however, its main drawbacks are
the even longer development and testing cycles due to their
high complexity.

In order to obtain accurate timing information from an ana-
log SiPM, which features a relatively large output capacitance,
specialized shaping circuits are required in order to keep a fast
signal rise time. However, since the introduction of the fast
terminal (FT) by SensL, a fast signal can be obtained with-
out any specialized circuits [9]. Because the FT is integrated
into the SiPM, the analog readout circuit can be simplified by
removing the timing shaping circuits entirely and reducing it
to few off-the-shelf components.

In PET instrumentation, time-to-digital converters (TDCs)
replaced free-running fast sampling analog-to-digital convert-
ers (ADCs) for timestamping gamma-photon events [10].
Field-programmable gate arrays (FPGAs) can allocate TDCs
as well as digital readout and interfacing logic in order to
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(a)

(b)

Fig. 1. GATE/Geant4 single count rate simulation. (a) Simulation setup
description. (b) Obtained simulated energy spectrum (the energy resolution
was set to 20% at 511 keV).

build a PET block detector. As an added benefit, FPGAs can
be reprogrammed at any point in time of the development cycle
in order to add or fix PET detector functionalities [11], [12].

In this paper, we performed a series of experiments in order
to demonstrate that fully flexible and fast-prototyping TOF-
PET block detectors can be built directly from off-the-shelf
components without ASIC development. The prototype cir-
cuits are based on TDC-on-FPGA, off-the-shelf components,
and FT J-series SiPMs from SensL [13]–[15].

II. SINGLE COUNT RATE AND CHANNEL

MULTIPLEXING

When designing a PET scanner, the noise equivalent count
rate (NECR) and the sensitivity are among the most important
parameters under consideration [2], [3]. The NECR is reduced
mainly by three factors: 1) detector dead time; 2) unrejected
scatter events; and 3) random coincidences.

The amount of unrejected random coincidences depends on
the single count rate and the coincidence-window width. If the
system-level coincidence resolving time (CRT) is smaller than

the field-of-view (FOV) diameter in terms of time distance,
which is 833 ps for a 250 mm diameter, the coincidence-
window width is limited by the FOV diameter. Additionally,
the coincidence-window width is extended beyond the FOV
in terms of time by a factor that depends on the scanner
CRT, in order not to suppress valid events due to the timing
measurement uncertainty.

The unrejected scattered events depend on energy reso-
lution. Finally, the NECR sensitivity can be reduced sig-
nificantly, depending on the injected radioactivity, which
moreover depends on the specific PET application.

Incrementing the number of channels by subdividing
the detector area into blocks drastically improves the
NECR [2], [3]. However, implementing several channels
within the same PET block detector might not increase the
NECR significantly, because it also depends on the injected
radioactive dose and scanner geometry.

We performed a GATE/Geant4 simulation in order to study
the impact of the channel multiplexing on the single count
rate of a PET block detector [16]. We considered a brain-PET
block detector case, which is described in Fig. 1(a), because
this application requires high NECR and sensitivity [17], [18].

For the simulation, a cylindrical phantom, which is
250 mm in diameter and 150 mm in length, was filled with
18F and water. The phantom radioactivity was varied from
0.1 to 1000 MBq. A PET block detector composed of 8 × 8
LYSO pixels of 3 mm pitch and 20 mm depth was simulated.
In order to simulate a scanner inner bore diameter of 350
mm, the inner face of the PET block detector was placed 50
mm away from the external side of the cylindrical phantom.
The obtained energy spectrum is depicted in Fig. 1(b). In all
the simulations, an energy resolution of 20% at 511 keV was
assumed based previous works [17].

For calculating the single count rate, all of the detected
events were considered singles, as an example of extreme con-
ditions for the instrumentation, without filtering events by an
energy window.

In PET instrumentation, after detecting a gamma event an
energy discrimination is applied in order to immediately dis-
card Compton scattered gamma photons. For instance, if we
select a low threshold of the energy-window around 300 keV,
gamma events that generate multiple hits from Compton scat-
tering within the scintillators and the energy of any individual
hits lower than 300 keV are rejected. As a consequence, about
14% of the events with intercrystal scatter were rejected [see
Fig. 1(b)]. Therefore, in order to accept events with multiple
hits, the PET detector module must be capable of detect-
ing individual hits and combine them as a single gamma
event.

