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Abstract

A strip-line and waveform sampling based readout is a signal multiplexing method that can 

efficiently reduce the readout channels while fully exploiting the fast time characteristics of photo-

detectors such as the SiPM. We have applied this readout method for SiPM-based time-of-flight 

(TOF) positron emission tomography (PET) detectors. We have prototyped strip-line boards in 

which 8 SiPMs (pitch 5.2 mm) are connected by using a single strip-line, and the signals 

appearing at the ends of the strip-line are acquired by using the DRS4 waveform sampler at a 

nominal sampling frequency of 1–5 GS/s. Experimental tests using laser and LYSO scintillator are 

carried out to assess the performance of the strip-line board. Each SiPM position, which is inferred 

from the arrival time difference of the two signals at the ends of the strip-line, is well identified 

with 2.6 mm FWHM resolution when the SiPMs are coupled to LYSO crystals and irradiated by 

a 22Na source. The average energy and coincidence time resolution responding to 511 keV 

photons are measured to be ~32% and ~510 ps FWHM, respectively, at a 5.0 GS/s DRS4 sampling 

rate. The results show that the sampling rate can be lowered to 1.5 GS/s without performance 

degradation. These encouraging initial test results indicate that the strip-line and waveform 

sampling readout method is applicable for SiPM-based TOF PET development.
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1. Introduction

The silicon photo-multiplier (SiPM) [1–4] is an attractive photo-sensor for developing time-

of-flight Positron Emission Tomography (TOF PET) scanner. It is considered a substitute for 

the vacuum-based photo-multiplier tube (PMT). Its advantageous features include high 

electrical gain comparable to the conventional PMT, fast time response, and in-sensitiveness 
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to magnetic fields. In addition, the compact size of SiPMs makes it possible to couple 

scintillators to photo-detectors individually, therefore allowing flexible detector designs to 

achieve high spatial resolution or to increase the sensitivity [5]. On the other hand, SiPMs 

show a high dark count rate (~1 MHz/mm2) and are sensitive to temperature and voltage 

variations [6, 7]. Since the typical effective area of the SiPMs currently available in the 

market is ~1×1 – 6×6 mm2, a clinical PET scanner can use several thousands or more 

SiPMs. The signal readout of such a large number of SiPMs would be a challenge; for 

example, our brain PET design [8], with a diameter of 240 mm and an axial field-of-view 

(FOV) of 40 mm, requires 1152 SiPMs, assuming each SiPM pixel is 5×5 mm2 in size.

The charge division resistor network is a popular multiplexing readout method for SiPMs. In 

this method, outputs of SiPMs in an array, e.g., 4×4 or 8×8, are interconnected with 

resistors, and the position of the signal initiating SiPM in the array is calculated from the 

relative amount of charges measured at 4 corners of the resistor network. Although this 

method could achieve a large multiplexing ratio, the large capacitance of a SiPM coupled to 

resistors causes a long rise time of the output signal; therefore, it is not adequate for TOF 

PET applications. However, the method is commonly adopted by small animal PET systems 

because they do not need TOF ability. Some implementations based on the method have 

been reported in [9–12], and a comprehensive review on signal multiplexing for SiPMs is 

found in [13].

We have developed a signal multiplexing method based on strip-line readout that can keep 

the fast time characteristic of the SiPM. Initially, we developed the method to efficiently 

handle signals from large area micro-channel plate PMTs [14, 15]. In this approach, the 

micro-channel plate PMT signals are collected by anode strips placed in parallel across the 

photo-detector area. The signals on the strip-line propagate to both ends of the strip, and are 

digitized by using a high speed waveform sampler, e.g., a Domino Ring Sampler (DRS) 

[16]. The event information, including the energy and time of the gamma interaction, are 

obtained by processing the digitized waveform, and the position of the interaction is inferred 

from the difference in time when the signals arrive at the ends of the strip-line (called the 

differential time, or dT, below). This method is applicable to SiPM as well; therefore, we 

have prototyped strip-line boards for SiPMs and demonstrated the feasibility of the strip-line 

readout in a previous paper [17, 18]. Based on these early experiences, we have built second-

generation strip-line boards intended for our brain PET system development. Another 

important feature of our readout is the use of waveform sampling [19] to ensure precise time 

measurement and fully exploit the fast time characteristics of the SiPMs. Using the DRS4 

chip, we have developed a PDRS4 waveform sampling board [20] that provides a high 

channel density, an adjustable sampling rate, and adequate memory depth for PET 

applications. Experimental tests have been carried out using pulsed laser and Lutetium-

Yttrium OxyorthoSilicate (LYSO) scintillator to characterize the performance of this strip-

line and waveform sampling readout. The sampling rate of the DRS4 was varied to assess 

how the sampling rate affects the detector performance.

