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ARTICLE INFO ABSTRACT

Purpose: We investigated the highly multiplexed readout of SiPM signals that are useful in developing brain-
dedicated PET detectors with DOI-capable crystal blocks and large-area SiPM arrays.

Methods: The PET detector module used in this study was equipped with a two-layer relative-offset DOI crystal
block and a 2 X 2 array of 16-channel SiPMs. The lower crystal-layer consisted of a 14 x 14 array of
1.78 x 1.78 x 8 mm® LSO crystals and the upper crystal-layer consisted of a 13 X 13 array of
1.78 x 1.78 x 12 mm?® LSO crystals. The energy and position information was obtained via signals from the
8 X 8 resistive charge division multiplexing circuit. The timing performance was evaluated with varying
multiplexing ratios (i.e. 16:1, 32:1, and 64:1) via first-order analog high-pass filtering.

Results: For three different multiplexing schemes, all LSO crystals with two-layer DOI information were clearly
resolved and yielded good energy resolutions of 10.5 *= 1.0% (upper) and 12.1 * 1.7% (lower). The 16:1
multiplexing yielded an optimal timing performance with average CRT values of 325 ps FWHM (upper) and
342 ps FWHM (lower); however, the timing performances were maintained almost constant even for 64:1
multiplexing with average CRT values of 336 ps FWHM (upper) and 347 ps FWHM (lower).

Conclusions: The highly multiplexed SiPM signal readout via the first-order analog high-pass filtering could be an
attractive solution to develop brain-dedicated PET scanners, effectively decreasing the burden of DAQ systems
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with moderate compromise in terms of TOF and DOI performances.

1. Introduction

One of the most actively investigated imaging devices in the recent
nuclear medicine society is the brain-dedicated positron emission to-
mography (PET) scanner with high resolution and high sensitivity
[1-8]. Unlike the whole-body PET scanner, the smaller bore size of the
brain-dedicated PET scanner enhances the geometric efficiency of
photon detection and decreases the positioning error due to non-
collinearity in 511-keV photon annihilations. Furthermore, the use of
smaller crystal elements in the brain-dedicated PET scanner yields a
better spatial resolution than that obtained with the whole-body PET
scanner, because the intrinsic resolution of the PET detector is a major
limiting factor in determining the spatial resolution of the PET system.

Brain-dedicated PET scanners feature a smaller bore size and
smaller crystal elements, thus the severity of the parallax error in-
creases due to photon penetration via the side-surface of crystal

elements and worsens spatial resolution toward the periphery of the
PET scanner. The parallax error can be mitigated by measuring the
depth-of-interaction (DOI) information. Measurement of DOI provides
uniform spatial resolution throughout the PET scanner and also im-
proves the timing resolution of the PET system by compensating the
time-walk as a function of DOI positions [9-11]. One of the most
popular approaches to determining the DOI position is a relative-offset
method in which the multilayer crystal arrays are stacked with half
crystal-pitch offsets from other layers [12-14]. The relative-offset DOI
method enables a discrete three-dimensional (3D) position decoding of
interacted gamma photons from a two-dimensional (2D) flood histo-
gram. The density of crystal elements is almost doubled in the 2D flood
histogram via the relative-offset DOI method, thus multilayer crystal
arrays are typically coupled to the photosensors with high granularity
(e.g. array-type silicon photomultipliers (SiPMs) or multianode posi-
tion-sensitive photomultiplier tubes (PMTs)) to obtain a clearer
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separation of crystal elements from the 2D flood histogram.

