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a b s t r a c t

Although the individual channel readout method can improve the performance of PET detectors with
pixelated photo-sensors, such as silicon photomultiplier (SiPM), this method leads to a significant in-
crease in the number of readout channels. In this study, we proposed a novel multiplexing method that
could effectively reduce the number of readout channels to reduce system complexity and development
cost. The proposed multiplexing circuit was designed to generate bipolar pulses with different zero-
crossing points by adjusting the time constant of the high-pass filter connected to each channel of a
pixelated photo-sensor. The channel position of the detected gamma-ray was identified by estimating
the width between the rising edge and the zero-crossing point of the bipolar pulse. In order to evaluate
the performance of the proposed multiplexing circuit, four detector blocks, each consisting of a 4 � 4
array of 3 mm � 3 mm � 20 mm LYSO and a 4 � 4 SiPM array, were constructed. The average energy
resolution was 13.2 ± 1.1% for all 64 crystal pixels and each pixel position was accurately identified. A
coincidence timing resolution was 580 ± 12 ps. The experimental results indicated that the novel
multiplexing method proposed in this study is able to effectively reduce the number of readout channels
while maintaining accurate position identification with good energy and timing performance. In addi-
tion, it could be useful for the development of PET systems consisting of a large number of pixelated
detectors.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

When developing a gamma-ray imaging system, such as a
positron emission tomography (PET) and a gamma camera, a large
number of photo-sensors are necessary. This requirement is even
more prominent in modern systems with increased imaging fields
of view (FOV). However, imaging systems that use many photo-
sensors suffer from increased complexity of signal processing and
high development costs. To overcome these problems, many
research groups have been studying various multiplexing methods
which can increase the multiplexing ratio with minimized perfor-
mance degradation of the detector [1e7].

A resistive charge division method has been used widely
because it can provide good position identification accuracy with a
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by Elsevier Korea LLC. This is an
simple structure [8,9]. However, this method is not ideal for PET
detectors applied with photo-sensors, such as silicon photo-
multiplier (SiPM), because coincidence resolving time (CRT) can be
degraded due to low-pass filtering effects caused by combining the
resistor of the multiplexing circuit and parasitic capacitance of the
SiPM [10e12].

A capacitive charge division method has been developed to
improve the timing performance degradation caused by the resis-
tive charge division method. Although the capacitive charge divi-
sion method can result in improved timing resolution, it provides
worse energy resolution and flood histogram quality because of the
reduced amplitude and undershoot caused by the capacitors
[13e16]. The two abovementioned methods based on the charge
division multiplexing method have generally reduced the number
of readout channels to 4e5, but as the number of channels in-
creases, the position identification capability and other perfor-
mance could decrease [17,18].

Recently, a new multiplexing method utilizing an electrical
delay line has been proposed to achieve a high multiplexing ratio
[19e22]. This method has the advantage of good timing perfor-
mance because it does not employ passive elements. However, it
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Table 1
The resistor and capacitor values of HPF.

Channel Capacitor value (nF) Resistor value (U)

1 8.2 511
2 12.0
3 10.0
4 8.2
5 8.2
6 4.7
7 4.7
8 2.0

Y. Kim, Y. Choi, K.B. Kim et al. Nuclear Engineering and Technology 53 (2021) 3790e3797
would degrade the accuracy of position identification depending on
the threshold level for position identification. In addition, it is
difficult to apply this method to the development of large-scale
systems due to its limited expandability.

In this paper, a novel multiplexing method, the serial line
multiplexing method, was developed to effectively reduce the
number of output channels and to provide easy expandability, for
example, by 16:2 or 64:3 for SiPM-based pixelated detectors, which
are widely used for PET system development. It is expected that the
serial linemultiplexingmethodwill reduce the complexity of signal
processing by measuring the pulse width according to the position
of detected radiation for PET, which will lead to reduced develop-
ment costs.

2. Materials and methods

2.1. Principle of serial line multiplexing

The principle of the serial linemultiplexingmethod is to identify
a detected position by generating and measuring a bipolar pulse
that has the position of detected radiation in a PET detector. The
output signals of the serial line multiplexing method consist of an
anode summing output signal for position identification and a
cathode summing output signal for measuring energy resolution
and CRT.