As mentioned, the detector was composed of 64 LYSO pix-
els and we analyzed the single count rate for several scintillator
pixel multiplexing cases [see Fig. 2(a)–(d)]. In the following
analysis, 64 channels refer to one independent measurement
channel per LYSO pixel. Conversely, one channel means that
the 64 LYSO pixels share a single measurement channel. We
considered that the detector is composed of TDCs for gamma-
photon timestamping and energy estimation [10]. Additionally,
we assumed that the dominant dead time of the system is
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(a) (b)

(c) (d)

Fig. 2. Single count rate comparison for several channel multiplexing configurations and channel dead times. (a) Absolute single count rate with a channel
dead time of 10 μs. (b) Absolute single count rate with a channel dead time of 1 μs. (c) Normalized singles count rate relative to the 64 channel case, with
a channel dead time of 10 μs. (d) Normalized singles count rate relative to the 64 channel case, with a channel dead time of 1 μs.

the time-of-conversion of the TDCs, which can be modeled
as nonparalyzable. Furthermore, we chose 1 μs dead time
as a reasonable time-of-conversion that can be achieved by
a TDC on FPGA and 10 μs as a worse-case comparison
point [10].

Fig. 2(a) and (b) shows the absolute count rate of single
events when sweeping the phantom activity for the 10 and 1 μs
channel dead time cases, respectively. In addition, we calcu-
lated the relative singles count rate normalized with respect
to the optimum case, which is 64 channels. Fig. 2(c) and (d)
depicts the relative singles count rate for the 10 and 1 μs
channel dead time cases, respectively.

In previously reported injected doses utilized in brain-PET
imaging, which were around 400 MBq, we observed a relative
count rate loss of about 55% and 12% for the 10 and 1 μs
channel dead time cases, respectively, in the case of eight chan-
nels [see Fig. 2(c) and (d)] [17]. Therefore, we concluded
that a reasonable number of channels per PET block detec-
tor is 8, if the channel dead time is 1 μs, since the decrease
in efficiency of the single count rate is low with respect to
having 64 independent channels. An additional argument to
favor eight channels is that a row-wise readout circuitry can
be implemented when choosing an 8 × 8 SiPM array, in order
to achieve eight independent measurement channels, as it is
shown is the following sections.

III. TIMING RESOLUTION AND CHANNEL

MULTIPLEXING

Previously, we demonstrated that state-of-the-art CRT can
be achieved by PET detectors composed of TDC-on-FPGA
and SiPMs equipped with FTs [10]. The case of having one
timing channel per LYSO pixel requires many TDCs integrated
on the FPGA. Additionally, an extensive analog front-end,
which consumes a significant amount of power, is needed. To
achieve a fully flexible ASIC-less design channel multiplexing
is necessary, in order to reduce power consumption and FPGA
implementation complexity. We studied the timing impact of
sharing the same measurement channel among several SiPM
FTs. In all of the experiments presented in this paper, which
were performed at room temperature, the bias voltage of the
SiPMs was 30 V. The utilized J-series SiPMs are character-
ized by a minimum and maximum breakdown voltage of 24.2
and 24.7 V at 21 ◦C, respectively [19].

A. Reference Detector Characterization

First, we calibrated our reference detector that was com-
posed of a SensL single SiPM evaluation board of a J-series
3 mm SiPM. We performed a coincidence measurement with
two identical detectors in order to estimate the single detector
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Fig. 3. Block diagram of the reference detector measurement setup.

resolution (SDR) (see Fig. 3). 3 × 3 × 5 mm3 LSO:Ce
scintillators from Agile were glued on top of the SiPMs.

In comparison to our previous work [10], we utilized a
newer version of the TDC on FPGA board that comprises an
Artix7 system-on-module (SOM), digital-to-analog converters
(DACs) for automatic threshold scanning, low-jitter compara-
tors (ADCMP607), and a high-speed USB 3.0 interface. This
board, known as Panther, can allocate up to 16 TDC channels
[see Fig. 4(a) and (b)] [13]. The TDCs are implemented based
on a tapped-delayed line architecture achieving an LSB of 4.7
ps and a single-shot resolution of 12 ps σ [14]. A full scale-
range of 2.4 μs is obtained utilizing the nutt technique (see
Table I) [15]. The total FPGA occupation per channel is 1200
SLICEs, 54 kbit BRAM, and 1 DSP48E1. The 16 TDCs have
a common stop signal connected to an internally generated
clock, and the start signals are externally interfaced through a
low-jitter comparator [see Fig. 4(a)].