The remainder of this paper is organized as follows. In section 2, we explain the 

development of the strip-line board and PDRS4 waveform sampling board. The 

experimental test setup is also described. The test results using laser and LYSO scintillator 
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are presented in section 3. Discussion and summary are given in section 4 and section 5, 

respectively.

2. Materials and Methods

2.1. Strip-line Boards

The strip-line board (SLB) has four strip-lines laid out in 8×3 cm2 FR4 substrate, and eight 

SiPMs in a row are connected by a strip-line. Currently, only two strip-lines in each board 

are installed with 16 (8 SiPMs on each strip-line) SPM42-75 SiPMs (STM, Italy) [21, 22]. 

Each SiPM has 3342 micro-pixels in a 4.0×4.4 mm2 active area with a 54% fill factor. The 

pitch between SiPMs is 5.2 mm. All SiPMs on the board are biased to the same voltage of 

−31.5 V. The nominal breakdown voltage of the SiPMs is about −28 V. Figure 1(a) shows a 

photo of the strip-line board in which the SiPMs on the top row are individually coupled to 

LYSO crystals. Figure 1(b) depicts SiPM numbering on a strip-line and PDRS4 readout 

channel assignment adopted in this paper. To decouple the capacitance of the SiPM and 

hence maintain the fast timing characteristics [23], a common base buffer transistor 

(2SC5662, ROHM Semiconductor) is used between the SiPM and strip-line as depicted in 

Figure 1(c). With this decoupling scheme, the low input impedance of a common base buffer 

minimizes response time of the SiPM, while low capacitance and high impedance of the 

output minimizes strip-line performance degradation and provides separation between 

SiPMs on a strip-line. The details of the circuit implementation of the board are described in 

[17]. In this study, two strip-line boards are used. One is configured with a 0.6 V strip-line 

bias (SLB#2), while the other uses a 0 V (SLB#1). The idea is to see whether the simplified 

biasing (0 V) can perform as well as the other. The use of different biases result in different 

transistor output capacitances (Figure 1(d)); therefore, the SiPM signals on the two SLBs 

will show different amplitude and rise time behaviors. When using the leading-edge 

discrimination with a fixed threshold for time measurement, the different signal shapes will 

result in an apparent difference in the signal propagation time on the strip-line board.

2.2. Waveform Sampling by PDRS4

The waveforms of the strip-line board signals are acquired by using the PDRS4 board [20] 

developed by us and NOTICE. The PDRS4 board, shown in Figure 2(a), uses a DRS4 

sampling chip [16], which is based on switched capacitor array technology. The board 

provides 8 input channels, each having a 1024 buffer depth, and the nominal sampling rate is 

adjustable between 0.7 – 5.0 giga-samples per second (GS/s). In the PDRS4 board, the 

capacitor voltages of the DRS4 are digitized by using a 12 bit octal Analog to Digital 

Converter (ADC) (AD9222, Analog Devices), and the digitized waveforms can be 

transferred through 100 Base-T Ethernet or a small form-factor pluggable transceiver to a 

data acquisition computer. The ground levels of the 8 input channels of the PDRS4 are 

adjustable by setting a 12 bit Digital to Analog Converter (DAC) (TLV5630IPW, Texas 

Instruments); in this work, the DAC values of all channels are set to 500 because the SiPM 

output signals have a positive polarity. The amplitude offset and gain variation of the 1024 

capacitor cells in the DRS4 chip are measured by acquiring data with DC input signals, as 

described in [20]. Figure 2(b) shows a PDRS4 waveform of the DC input before and after 

the offset of each capacitor cell in the DRS4 is corrected by using the measured value. From 
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the waveform after the offset correction, the PDRS4 noise level is measured to be ~6.1 ADC 

counts, shown in Figure 2(c), which is equivalent to ~1.5 mV [20]. The sampling interval 

between adjacent DRS4 sampled points is not uniform and needs to be measured 

individually for precise time measurement. The non-uniform sampling intervals of the DRS4 

are determined by applying a newly developed time calibration method [25] that yields a 

measured electronic time resolution of ~5 ps RMS.