To create different RC time constants for each channel position
of the photo-sensor, high-pass filters (HPF) were designed using
load resistors and capacitors for each anode channel of the photo-
sensor, and each anode channel was connected to an anode sum-
ming output (Fig. 1). Energy and timing information was measured
using the amplitude and rising time of the cathode summing
output signal. Anode and cathode summing output signals from the
pixelated detector were individually transmitted to the input of the
preamplifier.

2.2. Simulation study

Based on the principles of the method outlined above, a SPICE
simulation was performed to investigate the feasibility of the serial
line multiplexing method. The simulation was used to observe the
change in the pulse width of the position signal according to the
HPF value of the SiPM equivalent circuit [23e26]. It was observed
that the zero-crossing point values increased exponentially as HPF
increased. Equation (1) was derived to find the zero-crossing point
values as a function of RC:

Zero crossing point¼A0 � A0$e
ð1� RC

minRCÞ (1)

where A0 represents the zero-crossing point of the last channel
Fig. 1. An example of serial line multiplexing for 4 channels (a). Waveforms of

3791
with the largest pulse width and minRC is the minimum RC time
constant value. To determine the optimal RC time constant values
of HPF in the serial line multiplexing circuit, two approaches were
designed and then compared to assess their position identification
accuracy. The first approach employed the same RC time constant
value (RC-values (ns): 220) for all channel positions from 1 to 8. The
second approach applied different RC time constant values (RC-
values (ns): 346, 524, 670, 930, 1196, 1673, 2489 and 4190) to each
channel position from 1 to 8. The different RC time constant values
of the second approachwere adjusted so that therewas a difference
of 20 ns between the zero-crossing point of each channel position.
2.3. Design of the serial line multiplexing circuit

The serial line multiplexing circuit was designed to identify up
to 64 channels by expanding the circuit that is used to discriminate
8-channels. The 8-channel serial line multiplexing circuit was
designed using 8 series-connected HPFs with different time con-
stant values at each channel position. The resistor and capacitor
values of the HPF of each channel are summarized in Table 1.

The 16-channel multiplexing circuit, which was designed to
reduce the number of readout channels of a detector consisting of
4 � 4 array SiPM, was composed of two 8-channel serial line
multiplexing circuits that generated position signals with different
polarities using inverting and non-inverting amplifiers. The mul-
tiplexing circuit is divided into two 8-channel circuits to reduce
pulse pile-up and to improve the accuracy of position determina-
tion. The two 8-channel circuits have HPFs with different time
constant values for each channel position and the eight HPFs of
each 8-channel circuit are series-connected.

As shown in Fig. 2 (a), channels 1 to 8 were referred to as the top
8-channel circuit and channels 9 to 16 were known as the bottom
8-channel circuit. The method of discriminating between the 16-
channels is performed in two steps. First, the two 8-channel cir-
cuits are distinguished by the signal polarity that is used. The top 8-
channel circuit is connected to an inverting amplifier to output
the anode output pulse generated by the 4 different channel positions (b).



Fig. 2. Schematics of the 16-channel serial line multiplexing circuit (a) and 64-channel
serial line multiplexing circuit (b). Image of the 64-channel serial line multiplexing
board (c).

Fig. 3. Schematic diagram of the experimental setup used to obtain the position
identification histogram, energy resolution and CRT.
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polarity-reversed waveforms, while the bottom 8-channel circuit is
connected to a non-inverting amplifier to output regular wave-
forms. Second, thewidth of the bipolar pulse, from its rising edge to
its zero-crossing position, was measured to identify the detected
channel among the 8 channels. The two outputs from the two 8-
channel circuits were combined to reduce the number of output
channels to one anode summing output for position identification.

As shown in Fig. 2 (b) and (c), the 64-channel multiplexing
circuit was designed based on the 16-channel multiplexing circuit
described above. The four anode summing output signals of the
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four 16-channel multiplexing circuits were combined in parallel,
and then sent to a current feedback amplifier circuit designed using
a high slew rate operation amplifier (AD8000 CE, Analog devices,
US) to identify the position of the detected gamma-ray signal. The
four cathode summing output signals of the four 16-channel mul-
tiplexing circuits were individually amplified using a wideband RF-
amplifier (MAR-3, mini-circuit, US) with a low input impedance
and split into two signals each [27e29]. One of the two split signals
from each detector block was combined without an additional filter
in parallel to accurately measure energy and time information by
minimizing distortion of the waveform of the summed signal. The
other signal was combined through the HPF to identify the posi-
tions of the four detector blocks. The two combined signals were
individually amplified using a high slew rate operation amplifier.