It is also important to accurately measure time-of-flight (TOF) in-
formation in brain-dedicated PET scanners. The improvement of signal-
to-noise ratio (SNR) was not significantly considered for brain PET
images obtained from PMT-based whole-body PET scanners with 500-
ps level timing resolution (e.g. Siemens Biograph mCT, GE Discovery
690/710, and Philips Ingenuity TF). However, the recent advances in
PET timing performance based on state-of-the-art SiPM technologies
have allowed the brain to function as an organ that takes great benefits
from the TOF information [15-17]. Deep learning approaches are also
actively investigated in various medical imaging fields [18-21]. With
respect to brain PET imaging, for example, the attenuation and scatter
correction of the brain PET images based on simultaneous activity and
attenuation reconstruction algorithms augmented by TOF information
and deep learning approaches have further improved the quantitative
accuracy of brain-dedicated PET scanners without computed tomo-
graphy (CT) machine [22,23].

With respect to the development of SiPM-based brain-dedicated PET
systems, a large number of readout channels are generally required due
to the high-granularity of SiPM arrays and crystal elements. Therefore,
reducing the number of SiPM signals at early analog front-end stages
corresponds to a practical solution to decrease the readout burdens of
subsequent data acquisition (DAQ) systems [24-27]. One dominant
factor that affects the timing resolution in SiPM-based PET scanners is
the multiplexing ratio of SiPM signals. This is because the timing per-
formance of the PET system worsens as the multiplexing ratio increases
[28].

One practical method to mitigate the timing degradation while
multiplexing SiPM signals involves the use of an analog filtering
method. Previous studies by Bieniosek et al. [29,30] suggested a simple
capacitive coupling technique that only requires a small number of
passive electronic components. This approach effectively decreases the
baseline fluctuation of highly multiplexed SiPM signals via preventing a
pileup of continuous dark currents of SiPM arrays. However, their in-
vestigations were limited to PET detectors with a 16-channel SiPM
array that was one-to-one coupled with 3-mm-pitch crystal elements,
and the multiplexing ratio was also limited to 16:1.

Therefore, in this study, we further investigated and characterized
the highly multiplexed SiPM readout scheme via a high-resolution PET
detector module with a DOI-capable crystal block and large-area SiPM
array. Specifically, we investigated timing characteristics of the PET
detector module with variations in the multiplexing ratio of a 64-
channel SiPM array (i.e. 16:1, 32:1, and 64:1) via first-order high-pass
filtering. We expect that the highly multiplexed SiPM signal readout via
the first-order high-pass filter could be a simple and practical solution
to develop brain-dedicated PET scanners, thereby effectively decreasing
data volumes in subsequent DAQ systems with moderate compromises
in terms of TOF and DOI performances.

2. Materials and methods
2.1. PET detector module

The PET detector module investigated in this study is composed of a
two-layer relative-offset DOI crystal block (Sichuan Tianle Photonics,
China) and four monolithic 16-channel through-silicon-via (TSV) SiPMs
(S13361-3050NE-04; Hamamatsu Photonics K.K., Japan) as shown in
Fig. 1. The upper crystal-layer consisted of a 13 X 13 array of
1.78 x 1.78 x 8 mm?® lutetium oxyorthosilicate (LSO) crystals and the
lower crystal-layer consisted of a 14 X 14 array of
1.78 x 1.78 x 12 mm?® LSO crystals. All the LSO crystals were polished
and optically isolated with an enhanced spectral reflector (ESR; 3 M,
US). The four monolithic 16-channel SiPMs with identical breakdown
voltages were assembled into a 2 X 2 array and mounted on the top
layer of a printed circuit board (PCB). Each of the 64 SiPM outputs was
routed into a 100-pin ultra-fine pitch socket (ST4-50-1.00-LNP-D-P-TR;
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Fig. 1. PET detector module used in this study.

SAMTEC, Singapore) such that all the SiPM signals were extracted from
the bottom layer of the PCB. The LSO crystal block and 64-channel
SiPM array were coupled via optical grease (BC-630; Saint-Gobain,
France).