We estimated the energy of the gamma event using the time-
over-threshold (ToT) technique. For this reason, we connected
two TDC channels per SiPM standard terminal (ST) in order
to timestamp the falling and rising edges of the energy signal
(see Fig. 3). The gamma-photon timemark estimation was per-
formed by a single TDC connected to the FT after amplifying
its signal with a metal-shielded case wideband amplifier of
30 dB gain and 2.5 GHz bandwidth (Minicircuits ZKL2R5).

As observed in Fig. 5(c), we obtained a CRT of 122 ± 8.9 ps
FWHM and the uncalibrated ToT spectra of both detectors are
shown in Fig. 5(a) and (b). In the latter measurements, we
utilized one of these detectors as a reference with an SDR of
86.3 ps FWHM. The SDR is derived from the measured CRT
of 122 ps by considering the two detectors with identical SDR.

B. Fast Terminal Multiplexing

Second, we built SiPM array test circuits in order to eval-
uate the impact of sharing FTs on the same TDC channel.
The circuit was divided into three test structures: 1) single
SiPM; 2) row of SiPMs with Schottky diodes; and 3) SiPM
row without Schottky diodes (see Fig. 6).

(a)

(b)

Fig. 4. Panther board. (a) Simplified system block diagram. (b) Panther
board photograph.

TABLE I
PANTHER BOARD PERFORMANCE SUMMARY TABLE

In the first test structure, the single SiPM’s FT was con-
nected to a surface-mount wideband amplifier (BGA2818) (see
Fig. 7). And, its ST was connected to a transimpedance ampli-
fier (TIA) based on the OPA656 (see Fig. 8). The single SiPM
is the number 13 on the 4 × 4 SiPM array (see Fig. 6). The
hysteresis value ADCMP607 that connected the BGA2818 was
kept as low as possible by removing its programming resistor,
in order to achieve an accurate leading edge threshold.

In the second test structure, the FTs were connected in par-
allel through Schottky diodes in order to partially decouple
their output capacitance (see Fig. 9) [20], [21]. In addition, an
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(a)

(b)

(c)

Fig. 5. Reference detector timing calibration. (a) ToT spectrum of the first
detector. (b) ToT spectrum of the second detector. (c) CRT threshold scan.

Fig. 6. Location of the SiPM array test circuits.

external bias voltage can be applied to the Schottky diodes that
guarantees a faster signal transmission from the FTs to a sec-
ond BGA2818 wideband amplifier [20], [21]. The STs were

Fig. 7. RF amplifier schematic.

Fig. 8. TIA schematic.

Fig. 9. Schottky circuit schematic.

Fig. 10. Scintillator pixel encoding circuit schematic.

connected into a resistor divider chain, which is amplified by
two additional TIAs, for scintillator pixel identification and
energy estimation (see Figs. 8 and 10). The TIAs are called
left and right amplifiers (see Fig. 10). This circuit connected
the SiPMs 1–4 (see Figs. 6 and 10).

The third test structure is similar to the second but the
FTs were connected directly to a third wideband ampli-
fier without any Schottky diodes. Also, two additional TIAs
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Fig. 11. Photograph of the custom SiPM array testing board.

were connected in a second scintillator pixel encoding circuit
(see Figs. 8 and 10). This circuit connected the SiPMs 5–8
(see Figs. 6 and 10).

In the actual hardware, the TDCs, comparators, and DAC
references were located into the Panther board [see Fig. 4(a)].
A custom SiPM array testing board, which allocated the rest
of the circuits, was built with off-the-shelf surface-mount
wideband amplifiers (BGA2818), Schottky diodes (SMS7621),
and TIAs based on the OPA656 (see Fig. 11). We chose
small footprint SMD components in order to verify their
performance and confirm that a compact PET readout circuit
can be designed in this way.

