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Use of channel reduction techniques that reduce the number of signals transmitted to a data acquisition
(DAQ) module can lead to more efﬁcient use of the DAQ module for PET with numerous readout
channels. The purpose of this study was to develop a position decoder circuit (PDC) with a capacity to
output the digital address and analog pulse of one interacted channel from numerous PET outputs.
A PDC capable of reducing the number of readout channels by a factor of 32 was designed and
fabricated. PET detector modules consisting of an LYSO scintillator, a 4  4 array Geiger-mode avalanche
photodiode (GAPD), and a 16-channel preampliﬁer were also constructed to evaluate the performance
of the PDC developed for this study. The output signal from the PET detector module was transmitted to
the DAQ module after a 45 ns delay by the PDC. Using the gain correction circuit implemented in the
PDC, gain uniformity for all channels of the PET detector module was improved by 80%. Energy
resolution in the PET detector was 20.4% with the PDC and 20.8% without the PDC. Timing resolution
was 2.2 ns with the PDC and 1.5 ns without the PDC. A hot-rod phantom image was successfully
acquired using proof-of-principle PET with the PDC developed for this study. Experimental results
indicate that the PDC developed for this study is not only useful for the reduction of the readout channel
number from the PET detector module consisting of GAPD arrays, but also for PET signal processing and
PET imaging.
& 2010 Elsevier B.V. All rights reserved.
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1. Introduction
The Geiger-mode avalanche photodiode (GAPD), a solid-state
photo-sensor consisting of a matrix of independent micro
avalanche photodiodes, operates in limited Geiger mode. The
GAPD produces a high gain (  106) signal with high signal-tonoise ratio while it is operated at low voltage (50–70 V), and also
offers a fast response with a rise time of less than l ns. Due to the
advantages mentioned above, several groups have recently
reported on the performance of the GAPD, and have demonstrated
its usefulness for PET applications [1–4].
A brain PET system consisting of GAPD arrays is under
development in our group. The PET is composed of 72 detector
modules arranged in a ring of 330 mm diameter. Each PET
detector module consists of a cerium-doped lutetium yttrium
orthosilicate (LYSO) scintillator coupled to a 4  4 array GAPD and
a 16-channel preampliﬁer. This conﬁguration of the detector
module leads to 1152 channel outputs from the entire PET
system. Because only one coincidence event occurs at a time, most
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of these outputs contain useless information, such as electrical
noise or low energy scattered events. Therefore, individual
channel readout is unnecessary, and construction of a cost
effective readout system using a reduced data acquisition (DAQ)
module after selection of only the useful signals is possible.
Among the various methods proposed for reduction of the
number of readout channels, the approach using a resistive charge
divider is widely used because it is simple, inexpensive, and easy
to apply [5–8]. However, this method has several disadvantages,
including increased noise due to addition of a number of input
channels connected to the resistive charge divider and decreased
positioning linearity at the edge of the ﬁeld of view.
To overcome the disadvantage of the resistive charge divider,
several advanced channel reduction methods have been developed. One of these methods involvers use of a multiplexer circuit,
which reduces channel numbers by switching the interacted
channel with coincidence events among numerous input channels
with a voltage level above low-level discrimination (LLD) threshold [9–11]. Use of comparator is another method for identiﬁcation
of the interacted channel [12]. In this way, one or two channels
are identiﬁed by comparison of all input signals to LLD threshold.
Identiﬁcation of the interacted channel by LLD has some
limitations in its application to PET electronics. If signal to noise
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ratio of the developed PET system is bad, the number of channels
above threshold can frequently be zero or more than one
channel. Therefore, improvement of the multiplexing method is
a necessity.
The purpose of this study was to develop a high ratio channel
reduction method that employs the fastest signal identiﬁcation
method, in addition to application of the LLD for identiﬁcation of
the interacted channel. A position decoder circuit (PDC) with a
capacity to output the digital address and analog pulse of one
interacted channel from numerous outputs of the GAPD PET
detector, was designed and constructed. Signal processing time of
the PDC was measured. To compare the performance of the PET
detector with and without the PDC, gain uniformity and energy
and timing resolutions were also measured. A hot-rod phantom
image was acquired to validate feasibility of the PDC for PET
imaging.