To examine the performance of the serial line multiplexing
circuit according to the analog to digital converter (ADC) sampling
rate, three amplified output signals from the serial line multi-
plexing circuit were digitized using a digital oscilloscope with a
sampling rate of 10 GSPS and a data acquisition (DAQ) board con-
sisting of an ADCwith a sampling rate of 100 MSPS and FPGA (VHS-
ADC, Lyrtech, Canada). The position, time, and energy information
of the detected gamma-ray were measured using the digitized
signals.

2.4. Performance evaluation: position identification histogram,
energy resolution and coincidence resolving time

A detector block was fabricated using a 4 � 4 array of
3� 3� 20mm3 LYSO crystals (Sinoceramics, Inc. China) and a 4� 4
array of 3 � 3 mm3 SiPM with a microcell size of 50 mm
(S12642e050CN, Hamamatsu Photonics K$K. Japan). The LYSO
crystals were polished on all sides and an additional reflector ma-
terial (BaSO4) was inserted between the array elements to increase
the reflectivity of the array. The crystal array was coupled one-to-
one with individual pixels of the SiPM using optical grease (BC-
630, Saint-Gobain, France).

Fig. 3 shows a schematic diagram of the experimental setup that
was used to record the position identification histogram, CRT and
energy resolution. The CRT and energy resolution were measured
according to the capacitance of the capacitor connecting the cath-
ode summing output to the RF-amplifier in order to obtain the best
performance from the serial line multiplexing circuit. The CRT was
calculated using coincidence data by applying an energy window of
450e650 keV.

The zero-crossing point can be changed according to the
amplitude of the anode summing output signal; however, this can
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cause an error in the detected position. Therefore, to examine the
error of the zero-crossing point value according to the amplitude in
the same channel, the error was estimated as follows:

Ezero�crossing point ¼
1
n

Xn

1

½Avg� Pn� (2)

where Avg is the average zero-crossing point value and Pn is the
value of the nth zero-crossing point.

The detected position information was obtained by measuring
the zero-crossing point of the anode summing output signal using
the DAQ board and the digital oscilloscope. When acquiring data
using a DAQ board, the error in the zero-crossing point measure-
ment can increase due to the low sampling rate (100 MSPS) of the
DAQ board. Linear interpolation was applied to the interval adja-
cent to the zero-crossing point among the falling time parts of the
output signal to improve the accuracy of position identification. The
position identification error was estimated by calculating the ratio
of the overlapping area between two adjacent Gaussian fitted
curves to the total area of each Gaussian fitted curve. The energy
information of the detected signal was measured using the peak
amplitude of the cathode summing output signal. The pulse data
was acquired over 10k counts to reduce the statistical uncertainty
(<1%).

2.5. Experimental setup of the proof-of-concept PET system

As shown in Fig. 4, the experimental setup of the proof-of-
concept PET system consisted of a pair of four detector blocks
with dimensions of 120 mm in diameter and 27 mm in height.
A22Na point source with an activity of 598 kBq was located at the
center of the field of view and 10 mm off-center, respectively. To
evaluate the imaging capability of the proof-of-concept PET system,
data were acquired in a step-and-shoot mode for 3 min per step,
with a total of 36 steps over 180�. The point source image was
reconstructed using a 2D filtered back-projection (FBP), using a
Hann filter with a cutoff at the Nyquist frequency of 0.5.

3. Results

3.1. Measurement of the bipolar pulse waveform at 16 different
positions through simulation and the serial line multiplexing circuit

Fig. 5 (a) and (b) show the simulation results of 16 channels with
different RC time constant values, which demonstrate that all 16
channels were clearly identified. Fig. 5 (c) and (d) show the
experimentally measured output pulses using the detector and the
Fig. 4. Experimental setup used to examine the performance of the proof-of-concept
PET system through the serial line multiplexing method.