First, we verified the performance of the single SiPM circuit
in terms of timing, which is based on the BGA2818 instead of
the bulky Minicircuits ZKL2R5. We attached a 3 × 3 × 5 mm3

scintillator of LYSO Gen3 from Saint-Gobain to the SiPM
13 (see Figs. 6 and 11) and measured the CRT against the
reference detector (see Figs. 11 and 12) [22]. In this measure-
ment, only the single SiPM test circuit and reference detector
signals were connected to the Panther board. The CRT thresh-
old scan is depicted in Fig. 13 and no significant change
was observed between the reference detector characterization
and this measurement. We concluded that no timing degrada-
tion was detected between the timing channel based on the
Minicircuits ZKL2R5 and that based on the BGA2818.

Second, we studied the timing resolution of the SiPM row
that shares a single timing channel through Schottky diodes.
This measurement was also performed against the reference
detector. We connected the circuits of the corresponding SiPM
row and the reference detector to the Panther board [see
Figs. 4(b) and 6]. We attached the scintillator of 3 × 3
× 5 mm3 scintillator of LYSO Gen3 to the SiPM 1 (see
Figs. 6 and 11), aligned the reference detector, and discon-
nected the single SiPM test circuit (see Fig. 11). Consequently,
in this SiPM row one out of four SiPMs has a scintillator;

Fig. 12. Measurement block diagram of the single SiPM setup.

Fig. 13. CRT threshold scan of the single SiPM within the 4 × 4 array.

however, the four SiPMs of the row were biased and had the
FTs connected. If nonuniformities, such as breakdown volt-
age variation, become significant, they can be compensated for
by implementing an individual overvoltage-adjustment circuit
based on ultralow power DACs such as DAC088S085.

The minimum measured CRT was 128 ± 7.8 ps [see
Fig. 14(a)] but at a lower threshold, which increases the sen-
sitivity to threshold variations. The amplitude of the FT signal
is slower in comparison to the single SiPM circuit because it
is loaded with extra capacitance, which is partially decoupled
by the Schottky diodes, added by the row FTs. After sub-
tracting the SDR of the reference detector in quadrature and
assuming two identical detectors, we extrapolated a CRT∗ of
138 ps FWHM. In addition, we performed a Schottky bias
scan at a fixed comparator threshold, which was 10 mV. The
best of CRT performance was achieved when each Schottky
diode was biased at 1.5 V, showing a current of 337 μA per
diode [see Fig. 14(b)].

Last, we reglued the 3 × 3 × 5 mm3 scintillator of LYSO
Gen3 from the SiPM row with Schottky diodes to the SiPM
row without Schottky diodes (SiPM 5). And, we reconnected
the Panther board to that SiPM row. The result of the CRT
threshold scan of this case is shown in Fig. 15. The measured
CRT was 135 ± 10.3 ps and the extrapolated CRT∗ assuming
identical detectors was 147 ps FWHM.
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(a)

(b)

Fig. 14. CRT threshold scan of the SiPM within the Schottky row. (a) CRT
threshold scan. (b) Schottky diode bias scan at a fixed comparator threshold.

Fig. 15. CRT threshold scan of the SiPM row without the Schottky diodes.

C. Timing Signal Waveforms

For comparing the output signals of the timing circuits, a
source of 137Cs was placed close to the detectors in order
to obtain a maximum deposited energy of 662 keV, which is
close to 511 keV. We reglued the 3 × 3 × 5 mm3 scintillator
of LYSO Gen3 onto the SiPMs 1, 5, and 13. An oscilloscope
with 2.5 GS/s and 500 MHz bandwidth was connected to the
BGA2818 outputs. Since several amplitudes were measured

Fig. 16. FT captured waveforms of single SiPMs amplified with BGA2818
and Minicircuits ZKL2R5.

Fig. 17. FTs captures of the SiPM 13, the Schottky row SiPM 1, and the
non-Schottky row SiPM 5 amplified with BGA2818.

Fig. 18. FTs captures of the Schottky row SiPM 1 amplified with BGA2818
at several Schottky bias voltages.

from the detector, the oscilloscope’s trigger was set to the
maximum measured amplitude.