2.2. Front-end electronics

Figs. 2 and 3 illustrate detailed schematics of front-end electronics
for processing analog output signals from the 64-channel SiPM array. A
position encoding network was implemented based on a 8 X 8 resistive
discretized positioning circuit (DPC) [31] as shown in Fig. 2. The re-
sistive DPC generates four corner-node signals. Each of the corner-node
signals was fed into a non-inverting low-gain amplifier (AD8000;
Analog Devices, US) with an input impedance (Rinpy) corresponding to
47 Q. Subsequently, the amplified corner-node signals (i.e. Position
signals; A, B, C, and D) were used to obtain position and energy in-
formation of the PET detector module. With respect to timing in-
formation, three different multiplexing readouts of the 64-channel SiPM
array were implemented as described in Fig. 3. With respect to 16:1
multiplexing, the 16 anodes from each of single monolithic 16-channel
SiPMs were reduced into four timing outputs. With respect to 32:1
multiplexing, the 32 anodes from two monolithic16-channel SiPMs
were reduced into two timing outputs. With respect to 64:1 multi-
plexing, the 64 anodes from four monolithic 16-channel SiPMs were
reduced into a single timing output. The multiplexed SiPM anodes were
amplified via a non-inverting high-gain amplifier (AD8000; Analog
Devices, US) after passing them through a first-order high-pass filter.
The first-order high-pass filter was simply implemented via a series
capacitor (Cgyer) and shunt resistor (Reyeer) at the input terminal of the
high-gain amplifier. Specifically, all the lengths of 64 PCB traces to-
wards the high-gain amplifier were identically matched to minimize the
delay difference during signal propagation. Each of the multiplexed
SiPM anodes was then divided into two routes following signal ampli-
fication, wherein one route functioned as an input for waveform sam-
pling (i.e. Timing signals; T1, T5, T3, and T4) to obtain timing information
and the other route functioned as an input for an LVCMOS comparator
(ADCMP601; Analog Devices, US) to generate trigger from the 64-
channel SiPM array. The comparator threshold (Vy,..) was set as 50 mV
via a 12-bit digital-to-analog converter (DAC) (AD5629; Analog De-
vices, US). Subsequently, the comparator output was connected to a
digital OR logic gate (SN74AC32; Texas Instruments, US) to generate a
Module trigger for a subsequent DAQ system.

2.3. Experimental setup

Fig. 4 shows the experimental setup used in this study. We used a
reference detector based on a Hamamatsu R9800 photomultiplier tube
(PMT) and a 4 X 4 x 10 mm? single lutetium-yttrium oxyorthosilicate
(LYSO) crystal. The single timing resolution (STR) of the reference
detector corresponded to 243 ps full-width at half-maximum (FWHM).
The PET detector module was located 20-cm away from the reference
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Fig. 2. 8 x 8 charge division multiplexing circuit for position and energy information.

detector in a thermostatic chamber (20 °C). A low-activity (15 uCi)
22Na point source (MMS06-022; Eckert & Ziegler, Germany) was placed
at the front panel of the reference detector to uniformly irradiate the
PET detector module. The SiPMs mounted on the PET detector modules
were operated at an optimal voltage of 58.0 V that corresponded to the
overvoltage of approximately 4.0 V. The output signals of the PET de-
tector module were fed into a domino-ring-sampler 4 (DRS4)-based
high-speed waveform digitizer (DT5742B; CAEN, Italy) that exhibits a
5-GSPS sampling rate with a 12-bit sampling resolution. With respect to
coincidence acquisition, a series of nuclear instrument modules (NIMs)
were utilized [32]. The PMT dynode signal of the reference detector
was replicated via a fan-in/fan-out module (N401; CAEN, Italy) and
sequentially fed into a constant fraction discriminator module (N843;
CAEN, Italy) to generate a Reference trigger. The Module trigger and
Reference trigger were then connected to a AND logic gate (N455; CAEN,
Italy) to generate a Coincidence trigger as an input to the DRS4-based
high-speed waveform digitizer.