2. Materials and methods
2.1. Design of the position decoder circuit
A position decoder circuit (PDC) capable of reducing 32 GAPD
PET detector outputs to one channel address and one pulse signal
was designed. The primary function of the PDC included offset
voltage level control, gain adjust, signal delay, signal switching,
energy discrimination, and digital signal processing.
In order to shift DC offset of the output signal of the PET
detector to ground level, the offset level translation circuit was
designed using the ampliﬁer, which is stable at a gain of 1.
The offset level was adjusted by changing the value of the variable
resistor connected to output of the device supplying the reference
voltage. An analog circuit capable of adjusting the gain of the PET
detector output was also designed. By adjusting the value of a
variable resistor connected in a series to the output of the offset level
translation circuit, the gain was varied in the range from 1 to 2. Fig. 1
shows the analog circuit capable of adjusting DC offset level and gain
of PET detector output signals.
As illustrated in Fig. 2, a signal delay circuit with a constant
group delay of 35 ns across the speciﬁed frequency band from 10
to 15 MHz was designed using a high speed ( 4300 MHz)
operational ampliﬁer (op-amp), which is available in a tiny
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surface mount device (SMD) package that features low cost and
low power consumption.
Signal switching and energy discrimination circuits were
designed using a device that was carefully chosen to reduce the
total propagation delay of the PDC. The device, which has a low
on-state resistance of 12 O and fast turn on/off time of 5.7/3.8 ns,
was chosen as an analog switch. A comparator offering a short
propagation delay of 3.5 ns was selected. Fig. 3 shows signal
switching and energy discrimination circuits.
Field-programmable gate array (FPGA), which provides 2500
usable gates with pin-to-pin delays as fast as 6 ns and counter
speeds of up to 147 MHz, was used to program a digital signal
processing algorithm with the capacity to identify the fastest
signal among output signals of the comparators and to reduce
propagation delay of the PDC.
Fig. 4 illustrates the conﬁguration of the PDC processing the
above-mentioned functions. Output signals of the GAPD PET
detector were fed into an offset level translation circuit for
adjustment of offset voltage level and then sent to the gain adjust
circuit for achievement of gain homogeneity for all channels of
the detector. Ampliﬁed signals were split into two signals. One
signal was delayed for 35 ns by the signal delay circuit until the
analog switch was turned on. When the switch was turned on,
the delayed signal was transferred to the external data acquisition
(DAQ) module. The other signal was fed into the comparator,
which was used to generate a trigger signal if the signal voltage
was above the low level discriminator threshold. Threshold
voltage was adjusted by 10 bit precision digital to analog

Fig. 3. Signal switch (a) and energy discrimination (b) circuits.

Fig. 1. Analog circuit capable of adjusting DC offset level and gain of PET detector output signals.

Fig. 2. Signal delay circuit with a propagation delay of 35 ns across a frequency range from 10 to 15 MHz.
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Fig. 4. Schematic diagram representing the conﬁguration of the position decoder circuit.

converter. Trigger signals from several comparators were sent to
the FPGA. If the time difference between two trigger signals was
larger than 100 ps, the fastest signal was identiﬁed by the FPGA
and the channel address corresponding to the fastest signal was
fed into the DAQ module. The FPGA was reset using the trigger
signal transmitted from the DAQ module. On the other hand, if the
time difference was smaller than 100 ps, the FPGA was self-reset.
The high-level voltage signal (3.5 V) for turning on the analog
switch was also generated by the FPGA, and was then sent to the
analog switch.
2.2. Performance evaluation of the position decoder circuit
2.2.1. Experimental setup
Two PET detector modules were constructed to evaluate the
performance of the PDC. Each detector module consisted of an
LYSO (Sinoceramics, Shanghai, China) scintillator block coupled to
a 4  4 array GAPD (SensL, Cork, Ireland) and a 16-channel
preampliﬁer. The scintillator block was composed of a 4  4
matrix of 3 mm  3 mm  20 mm crystals. Individual crystal
elements were mechanically polished on all sides and optically
isolated with a 0.3 mm white epoxy resin. Each pixel of the GAPD
array had a 2.85 mm  2.85 mm sensitive area and a 3.3 mm
pitch. The scintillator was directly coupled to the GAPD without
optical-coupling material. Each PET detector module was encapsulated from light. The gain of the preampliﬁer was 1000, and
amplitude, rising time and falling time of the ampliﬁed signal
generated by 511 keV gamma-ray were 250 mV, 30 ns, and
170 ns, respectively.
Two PDCs were also fabricated; each circuit was capable of
identifying one interacted channel from the 32 outputs of the two
PET detector modules. Channel address and pulse signal of one
interacted channel were sent to the data acquisition (DAQ)
module.
The DAQ module with free-running ADC and FPGA containing
programmable logic was used to process output signals from the PET
detector modules with and without PDC. Energy and starting time of
a digitized pulse signal were calculated and stored. Additionally, a
trigger signal was generated to reset the FPGA of the PDC; that signal
was sent to the PDC after 320 ns, which was required for digitization
of the analog signal transmitted from the PDC.
2.2.2. Signal processing time of position decoder circuit
A Gaussian pulse with a 200 ns width and 1 V amplitude was
generated using a pulse generator, and the signal was sent to the