Fig. 16 shows the captured waveforms of the array’s sin-
gle SiPM amplified by the BGA2818 circuit and the reference
detector amplified by the Minicircuits ZKL2R5. Although the
gain of both amplifiers is the same, a lower amplitude is
observed from the BGA2818 because of its lower saturated
output power. Additionally, the saturated pulse is differenti-
ated by the RC circuit created by the 50 � load and C4 (see
Fig. 7). However, accurate timing relies on the amplification
of the beginning of the timing pulse, which is produced by
the early photoelectrons, before reaching the saturated output
power of the wideband amplifier [23].
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Fig. 19. Energy calibration scheme.

(a)

(b)

Fig. 20. Energy calibration procedure. (a) ToT energy spectra of 22Na and
137Cs sources. (b) Calibrated energy spectra of 22Na and 137Cs sources.

Fig. 17 compares the captured waveforms of the three test-
ing circuits of the SiPM array (SiPM row with Schottky
diodes, SiPM row without Schottky diodes, and single SiPM).
In addition, Fig. 18 compares the captured waveforms of the
BGA2818 output that is connected to the Schottky row at sev-
eral Schottky bias voltages. The difference of peak amplitudes
was not observed between the SiPM rows with and without
Schottky diodes. The tail length variations observed in Fig. 18
are related to the different speeds in which C5 (in Fig. 9) is
discharged that depends on the Schottky biasing.

D. LYSO Pixel Encoding

Since the TIAs’ output pulse polarity is negative, a dc
voltage was added for connecting the TIAs to the Panther

Fig. 21. Time difference histogram between ToTleft and ToTright, when the
LYSO scintillator was glued on the SiPMs 2 and 3.

Fig. 22. Full PET block detector description diagram.

board (see Fig. 10), which required a positive input volt-
age. In order to test the scintillator pixel encoding circuit,
the 3 × 3 × 5 mm3 LYSO Gen3 scintillator was glued on
the SiPMs 1–4 (see Fig. 6). Then, we captured the corre-
sponding output waveforms of the left and right TIAs for
each case, with an oscilloscope of 2 GS/s and 200 MHz
bandwidth.

Fig. 23 shows the captured waveforms and the ToT calcu-
lations that correspond to the left and right TIAs’ signals. In
these experiments, we also utilized the 137Cs source and trig-
gered the oscilloscope with the maximum amplitude of the
FT. In a full PET module implementation, the dc voltage can
be replaced by connecting STIN to the SiPM cathode, and
biasing the anode to negative voltage. The dc voltage causes
extra power consumption and Rdc produces a slight impedance
mismatch.

Additionally, we glued the 3 × 3 × 5 mm3 LYSO Gen3
scintillator on the SiPM 2, place the 22Na source close to the
scintillator, and measured the time difference between ToTleft
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(a) (b)

(c) (d)

Fig. 23. Oscilloscope captures of the scintillator pixel encoding circuit. Left and right TIA outputs. (a) Scintillator glued on the SiPM 1 of the Schottky’s
row. (b) Scintillator glued on the SiPM 2 of the Schottky’s row. (c) Scintillator glued on the SiPM 3 of the Schottky’s row. (d) Scintillator glued on the SiPM
4 of the Schottky’s row.

and ToTright with the Panther board. The measured events were
filtered by an energy window that captured the entire 511 keV
photopeak. We also performed the same experiment on the
SiPM 3 in order to verify the LYSO pixel identification. Fig. 21
shows the histograms that corresponds to the two previously
explained experiments. Also, the falling edges of the right and
left TIA pulses can be used for SiPM 3 and SiPM 2’s LYSO
pixel identification, since in this architecture the individual fall
and rising timestamps are available [see tfl and tfr in Fig. 23(b)
and (c)].

IV. ENERGY RESOLUTION

In our previous work, we calculated the energy resolution
of a PET detector composed of TDC-on-FPGA and J-series
SiPMs [10]. We repeated a similar procedure but on the
SiPM 1 (see Figs. 3 and 6). During the measurement the
threshold level of the ADCMP607 was 800 mV, which did
not allow to observe 241Am pulses (see Fig. 23). Therefore,
the third calibration point was the 1274 keV photopeak of the
22Na source.