2.4. Data analysis

The energy deposited in the PET detector module was estimated by
determining the charge of Position signals (i.e. Qa, Qp, Qc, and Qp)
during an interval of 150 ns. The energy resolution was calculated by
fitting the 511-keV photopeak on the energy histogram by using a
Gaussian function. A 2D flood histogram was generated using the co-
incidence events within the energy window ranging from 250 keV to
750 keV. The interacted position of gamma photons in the 2D flood
histogram, namely x and y, was decoded by using the energy in-
formation of each Position signal based on the following equations, re-
spectively.

=QA+QB_QC_QD
Qa+Qp+ Qc+ Qp

119

_Qa-Q—-Qc+Qp
Qa+Qp+ Qc+ Qp

y

The arrival time of gamma photons was determined from each
Timing signal. The recorded Timing signals were 10-fold oversampled
based on the spline interpolation method to decrease the effect of the
quantization error. Subsequently, the arrival timestamps were gener-
ated by using the oversampled Timing signals based on the digital
leading-edge discriminator (LED) method with varying thresholds from
10 mV to 50 mV after event-by-event baseline correction. In the coin-
cidence resolving time (CRT) measurement, only the coincidence events
within a 20% window around the 511-keV photopeak were taken into
account. Here, we used 2,000,000 coincidence events for the CRT
analysis. The CRT was then estimated as a FWHM value of the time-
difference histogram fitted on a Gaussian function. The CRT between
the PET detector modules (CRTpgr,pet) Was estimated via quadratically
subtracting the known STR value of the reference detector from the CRT
value between the PET detector module and reference detector and
multiplying the result with +/2 [33]. We repeated the experiments with
three different multiplexing ratios corresponding to 16:1, 32:1, and
64:1. Energy resolution and CRT values were reported for upper and
lower crystal-layers on a per-crystal basis.

3. Results and discussion

All LSO crystals in both the upper and lower crystal-layers were
clearly identified in the 2D flood histogram, even at the edge and corner
of the crystal arrays (Fig. 5(a)), and yielded good energy resolutions
corresponding to 10.5 *= 1.0% (upper) and 12.1 = 1.6% (lower),
respectively (Fig. 5(b)). No remarkable differences in the 2D flood
histogram and energy resolution were observed among the outcomes of
three different timing multiplexing ratios corresponding to 16:1, 32:1,
and 64:1.
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Fig. 3. Multiplexing circuit of 64 SiPM anodes for timing information; (a) 16:1 multiplexing, (b) 32:1 multiplexing, and (c) 64:1 multiplexing.

Fig. 6 shows the CRTpgr,per Value as a function of LED threshold for
each 16:1, 32:1, and 64:1 multiplexing readout of Timing signals. The
optimal timing performance was observed in 16:1 multiplexing and
exhibited the lowest CRT values corresponding to 325 + 39 ps FWHM
for upper crystal-layer and 342 + 55 ps FWHM for lower crystal-layer.
Interestingly, no significant degradation in the timing performance was
observed with increases in the multiplexing ratio and yielded CRT va-
lues corresponding to 330 *= 37 ps FWHM (upper) and 345 =+ 48 ps
FWHM (lower) for 32:1 multiplexing and 336 + 22 ps FWHM (upper)
and 347 + 32 ps FWHM (lower) for 64:1 multiplexing, respectively.
The experimental results demonstrated that the first-order high-pass
filtering of SiPM signals effectively mitigated the CRT degradation in
large-area SiPM arrays and maintained good timing performance even

for the 64:1 multiplexing readout scheme. Slight degradation of the
timing performance in the 64:1 multiplexing would be attributed to the
accumulated resistance—capacitance (RC) constant.

An interesting feature in per-crystal CRT maps is worth noting. As
shown in Fig. 7, the 16:1 and 32:1 multiplexing readout schemes ex-
hibit CRT degradation along the boundaries of monolithic 16-channel
SiPMs (i.e. the red-dotted line in Fig. 7) while the 64:1 multiplexing
does not exhibit this type of CRT degradation. This is because the
amplitude of 16:1- or 32:1-multiplexed Timing signal generated at the
boundaries was relatively low due to light dispersion to other Timing
signals, thereby increasing the uncertainty in time pick-off based on the
LED method.