2.3. Experimental Setup

Two experimental tests are carried out for the strip-line board by using either laser and 

LYSO scintillators. First, the relative electrical gain of SiPMs on the strip-line are measured 

in a laser test bench. A pulsed laser beam generated by PIL040 (PiLas, Germany), with a 45 

ps pulse width and a 405 nm wavelength, is injected to SiPMs through an optical fiber with a 

0.2 mm core diameter (ST-U200D-FV, Mitsubish). The tip of the optical fiber, which is 

mounted on a translational stage (Velmex BiSlide MN-10), is kept 1 mm above the SiPM 

surface to avoid light spreading into adjacent SiPMs. The horizontal position of the fiber tip 

is moved along SiPMs on the strip-line in 1 mm steps. At each position, 1000 laser 

injections are performed and for each injection the waveforms at the two ends of the strip-

line are acquired by using the PDRS4. The data are collected at a total of 48 positions 

scanning through the 8 SiPMs on the strip-line. During the scan, the laser intensity is fixed; 

therefore, the relative gains of the SiPMs can be calculated from the resulting amplitude 

profile. In addition to the relative gain, the electronic time resolution of the strip-line and 

PDRS4 is also measured from the data using the pulsed laser.

Figure 3 shows the setup for the 2nd experimental test. The SiPMs of one strip-line on a 

SLB are optically coupled to LYSO arrays by using optical gel. Each LYSO array consists of 

eight LYSO scintillators (Proteus Inc.) of 5×5×10 mm3 in a row and have a pitch of 5.2 mm 

so that SiPMs on the strip-line match LYSO scintillators individually, as shown in Figure 

1(a). The outputs of the LYSO-mounted strip-line of SLB#1 (SLB#2) are connected to input 

channels #1 and #2 (#3 and #4) of the PDRS4 board. The distance between the two LYSO 

arrays is kept at 60 mm, and a 22Na positron source, with a 3µCi activity in a 1 mm diameter 

sphere, is placed at the middle of two strip-line boards. Since each strip-line board has 8 

LYSO+SiPMs, there are a total of 64 possibilities for coincidence detection. In order to have 

coincidence events for all the 64 possible combinations, the position of 22Na source is 

moved in 1 mm steps along the middle of the two detectors by the translation stage. At each 

position, 5000 coincidence events are collected, and a total of 190K coincidence events are 

acquired at 38 positions. The trigger for data acquisition uses the discriminators on the 

PDRS4 board; the triggering threshold is set to 20 mV, which amounts to ~400 ADC counts.

In order to measure the detector performance dependence on the waveform sampling rate, 

both experimental tests described above are repeated at 9 different PDRS4 sampling rates 

from 1.0 to 5.0 GS/s. Calibrations for the offset and gain as described in the previous section 

are separately performed for each sampling rate.
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2.4. Waveform Signal Processing

The sampled waveforms are processed as described below to extract the event time and 

energy.

1. The individual offsets and gains of the DRS4 capacitor cells are corrected 

by using the measured data as described in section 2.2.

2. The base-line shift of the strip-line signal is corrected using the first 100 

samples in each waveform: the average of the 100 samples is subtracted 

from all 1024 samples.

3. The calibrated sampling intervals of the 1024 capacitor cells of the DRS4, 

which are determined from the time calibration method as described in 

section 2.2, are used to reconstruct the waveform. Figure 4 shows 

examples of the sampled waveform after the above corrections.

4. The waveform is up-sampled to have a uniform sampling interval of 5 ps 

by using cubic spline interpolation implemented in the GNU scientific 

library [26]. A moving average filter is then applied to suppress the noise. 

The width of the moving filter is set to 0.5 ns (filter1) or 5.0 ns (filter2); 

these widths are chosen in order to obtain better timing performance for 

the test results with laser and LYSO, respectively. The waveforms after 

applying the filters are indicated by the solid (filter1) and dotted (filter2) 

lines, respectively, in Figure 4. Because of its larger width, filter2 produces 

a smoother waveform than filter1; however, as it will be shown below, it 

leads to a better timing result for the second experimental test.

5. To determine the start time of the signal, the leading-edge discrimination 

(LED) method is applied to the filtered waveforms: the time at which the 

signal amplitude equals the discrimination threshold is calculated from the 

time of the two samples on the leading edges that are closest to the 

threshold by using linear interpolation. The difference in this calculated 

start time of the two waveforms acquired at two ends of the strip-line, 

which will be referred to as the strip-line differential time below or simply 

the differential time (dT) for short, is related to the position of the SiPM 

on the strip-line. On the other hand, the average time is the event time of 

the gamma-ray hit on the strip-line board. The coincidence differential 

time is the difference between the event time of two gamma-ray hits, one 

on each SLB.