We calibrated the ToT values into gamma energy following
two equations:

Ap = Vthτd exp

(
ttot
τd

)
(1)

Eγ = −Apmax log

(
1 − Ap

Apmax

)
. (2)

Equation (1) expresses the nonlinearity between area of the
pulse and the measured ToT, assuming a single exponential
SiPM output pulse. Equation (2) represents the SiPM cell sat-
uration effect. In (1), Ap is the area of ST pulse, Vth is the
threshold voltage of the comparator, τd is the single exponen-
tial decay constant, and ttot is the measured ToT. In (2), Eγ

is the absorbed gamma energy, and Apmax is the maximum
pulse area (see Fig. 19). There are three unknown values,
which are Vth, τd, and Apmax; therefore, we estimated them
by measuring the spectra of three different photopeaks [see
Fig. 20(a) and (b)]. Later, we used the calibrated constant to
convert the ttot values to its corresponding Eγ by following (1)
and (2). The calibrated spectra are shown in Fig. 20(b) were an
energy resolution of 14% is achieved. The ToT energy spectra
of Fig. 20(a) have more dynamic range than Fig. 5(a) and (b)
because the measurement was performed at a lower threshold.

V. OUTLOOK

We propose to use TDC-on-FPGA in combination with a
simple analog front-end based on off-the-shelf components in
order to build a PET block detector (see Fig. 22). The tar-
get application of this PET block detector is brain molecular
imaging.

The detector is composed of an array of 8 × 8 SiPMs of
3 mm pitch and equipped with FTs. The board that allo-
cates the SiPMs on the top layer is customized in order
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TABLE II
DETAILED POWER CONSUMPTION AND AREA OCCUPATION DESCRIPTION

TABLE III
ASICS FOR TOF-PET COMPARISON TABLE

to host the small footprint Schottky diodes (SMS7621), in
addition to small board-to-board connectors. The analog front-
end allocates the fast comparators (ADCMP607), the wide-
band amplifiers (BGA2818), and the TIAs circuits based on
the LT6230-10. The last board contains a small footprint
FPGA (Artix7-100T-CSG324) and all the required circuitry
to operate it.

The block detector has independent row circuitries, in order
to realize eight independent measurement channels. Each
SiPM row also has an independent scintillator pixel encoding
circuit that also improves the scintillator identification in order
to avoid edge packing effects. The experimental results were
measured with four SiPM FTs connected in parallel. However,
in the proposed PET block detector, there are eight FTs per
column. If the amplitude of the FTs is further reduced, this
effect could be mitigated by choosing a wideband amplifier
with a larger gain. The total number of required high-accuracy
TDCs is 8 (for timing estimation) and the total number low
resolution TDCs is 16 for ToT calculations.

The timing experiments were performed utilizing small
scintillation crystals in order to verify that state-of-the-art CRT
can be achieved with off-shelf-components [23]. However, in
the complete PET detector module thicker scintillation crystals
are required for detecting the 511 keV gamma photons with
high efficiency. Subsequently, timing deterioration is expected
with ticker scintillators due to degrading factors, such as light
transport variations [9].

A power consumption estimation is shown in Table II. In
addition, Table II describes the required area of the compo-
nents’ footprints relative to the detector size. Although we uti-
lized the OPA656 as an TIA, we propose to use the LT6230-10
as a lower power consumption alternative. The Artix SOM

expends 2.5 W when is idle and around 4 W when the 16
TDC channels are operating at full capacity (see Table II). In
addition, we included the comparator TLV320 for the scintilla-
tor pixel encoding and energy estimation ToT circuits because
it has a lower power consumption than the ADCMP607 (see
Table II). We kept the ADCMP607 for the timing channels
because of its low jitter and programmable hysteresis feature.

The power consumption of a typical PET ASIC is about 25
mW per channel, which leads to a total power consumption
of 1.6 W on the 64 channels [5]. In our design, we observe a
power consumption, which is around 1 W for the analog front-
end in addition to 2.5–4 W for the FPGA and all its required
circuitry (see Table II). However, we also include an FPGA
per block detector for data post-processing and communica-
tion [24]. Power consumption becomes critical in PET scanner
implementations with reduced space for a cooling system, such
as PET/MRI inserts [25]. Table III compares the proposed
detector with respect to state-of-the-art ASICs for TOF-PET.

VI. CONCLUSION

We demonstrated that fully flexible and fast prototyping
TOF-PET block detectors can be build from off-the-shelf
components, TDC-on-FPGA, and FT-SiPMs. We achieved a
sub-120 ps CRT at a single SiPM level. A minimum degrada-
tion was observed when multiplexing the FTs with Schottky
diodes. We obtained an energy resolution of 14%, which is
compatible for the targeted PET applications. In addition,
we verified the LYSO pixel identification of an SiPM row
composed of four elements.