3793
measured pulse waveform obtained using the serial line multi-
plexing circuit, whichwere similar to those trends in the simulation
results shown in Fig. 5 (a) and (b). The measured pulse output from
the 16 channels can clearly be identified and the average position
discrimination error was 5.2 ± 0.8%.
3.2. Bipolar pulse waveforms with different amplitudes in the same
channel

Fig. 6 shows the measurement error of the zero-crossing point
according to the amplitude of the signal output from a single
channel measured using the digital oscilloscope and DAQ board.
The error of the zero-crossing point of 9.6 ± 4.1% and 10.8 ± 3.2%
were observed using the digital oscilloscope and DAQ board,
respectively.
3.3. Position identification

Fig. 7 shows the 16-channel position identification histogram
created using data obtained from the anode summing output with
the digital oscilloscope and DAQ board. A representative position
identification histogram from among those obtained with the four
detector blocks is shown. The peak positions of the 16-channel
position identification histograms were fitted with Gaussian
curves. The approach of applying different RC time constant values
results in more accurate position identification than the approach
of applying the same RC time constant values. Therefore, only the
experimental results recorded using the approach of applying
different RC time constant values are presented. The use of the
digital oscilloscope resulted in an error rate of 5.2 ± 0.8% (Fig. 7 (a)
and (b)), while the use of the DAQ board resulted in an error rate of
7 ± 3.5% (Fig. 7 (c) and (d)).

As shown in Fig. 8 (a), the cathode summing output signal of
each detector block has different zero-crossing point values,
allowing us to identify the active detector block among the four
detector blocks. Fig. 8 (b) shows the detector block discrimination
histogram obtained by measuring the cathode summing output
signal using the DAQ board. The four detector blocks can be clearly
discriminated.
3.4. Energy spectra and CRT

The CRT and energy resolution varied depending on the capac-
itance of the capacitor connecting the cathode summing output
signal to the RF-amplifier. Table 2 shows the CRT and energy res-
olution according to the capacitance (100 pF,1 nF, 47 nF,100 nF, and
470 nF) of the capacitor connecting the cathode summing output to
the RF-amplifier. The best CRT performancewas obtained when the
capacitance was 100 pF, but the energy resolution deteriorated at
that point. On the other hand, when the capacitancewas 470 nF, the
CRT performance deteriorated, but the best energy resolution was
obtained. To reduce statistical uncertainty, CRT and energy reso-
lutionwere measured at least 3 times for each value of capacitance.

Fig. 9 (a) and (b) show the time spectrum and energy spectra,
respectively, obtained using the serial line multiplexing circuit
approach (overvoltage ¼ 2.0 V) approach while applying different
RC time constant values using the digital oscilloscope. The average
CRT of 580 ± 12 ps FWHM and average energy resolution of
13.2 ± 1.1% were measured with the detector block when the
capacitance of the capacitor connecting the cathode summing
output to the RF-amplifier was 100 nF”



Fig. 5. Simulated bipolar signals from 16 different channels (a) and (b). Experimentally measured bipolar signals from 16 different channels (c) and (d) obtained using the serial line
multiplexing circuit.

Fig. 6. Bipolar pulse waveforms generated with different detected signal amplitudes from the same channel, acquired using the digital oscilloscope (a) and the DAQ board (b).
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3.5. Reconstructed imaging of proof-of-concept PET system using
the serial line multiplexing method

The point source could be clearly resolved in the reconstructed
image (Fig. 10). The radial resolution was 3.2 mm FWHM at the
center of the field of view and 3.3 mm FWHM at 10 mm off-center.

4. Discussion

In this study, we proposed a novel multiplexing method that
effectively reduces the number of readout channels while main-
taining accurate position identification capability with good energy
and timing performance. The serial line multiplexing method could
achieve high channel reduction ratio and comparable energy and
timing resolutions compared to charge division multiplexing
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method [17,18,30]. Additionally, it could provide a more accurate
position discrimination result than the multiplexing method uti-
lizing an electrical delay line [19,20].

A simulation was performed to verify the principles of the
proposed serial line multiplexing method and to derive a formula
for determining the time constant of the high-pass filter (HPF). A
series of experiments were also conducted to demonstrate the
applicability of the proposedmethod in PET detectors with efficient
channel multiplexing.