6. The event energy is estimated by integrating the area under the waveform 

before applying the moving average filters. In an attempt to improve 

timing performance, at the outputs of the strip-line board the signal is 

shaped by using a 30 pF series capacitor, which leads to a short shaping 

constant of 1.5 ns [27]. As a result, an undershoot is observed for the pulse 

measured for laser, and oscillations are observed in the waveform obtained 

with LYSO scintillator (which has a ~40 ns decay time that is much longer 

than the shaping time constant). Because of the oscillations, the event 
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energy is calculated by using only the first peak of the waveform, with 5–6 

ns width at base-line; summation of the waveform amplitudes is carried 

out until the first zero-crossing point is reached. The two energies thus 

obtained from the two waveforms at the ends of the strip-line are then 

averaged to yield the energy for the event.

3. Results

3.1. Results of the first experimental test using laser

3.1.1. Relative Gain of SiPMs—The relative gain of SiPMs on the strip-lines are 

measured from the data acquired by moving a pulsed laser light along the surface of the 

SiPMs. Figures 5(a) and 5(b) show the signal amplitude profile of strip-lines in SLB#1 and 

SLB#2, respectively. Each point in the profile is the mean of 1000 repeated measurements 

obtained at one laser position. On the profile, the peaks and valleys manifest the positions of 

the SiPMs (5.2 mm pitch), and the amplitudes of the peaks reflect the relative electrical 

gains of the SiPMs. The large gain variation between the SiPMs observed in the profile is 

mainly due to the breakdown voltage variation within SiPMs [17]. Since each strip-line has 

two outputs, two amplitude profiles are shown in the figure for each strip-line. Although our 

readout method exploits the strong correlation in shape and amplitude of the two waveforms 

appearing at the ends of a strip-line, the measured amplitudes can be different depending on 

the initiation position on the strip-line. This is more evident in the amplitude ratio shown in 

Figure 5(c) in which the 3 largest amplitudes at each peak are averaged to obtain the 

amplitude for the corresponding SiPM. This plot shows that, compared to the signal 

amplitude at Ch#1, the signal amplitude at Ch#2 is initially approximately identical for 

SiPM#1 and then continually decreases toward SiPM#8. This trend is related to the strip-line 

layout on the board shown in Figure 1(b): the signal path lengths to the PDRS4 inputs are 

similar for SiPM#1, which is close to the middle of the strip-line, but for SiPM#8 the path to 

Ch#2 is longer than that to Ch#1 and hence the signal at Ch#2 is attenuated more.

3.1.2. Rise Time Measurement—The rise time of the signals is also found to change 

along the strip-line. The measured rise time, which is defined as the time lapse from 10% to 

90% of the peak amplitude on the rising edge of the signal, at each SiPM position is shown 

in Figures 6(a) and 6(b) for SLB#1 and SLB#2, respectively. The rise time is calculated 

before applying the moving average filters. With reference to the configuration shown in 

Figure 1(b), the result in Figure 6 indicates that generally speaking the rise time decreases 

(increases) from SiPM#1 to SiPM#8 for Ch#1 (CH#2), which indicates that, as expected, the 

rise time increases when the signal needs to travel a longer path. However, unlike the 

approximately linear dependence of the amplitude ratio with the SiPM ID (i.e., the SiPM 

position on the strip-line), the dependence of the rise time is more varied. For example, the 

rise time at the SiPM#5 in Figure 6(b) is larger than the value expected from the linear 

increase.

3.1.3. Differential Time Measurement—The differential time (dT) on the strip-line is 

determined from the arrival time difference of the two waveforms propagating oppositely on 

a strip-line: TPDRS Ch#2 − TPDRS Ch#1. Figure 7(a) shows differential time histograms of 
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SLB#1 acquired by using two LED thresholds: 100 and 400 ADC counts. The data are 

acquired at a 5.0 GS/s sampling rate. The peaks in these histograms represent the position of 

the SiPMs along the strip-line. The separation of the peaks, and hence the discrimination of 

the SiPMs, depends on the applied LED threshold. The histogramobtained by using the 400 

ADC-count threshold shows lower valleys than the one obtained by using the 100 ADC-

count threshold. The separation between peaks is also smaller when the lower threshold is 

used. This is due to the signal rise time changing on the strip-line. Figure 7(b) shows the dT 

histograms for the strip-lines of SLB#1 and SLB#2 by using the same LED threshold (300 

ADC counts). The FWHM of each peak in the histogram is calculated, and we obtain a 

range of 20–41 ps FWHM for SLB#1 and a range of 27–29 ps for SLB#2. The variation in 

the FWHM reflects the gain variation between SiPMs: for example, the third peak in the dT 

histogram for SLB#1 has the largest FWHM among the peaks of the board and in Figure 

5(a) the corresponding SiPM also has the smallest gain. The results also suggests that the 

signal propagation speed on strip-line is slower in SLB#1 than in SLB#2; we postulate that 

this difference can be attributed to the different strip-line bias used.