The Schottky diode decoupling circuit avoids the sig-
nal amplitude reduction when connecting FTs in parallel.
However, we did not observe a significant CRT degradation in
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the multiplexing circuit without Schottky diodes, which is 135
± 10.3 ps FWHM with respect to the 128 ± 7.8 ps FWHM
achieved without Schottky diodes.

We also concluded that the proposed block detector does
not lose a significantly large amount of gamma events when
the SiPM array shares the same measurement channel row-
wise. This requires a measurement channel with a dead
time of 1 μs, which it is already achieved by the Panther
board.

REFERENCES

[1] M. E. Casey and R. Nutt, “A multicrystal two dimensional BGO detec-
tor system for positron emission tomography,” IEEE Trans. Nucl. Sci.,
vol. NS-33, no. 1, pp. 460–463, Feb. 1986.

[2] D. L. Bailey, D. W. Townsend, P. E. Valk, and M. N. Maisey,
Positron Emission Tomography: Basic Sciences. London,
U.K.: Springer, 2006, pp. 34 and 59. [Online]. Available:
https://books.google.nl/books?id=qxEoHsMgIgoC

[3] M. E. Phelps, PET: Physics, Instrumentation, and Scanners.
New York, NY, USA: Springer, 2006, pp. 22–27. [Online]. Available:
https://books.google.nl/books?id=R6P-tsA1gikC&dq=PET:+Physics,+
Instrumentation,+and+Scanners&hl=nl&source=gbs_navlinks_s

[4] B. Weissler et al., “MR compatibility aspects of a silicon
photomultiplier-based PET/RF insert with integrated digitisation,” Phys.
Med. Biol., vol. 59, no. 17, pp. 5119–5139, 2014. [Online]. Available:
http://stacks.iop.org/0031-9155/59/i=17/a=5119

[5] T. Harion et al., “STiC—A mixed mode silicon photomultiplier read-
out ASIC for time-of-flight applications,” J. Instrum., vol. 9, no. 2,
2014, Art. no. C02003. [Online]. Available: http://stacks.iop.org/1748-
0221/9/i=02/a=C02003

[6] S. Mandai and E. Charbon, “Multi-channel digital SiPMs: Concept, anal-
ysis and implementation,” in Proc. IEEE Nucl. Sci. Symp. Med. Imag.
Conf.(NSS/MIC), 2012, pp. 1840–1844.

[7] T. Frach et al., “The digital silicon photomultiplier—Principle of opera-
tion and intrinsic detector performance,” in Proc. IEEE Nucl. Sci. Symp.
Conf. Rec. (NSS/MIC), Oct./Nov. 2009, pp. 1959–1965.

[8] C. Degenhardt et al., “The digital silicon photomultiplier—A novel sen-
sor for the detection of scintillation light,” in Proc. IEEE Nucl. Sci.
Symp. Conf. Rec. (NSS/MIC), 2009, pp. 2383–2386.

[9] S. Dolinsky, G. Fu, and A. Ivan, “Timing resolution performance
comparison for fast and standard outputs of SensL SiPM,” in Proc.
IEEE Nucl. Sci. Symp. Med. Imag. Conf. (NSS/MIC), Oct./Nov. 2013,
pp. 1–6.

[10] E. Venialgo et al., “An order-statistics-inspired, fully-digital read-
out approach for analog SiPM arrays,” in Proc. IEEE Nucl. Sci.
Symp. Med. Imag. Conf. Room Temp. Semicond. Detector Workshop
(NSS/MIC/RTSD), Oct./Nov. 2016, pp. 1–5.

[11] N. Lusardi, A. Palmucci, and A. Geraci, “Fully-migratable TDC archi-
tecture for FPGA devices,” in Proc. IEEE Nucl. Sci. Symp. Med. Imag.
Conf. Room Temp. Semicond. Detector Workshop (NSS/MIC/RTSD),
Oct./Nov. 2016, pp. 1–3.

[12] N. Lusardi, F. Garzetti, M. Cibin, R. Sury, and A. Geraci, “Hardware
and software co-design of a system-of-chip for real-time bidirectional
transfer and processing of data from a time-to-digital converter,” in Proc.
IEEE Nucl. Sci. Symp. Med. Imag. Conf. (NSS/MIC), Oct 2017.