As shown in Table 2, a capacitance of 100 nF provided good
energy performance while preserving moderate CRT performance.
The trade-off between CRT and energy resolution depending on the
capacitance should be considered in order to achieve the best
performance of the multiplexing circuit. This is because the
amplitude and rise time of the signals are affected by the



Fig. 7. Position identification histogram for channels 1e8 (left) and 9e16 (right) measured using the digital oscilloscope (a) and (b) and DAQ board (c) and (d).

Fig. 8. Experimentally measured bipolar signals from the 4 different detector blocks obtained using the serial line multiplexing circuit (a). Position identification spectrum of
detector blocks 1e4 obtained by measuring zero-crossing points for detector blocks (b).

Table 2
CRT and energy resolution as a function of the capacitance of the capacitor con-
necting the cathode summing output to the RF-amplifier.

Capacitor value (nF) Energy resolution (% FWHM) CRT (ps FWHM)

0.1 19.8 ± 0.5 483 ± 7.3
1 16.4 ± 1.5 521 ± 9.3
47 14.3 ± 1.8 567 ± 7.5
100 13.2 ± 1.1 580 ± 12
470 9.5 ± 0.8 637 ± 10.2
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capacitance of the capacitor connecting the cathode summing
output to the RF-amplifier. A smaller capacitance, which provides a
faster rise time, has a positive effect on the timing performance.
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However, it degrades energy resolution because the amplitude of
the cathode summing output signal is reduced. The timing per-
formance of the proposed method is relatively low because the
noise of each cathode channel is accumulated in the cathode
summing output signal. Additionally, it should be noted that the
proposed method can only be employed with a detector that uses
one-to-one coupling between the crystal elements and photo-
sensor pixel.

As illustrated in Fig. 5, the simulation results showed that the
output pulses of channels 1 to 8 and 9 to 16 had similar pulse
shapes despite their opposite polarities. The shape of the output
pulses from channels 1e8 and 9e16, which were experimentally



Fig. 9. Representative coincidence time spectrum (a) and energy spectra of 64 channels (b) obtained with the serial line multiplexing circuit.

Fig. 10. The reconstructed image and line profiles acquired using the proof-of-concept PET system.
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measured using the detector block, differed slightly due to differ-
ences in input impedance between the inverting and noninverting
amplifiers. However, the shape of the output pulses and the interval
between the important zero-crossing values were fundamentally
similar.

As shown in Fig. 6, the error of the zero-crossing point values
according to the amplitude of the signal output from a single
channel was less than 5%. Therefore, the output signal at the same
position was not affected by the amplitude, and accurate position
3796
identification results could be achieved regardless of the magni-
tudes of the detected signals.

The errors in position identification measured by the method
that used the same RC time constant were similar to those of the
method that used different RC time constants. However, the
approach of applying the same RC time constant could cause a dead
time problem because the length of the output signal increased as
the number of channels increased. The accuracy of position iden-
tification depended on the ADC sampling rate, but the difference



Y. Kim, Y. Choi, K.B. Kim et al. Nuclear Engineering and Technology 53 (2021) 3790e3797
between the position identification error obtained using the DAQ
board and the digital oscilloscope was relatively small (7 ± 3.5%),
indicating that the use of a general DAQ does not significantly affect
the position identification performance.

A point source image was successfully acquired using the proof-
of-concept PET system with the serial line multiplexing method.
This result demonstrated the imaging capability of the proposed
multiplexing method with a high multiplexing ratio.

5. Conclusion

A serial line multiplexing circuit was developed and its appli-
cability to a PET system was evaluated. The experimental results
validated the serial line multiplexing method, which reduced the
number of data acquisition channels at a 64:3 ratio. The results also
showed that distinct crystal identification could be performed
based on the zero-crossing point difference between bipolar pulse
signals. The serial line multiplexing method could provide a high
channel reduction ratio and perform simple position identification
by measuring the zero-crossing point of the output signal without
using an algorithm for position identification. This simplicity is in
contrast to the complexity of conventional charge division
methods. Additionally, the proposed method could easily be
extended to circuits with high channel reduction rates, such as
128:3 or 256:3, thus reducing the system development cost and
complexity of various gamma-ray imaging systems, including
gamma cameras and SPECT as well as PET.
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