The differential time on the strip-line is also measured by varying the sampling rate of the 

DRS4. Figure 8(a) shows the dT histograms obtained for SLB#1 at 9 different sampling 

rates from 1.0 to 5.0 GS/s. The LED threshold is fixed to 300 ADC counts. The average 

FWHM of the 8 peaks in the dT histogram measured at each sampling rate for both SLB#1 

and SLB#2 are plotted in Figure 8(b). As no peak can be clearly identified in the 1.0 GS/s 

case, its average FHWM is not calculated or included in the plot. The averaged FWHM at 

1.5 GS/s is calculated using the results at the peaks which give FWHM in the dT histogram. 

The result shows that the average of the FWHMs of the peaks in the dT histogram (below it 

is called dT FWHM for short) gradually decreases as the sampling rate increases. Also, it is 

noted that the dT resolution of 32 (28) ps FWHM obtained at 5.0 GS/s for SLB#1 (SLB#2) 

is equivalent to a 1.6 mm FWHM positioning uncertainty along the strip-line; the conversion 

from dT to distance is based on the average separation of the peaks in dT and the known 5.2 

mm pitch of the SiPMs.

3.2. Results of the second experimental test using LYSO

In the analysis, firstly the position of the SiPM + LYSO with which 511 keV photon 

interacts is determined from the dT on the strip-line. Then the energy spectra for all the 

SiPMs on the strip-line are obtained separately based on the position identified using dT. 

Using the energy spectra, the 511 keV photo-peak events are identified, and coincidence 

time resolutions are measured by using only the photo-peak events. The test results are 

presented following the order as in data analysis.

3.2.1. Differential Time Measurement—Figures 9(a) and 9(b) show the dT histograms 

measured with individually coupled LYSO scintillators and a 22Na source for SLB#1 and 

SLB#2, respectively, at 5.0 GS/s sampling rate and by using an LED threshold of 350 ADC 

count. As described above in Section 2.4, a stronger smoothing (filter2) is applied to the 

LYSO+SiPM pulse, and so in comparison with the first experiment that uses a laser beam, 

the rise time becomes longer. Specifically, the average rise time is measured to be 2.0±0.5 ns 

(1.9 ns for SLB#1, 2.1 ns for SLB#2, and 0.5 ns is RMS). Consequently, the overall time 
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scale in the dT histograms in Figure 9 is expanded with respect to that in Figure 7. In 

comparison to Figure 7 that is obtained by using the laser, the separation between SiPMs at 

valleys is not as clear. One possible reason for this degradation is the size mismatch between 

LYSO and SiPM: the SiPM shape is not exactly symmetrical (active area 4.0×4.4 mm2), and 

therefore the SiPMs on a strip-line are installed by alternating their orientations. Second, the 

optical gel between SiPM and LYSO may causes spreading of light at SiPM boundaries into 

adjacent SiPMs. The locations and FWHMs of the peaks in the dT histograms in Figure 9 

are summarized in Table 1. The average dT FWHM is 64 ps and 45 ps for SLB#1 and 

SLB#2, respectively, and they correspond to 2.6 mm and 2.5 mm position resolution. Figure 

9 also shows the dT histograms by using only 511 keV photo-peak events, showing 

improved peak separation at the valleys. In particular, the average peak/valley ratio for 

SLB#1 is increased to 11.5 from 5.4 by using only the photo-peak events. Although the dT 

histogram is degraded with respect to the laser result, with the large peak/valley ratio, the 

LYSO+SiPM on a strip-line can still be well discriminated.

Figure 10(a) shows the average peak/valley ratio of the 8 peaks in dT histogram when 

different LED thresholds are applied to the same data in Figure 9, calculated without 

applying energy qualification (that is, by using the solid-line histograms in Figure 9). The 

optimal LED threshold is determined based on the peak/valley ratio. For both strip-lines, the 

peak/valley ratio approaches a plateau of ~5.5 at around 350 ADC counts, and this threshold 

is used for data measured at other sampling rates as well. Figure 10(b) shows the 

dependence of the average dT FWHM on the applied LED threshold. As previously shown 

in Figure 7, as the threshold increases the range of dT increases and so does the FWHM: 

above the threshold of 380 ADC counts, the average dT FWHM for SLB#1 increases with 

the LED threshold. For this reason, the dT FWHM is not used for determining the optimal 

LED threshold.