With respect to the aspect of circuit implementation, the front-end
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Fig. 4. Experimental setup used in this study. (Dy: PMT dynode signal; A,B,C,D: Position signals; T1,T2,T3,T4: Timing signals; Trg: Module trigger).

electronics design with 64:1 multiplexing is also simpler than that of
16:1 and 32:1 multiplexing readout schemes because the 64:1 multi-
plexing requires only an LVCMOS comparator and the absence of a
digital OR logic gate to generate the Module trigger. However, the effects
of the signal multiplexing on the timing and count-rate performance of
PET system should be further investigated.

We demonstrated the feasibility of the 64:1 multiplexing readout via
the high-resolution PET detector module with TOF and DOI cap-
abilities. To further take the advantage of the 64:1 multiplexing readout
scheme, it is worth considering to utilize a common-cathode readout of
the SiPM arrays. The multiplexing readout investigated in this study
was based on SiPM anodes and therefore requires at least 64 resistors.
On the other hand, the common-cathode readout only requires a single
capacitor as an input to the high-gain amplifier to obtain Timing signals,
and this further decreases the number of electronic components in the
PCB design. However, the common-cathode approach might lead to the
undershoot of Position signals. Therefore, when using the common-
cathode readout scheme, it is necessary to carefully perform the charge
collection of Position signals to avoid the degradation of energy re-
solution and 2D flood histogram quality.

NG

Upper: 10.5 + 1.0%

The aforementioned results indicate that the highly multiplexed
SiPM signal readout for the timing channel can be a practical solution to
decrease the readout burden of the DAQ system with only a slight de-
gradation in the PET timing performance. However, there is more room
for improvement in CRT without replacing photosensors or crystal
blocks. Several studies demonstrated the improvement in CRT via the
application of the time-walk correction of LED method [34,35]. The
TOF capability of the PET detector module could be further enhanced
via embedding firmware that achieves on-the-fly calibration of LED
time-walk in the subsequent DAQ system, thereby achieving < 300 ps
CRT.

With respect to system implementation, the proposed concept can
be applied to construct a full-ring brain-dedicated PET system in a
compact manner. This is because our proposed PET detector module
integrated with the highly multiplexed SiPM readout scheme provides a
scalable solution by extending the detector modules along with trans-
verse and axial directions via high-density connectors. Although our
investigation was being focused on the development of brain-dedicated
PET scanners, the proposed concept also can be utilized to construct
other high-resolution organ-dedicated PET scanners [36] without the

20
15
10
5

Lower: 12.1 + 1.6%

Energy resolution (%)

Fig. 5. (a) 2D flood histogram, (b) Per-crystal energy resolution map obtained from the PET detector module.
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Fig. 7. Per-crystal CRT map at 20 mV LED threshold for each (a) 16:1, (b) 32:1,
and (c) 64:1 multiplexing readout scheme. Red-dotted line denotes the
boundary of monolithic 16-channel SiPMs for each of the 16:1, 32:1, and 64:1
multiplexing readout schemes. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

requirement of a large number of DAQ channels. Our next milestone is
to build a full-ring brain-dedicated PET system by utilizing the high-
resolution PET detector modules investigated in this study.

4. Conclusions

In this study, we investigated the characteristics of the highly
multiplexed readout of SiPM signals via the PET detector module with
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the two-layer relative-offset DOI crystal block and 64-channel large-
area SiPM array. In particular, the timing performance of the PET de-
tector module was only slightly compromised with the 64:1 multi-
plexing relative to the 16:1 multiplexing, thereby demonstrating that
the first-order high-pass filter could be a simple and practical solution
that avoids severe timing degradation in developing the brain-dedi-
cated PET scanners with TOF and DOI capabilities.
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