[13] N. Lusardi, F. Garzetti, and A. Geraci, “Fully programmable system
for multi-channel experiments targeting to time measurement at high
performance,” in Proc. IEEE Nucl. Sci. Symp. Med. Imag. Conf.
(NSS/MIC), Oct. 2017.

[14] N. Lusardi and A. Geraci, “Comparison of interpolation techniques for
TDCs implementation in FPGA,” in Proc. IEEE Nucl. Sci. Symp. Med.
Imag. Conf. (NSS/MIC), Oct./Nov. 2015, pp. 1–2.

[15] N. Lusardi and A. Geraci, “8-Channels high-resolution TDC in
FPGA,” in Proc. IEEE Nucl. Sci. Symp. Med. Imag. Conf. (NSS/MIC),
Oct./Nov. 2015, pp. 1–2.

[16] S. Jan et al., “GATE V6: A major enhancement of the GATE simulation
platform enabling modelling of CT and radiotherapy,” Phys. Med. Biol.,
vol. 56, no. 4, pp. 881–901, 2011.

[17] H.-P. W. Schlemmer et al., “Simultaneous MR/PET imaging of
the human brain: Feasibility study,” Radiology, vol. 248, no. 3,
pp. 1028–1035, 2008.

[18] K. Gong et al., “Designing a compact high performance brain
PET scanner-simulation study,” Phys. Med. Biol., vol. 61, no. 10,
pp. 3681–3697, 2016.

[19] L. SensL Technologies. High PDE and Timing Resolution SiPM Sensors
in a TSV Package. Accessed: Apr. 20, 2018. [Online]. Available:
http://sensl.com/downloads/ds/DS-MicroJseries.pdf

[20] SensL. (2015). Readout Methods for Arrays of SiPM, Application
Note. [Online]. Available: http://sensl.com/downloads/ds/TN-
Readout_Methods_for_Arrays_of_SiPM.pdf

[21] J. Proffitt, “Diode enhanced amplifier circuits and methods
thereof,” U.S. Patent 9 106 191, Aug. 11, 2015. [Online]. Available:
https://www.google.com.pg/patents/US9106191

[22] S. Blahuta, V. Ouspenski, P. Menge, and K. Yang. Next Generation
LYSO:Ce,Ca Single Crystals. Accessed: Apr. 20, 2018. [Online].
Available: https://www.crystals.saint-gobain.com/sites/imdf.crystals.com
/files/documents/next_generation_lyso_single_crystal_69810.pdf

[23] S. Seifert, H. T. van Dam, and D. R. Schaart, “The lower bound on the
timing resolution of scintillation detectors,” Phys. Med. Biol., vol. 57,
no. 7, pp. 1797–1814, 2012.

[24] M. Bijwaard, C. Veerappan, C. Bruschini, and E. Charbon,
“Fundamentals of a scalable network in SPADnet-based PET systems,”
in Proc. IEEE Nucl. Sci. Symp. Med. Imag. Conf. (NSS/MIC),
Oct./Nov. 2015, pp. 1–3.

[25] G. Delso and S. Ziegler, “PET/MRI system design,” Eur. J. Nucl. Med.
Mol. Imag., vol. 36, no. 1, pp. 86–92, 2009.

[26] R. Becker et al., “Studies of the high rate coincidence timing response
of the STiC and TOFPET ASICs for the SAFIR PET scanner,” J.
Instrum., vol. 11, no. 12, 2016, Art. no. P12001. [Online]. Available:
http://stacks.iop.org/1748-0221/11/i=12/a=P12001

[27] A. Comerma et al., “FlexToT—Current mode ASIC for readout of com-
mon cathode SiPM arrays,” in Proc. IEEE Nucl. Sci. Symp. Med. Imag.
Conf. (NSS/MIC), Oct./Nov. 2013, pp. 1–2.

[28] P. Electronics. PETsys Time-of-Flight PET ASIC. Accessed:
Apr. 20, 2018. [Online]. Available: http://www.petsyselectronics.
com/web/public/products/1

Authorized licensed use limited to: TU Delft Library. Downloaded on June 18,2020 at 15:55:22 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