Figure 11 shows the dT histograms obtained at various sampling rates without applying 

energy qualification. As mentioned above, the LED threshold is set to 350 ADC counts. As 

shown in the figure, for both strip-line boards, histograms remain quite similar at all 

sampling rates except for the 1.0 GS/s case. Figure 12(a) shows that the average dT FWHM 

is ~65 ps and 46 ps for SLB#1 and SLB#2, respectively, for sampling rates between 1.5 to 

5.0 GS/s. These correspond to a position resolution of ~2.6 mm FWHM on the strip-line for 

both boards. The averaged peak/valley ratio in Figure 12(b) also shows a similar dependence 

on the sampling rate as the dT FWHM and a peak/valley ratio of ~5.3 is calculated in the 

range of 1.5 – 5.0 GS/s sampling rate.

3.2.2. SiPM Identification (ID) and Energy Spectra—The position of a SiPM, which 

initiates signal on a strip-line, is identified based on the dT measurement shown in Figure 

11. Since the peaks and valleys in the dT histograms obtained at various sampling rates 

agree quite well, the dT ranges for individual SiPMs derived from the dT histogram obtained 

at the 5.0 GS/s sampling rate are also used for identifying the SiPMs at other sampling rates. 

Figure 13 shows the overall energy spectrum and the energy spectra for individual LYSO

+SiPM for strip-line in SLB#1 obtained with and without SiPM identification. Due to large 

gain variation between SiPMs, the energy peaks in Figure 13(b) show significant variations. 

The energy resolution for each LYSO+SiPM is obtained from a Gaussian fit to the 511 keV 
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peak. Table 2 summarizes the location of the photo-peak and the energy resolution in 

FWHM for individual LYSO+SiPM, obtained at the 5.0 GS/s sampling rate. Figure 14(a) 

shows the average energy resolution of 8 SiPMs at various DRS4 sampling rates. The error 

bars in the figure represent the spread (~3%) in the energy resolution for SLB#1. It is 

observed that SLB#1 has a slightly worse average energy resolution than SLB#2: 35% and 

32%s for SLB#1 and SLB#2, respectively. Since the locations of the peaks in the energy 

spectra in Figure 13(b) reflect the relative gain of the corresponding SiPMs, we also 

compare the peak locations to the relative SiPM gains previously measured by using the 

laser beam, and the result is shown in Figure 14(b). For comparison, the measured results are 

re-scaled so that the average of the 8 energy peaks equals 100. The agreement between the 

laser and LYSO+SiPM results suggests that SiPM identification and position decoding using 

the dT on the strip-line works properly.

3.2.3. Coincidence Time Resolution—Coincidence time resolution is measured by 

using only the 511 keV photo-peak events; selected by applying a 300–700 keV energy 

window after applying energy calibration for each individual LYSO+SiPM based on the 

location of the photo-peak identified in the individual energy spectrum. For the 5.0 GS/s 

sampling rate data, ~104K coincidence events remain after applying the photo-peak 

requirement, and it amounts to 900 – 4400 events for each LYSO+SiPM pair. Figure 15(a) 

shows the coincidence time histogram obtained for the coincidence pair given by SiPM#7 on 

SLB#1 and SiPM#8 on SLB#2; this histogram has a ~492 ps FWHM, obtained by using 

Gaussian fit. Figure 15(b) shows the dependence of the coincidence time resolution on the 

LED threshold for the same coincidence pair. The best time resolution is obtained when the 

threshold is set to 100–150 ADC counts; the LED threshold of 100 ADC counts is chosen to 

obtain the results for all the 64 coincidence pairs.

The coincidence time resolutions measured for all 64 coincidence pairs at the 5.0 GS/s 

sampling rate are summarized in Table 3. Figure 16(a) shows the histogram of the 

coincidence time resolutions for all the 64 coincidence pairs listed in Table 3; the mean 

coincidence time resolution is ~510 ps FWHM. The spread in the coincidence time 

resolution is supposed to be related to the large gain variation between SiPMs. The 

coincidence time resolution is also measured at different DRS4 sampling rates, and the result 

is shown in Figure 16(b). In the figure, the average coincidence time resolution of the 64 

coincidence pairs is plotted from 1.0 to 5.0 GS/s, and the error bar represents the RMS value 

of 64 measurements at each sampling rate. The average time resolution is observed to be 

510–520 ps FWHM in 1.5 – 5.0 GS/s sampling rate and degrades to 542 ps at 1.0 GS/s.

4. Discussion

The characteristics of the two strip-line boards are observed to be quite different in terms of 

the rise time, the amplitude ratio between the two ends of the strip-line, and the propagation 

speed on the strip-line. We understand that these apparent differences are the results of using 

different transistor biasing voltages, which was intended to simplify the biasing scheme. 

Even with the apparent differences, however, the intrinsic performances of the two SLBs 

does not show any significant difference: the position resolution using dT along the strip-line 

is measured to be 2.6 mm FWHM for both SLBs. In the dT histogram, the average peak/

Kim et al. Page 9

Nucl Instrum Methods Phys Res A. Author manuscript; available in PMC 2017 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



valley ratio and its sampling rate dependence are also very similar between the SLBs, as 

seen in Figure 12(b). Since the time between two adjacent SiPMs on the strip-line becomes 

larger with the slower propagation speed in SLB#1, it was expected to be advantageous in 

position decoding. Such a favorable effect of the elongated time turns out to be canceled by 

the proportionally degraded dT time resolution as seen in Figure 12(a).

The laser light is used to assess the electronic time resolution on the strip-line and the 

intrinsic position resolution accordingly; at 5.0 GS/s sampling rate, the SiPM positions on 

the strip-line can be identified clearly in the dT, with 1.6 mm FWHM position resolution, as 

in Figure 7. The result can be compared to the larger position resolution of 2.6 mm with 

LYSO scintillators. A gradual degradation in the position resolution is found as the sampling 

rate is reduced, especially below 2.0 GS/s, as shown in Figure 8(b). This could be contrasted 

to the results for LYSO scintillator, which keep the same performance on position decoding 

at the lower sampling rate down to 1.5 GS/s, as seen in Figures 11 and 12; even the result at 

1.0 GS/s sampling still shows a good separation between SiPMs. The differences in the 

results with varying sampling rate can be attributed to the rise time differences between the 

laser and LYSO scintillator: The waveform of LYSO has a larger rise time (~2 ns) than the 

laser (~1 ns). For LYSO waveforms, the number of sampled points is enough to maintain the 

time resolution at the sampling rate as low as 1.5 GS/s, where the rising portions of the laser 

signal do not have enough samples for valid interpolation in the waveform processing.

In this study, we observed that the detector performance does not degrade at DRS4 sampling 

rates of 1.5 – 5.0 GS/s. The differential time resolution on the strip-line shows the same 

dependence on the waveform sampling rate. The energy and coincidence time resolution 

dependence on the sampling rate are consistent with the earlier test results using a single 

PMT (R9800, Hamamatsu) or SiPM (S10931-050P, Hamamatsu) coupled with LYSO [28], 

which observed the degradation in the coincidence time resolution below 2.0 GS/s. The 

improvement in the optimal sampling reduction from 2.0 to 1.5 GS/s is mainly due to the 

newly developed DRS4 time calibration [25]. Since the digitizing and processing of larger 

data size from waveform sampling could be an issue for high count rates (> ~30 kHz, 

constrained by the DRS4 digitization time), the finding in the study has a practical 

implication: the sampling rate can be lowered to 1.5 GS/s without compromising the 

detector performance. The waveform processing algorithms used in the study are not 

optimized, and the parameters have been chosen empirically. Therefore, further reduction of 

the optimal sampling rate even below 1.5 GS/s may be possible, and will be examined in 

future work, by developing more sophisticated signal processing algorithms [29] and also by 

introducing a more precise time calibration at lower sampling rate.

5. Summary

A strip-line and waveform sampling based readout is a signal multiplexing method that can 

reduce the readout channels efficiently while fully exploiting fast time characteristics of 

photo-detectors such as the SiPMs. We have applied the readout method for SiPM-based 

TOF PET detectors, using prototype strip-line boards in which 8 SiPMs (pitch 5.2 mm) are 

connected in a single strip-line. Experimental tests using laser and LYSO scintillator are 

carried out to assess the performance. The position of SiPMs, which is inferred from arrival 
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the time difference on the strip-line, is well identified with 2.6 mm FWHM resolution using 

LYSO. The average energy and coincidence time resolution for 511 keV gammas are 

measured to be ~32% and ~510 ps FWHM, respectively, at a 5.0 GS/s DRS4 sampling rate. 

The detector performance is also measured by varying the waveform sampling rate from 1.0 

– 5.0 GS/s, and we found that the DRS4 sampling rate can be lowered to 1.5 GS/s without 

performance degradation. These encouraging initial test results indicate that the strip-line 

and waveform sampling readout method is applicable for SiPM based TOF PET 

development.
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Figure 1. 
(a) A strip-line board (SLB#1). A linear array of eight LYSO scintillators is coupled to 8 

SiPMs on a strip-line on the board. (b) The numbering of SiPMs on a strip-line and PDRS4 

readout channel assignment. (c) A schematic diagram shows the biasing scheme for a buffer 

transistor (ROHM 2SC5662). Two strip-line boards are used in this work and the strip-line 

bias is 0 V for SLB#1 and 0.6 V for SLB#2. (d) The output capacitance vs. bias voltage for 

the 2SC5662 transistor across the collector and base [24].
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Figure 2. 
(a) PDSR4 waveform sampling board. (b) A PDRS4 waveform with a DC input before/after 

offset correction. (c) ADC count histogram of 1024 sampled points after offset correction.
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Figure 3. 
The coincidence test setup using two SLBs coupled with LYSO arrays. A 22Na source sitting 

on a translational stage is positioned at the middle of two SLBs.
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Figure 4. 
(a) PDRS4 waveforms on a strip-line (SLB#1) obtained in the first experimental test by 

using a laser. (b) PDRS4 waveforms on the same strip-line when it is coupled to LYSOs. For 

both (a) and (b), the waveforms (Ch#1 only) obtained by applying moving average filters are 

superimposed on the original waveforms. The sampling rate of PDRS4 is 5.0 GS/s.
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Figure 5. 
The amplitude profiles along strip-lines of SLB#1 (a) and SLB#2 (b) obtained by a scanning 

laser beam. The relative gains of the SiPMs are manifested in the relative amplitude at the 

peaks. (c) The amplitude ratio (Ch#2/Ch#1) obtained for SiPMs on a strip-line. See Figure 

1(b) for the assignment of the SiPM ID and output channel number.
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Figure 6. 
The signal rise time (10% to 90%) along the strip-line measured for SLB#1 (a) and SLB#2 

(b).

Kim et al. Page 18

Nucl Instrum Methods Phys Res A. Author manuscript; available in PMC 2017 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
(a) Differential time (dT) histograms measured on a strip-line of SLB#1 with two LED 

thresholds. (b) dT histograms measured for SLB#1 and SLB#2 by using the same LED 

threshold (300 ADC counts)
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Figure 8. 
(a) dT histograms measured for SLB#1 by varying the DRS4 sampling rate. (b) The 

averaged FWHM of the peaks in the dT histogram as a function of DRS4 sampling rate. 

(The reader is referred to the web version of this paper that shows the plot in (a) more 

clearly in color.)
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Figure 9. 
dT histograms on strip-line measured for SLB#1 (a) and SLB#2 (b). The histograms using 

only 511 keV photo-peak events are plotted in dashed lines, and large entry reduction at the 

valleys is manifested in the histograms with the photo-peak events only. The DRS4 sampling 

rate is set to 5.0 GS/s.
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Figure 10. 
(a) Peak/valley ratio as a function of the LED threshold. Each data point is the average of 8 

peak/valley ratios in a histogram. (b) Average dT FWHM as a function of the LED 

threshold.
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Figure 11. 
dT histograms on strip-line measured by varying the DRS4 sampling rate from 1.0 to 5.0 

GS/s for SLB#1 (a) and SLB#2 (b). (The reader is referred to the web version of this paper 

that shows the plots more clearly in color.)
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Figure 12. 
(a) Average dT FWHM and (b) average peak/valley ratio as a function of the DRS4 

sampling rate in the range of 1.0 – 5.0 GS/s.
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Figure 13. 
(a) Energy of SLB#1 responding to 511 keV photon. (b) Energy spectra of 8 individual 

LYSO+SiPMs after the SiPM identification using dT on strip-line. Gaussian fit results on the 

511 keV photo-peaks are superimposed on the histograms.
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Figure 14. 
(a) Average energy resolution as a function of the DRS4 sampling rate. (b) The energies 

corresponding 511 keV peak in each SiPM is compared to the relative SiPM gain shown in 

Figure 5. The relative SiPM gains are arbitrarily scaled so that the average SiPM gain for 

each strip-line board equals 100.
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Figure 15. 
(a) Coincidence time histogram measured at a LYSO+SiPM pair: 7th of SLB#1 and 8th of 

SLB#2. The red curve shows the Gaussian fit to the histogram. (b) The coincidence time 

resolution of the coincidence pair as a function of the LED threshold.
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Figure 16. 
(a) Histogram of the coincidence time resolution (FWHM) for the 64 coincidence pairs 

measured at DRS4 sampling rate 5.0 GS/s. (b) The average coincidence time resolution as a 

function of DRS4 sampling rate.
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Table 2

Location of the photo-peak and the energy resolution (FWHM) obtained for individual LYSO+SiPM.

SLB#1 SLB#2

SiPM ID photo-peak (AU) FWHM (%) photo-peak (AU) FWHM (%)

1 29 35 33 33

2 40 36 34 33

3 23 38 38 33

4 39 37 45 33

5 51 33 54 32

6 45 31 43 32

7 44 33 40 32

8 33 36 41 31

Average 35 32
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