developed PDC. Propagation delay between input and output was
measured to evaluate signal processing time of the PDC.

2.2.3. Gain uniformity and energy resolution measured with and
without position decoder circuit
Two PET detector modules were positioned parallel to one
another, and a Na-22 point source with an activity of 220 kBq was
placed at a distance of 50 mm from the surface of the module.
Thirty-two outputs from both detector modules were sent to
one PDC. Individual energy spectra for all output channels of the
detector modules with and without the PDC were acquired for
10 min and 1 min for acquisition of a similar total count in both
cases, respectively. Photopeak positions of the spectra were taken
to evaluate the effect of gain correction by the gain adjust circuit
implemented in the PDC. Energy resolutions were also evaluated.

2.2.4. Timing resolution measured with and without position
decoder circuit
Two PET detector modules were located at opposite sides of
each other and separated by 10 mm. A 220 kBq Na-22 point
source was placed at the center between them. Output signals
from each detector module were independently processed using
each PDC. Single events using each detector module with and
without the PDC were acquired for 30 min and 3 min for
acquisition of a similar total count in both cases, respectively.
Coincidence events were then calculated using a 10 ns time
window and an energy window of 350–650 keV, and coincidence
timing spectra were acquired. Timing resolutions were measured.

2.3. Imaging performance of proof-of-principle PET with PDC
As shown in Fig. 5, a proof-of-principle PET system consisting
of 8 pairs of the PET modules covering an arc of 801 with a
diameter of 330 mm was constructed. A hot-rod phantom ﬁlled
with 185 MBq F-18 was located at the center of the ﬁeld of view.
The phantom consisted of 21 rods with various diameters of 5, 6,
7, 8, and 9 mm arranged in ﬁve sectors. Phantom data was
acquired for 5 s per projection to evaluate the imaging capability
of proof-of-principle PET with the PDC. Projection data were also
collected at 31 increments over 1801 in step-and-shoot mode. The
phantom image was reconstructed using a 2D ordered subsets
expectation maximization algorithm with 10 iterations and 2
subsets.
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Fig. 5. Schematic diagram of the proof-of-principle PET system consisting of 8 pairs of PET detector modules and signal processing circuits.

Fig. 6. Photograph of the fabricated position decoder circuit board (a), and propagation delay between input and output signals measured with an oscilloscope (b).

3. Results

3.3. Timing resolution measured with and without the position
decoder circuit

3.1. Signal processing time of the position decoder circuit
Fig. 6(a) and (b) shows the fabricated PDC board and the
typical timing of its input and output signals, which were
measured using an oscilloscope, respectively. Compared with
input signal, analog and channel address output signals were
delayed about 45 ns. No meaningful distortion of analog output
signal was observed.

3.2. Gain uniformity and energy resolution measured with and
without position decoder circuit
Thirty-two energy spectra were acquired using two PET
detector modules with and without the PDC, and photopeak
positions in the energy spectra were measured. Fig. 7(a) shows
the energy spectra of one channel among 32 energy spectra.
Average energy resolution in detector modules was 20.4 73%
with the PDC and 20.873.1% without the PDC. As illustrated in
Fig. 7(b), the ratio of highest and lowest photopeak positions was
improved from 1.8 to 1.0 after gain correction using the gain
adjust circuit.

As shown in Fig. 8, coincidence timing spectra were measured
using a pair of PET detector modules with and without the PDC.
Timing resolution in detector modules was 2.2 ns with the PDC
and 1.5 ns without the PDC.
3.4. Imaging performance of proof-of-principle PET with PDC
A tomographic image of the hot-rod phantom was acquired
using the proof-of-principle PET with the PDC. As illustrated in
Fig. 9, the activity distribution pattern of the hot-rod phantom
was well imaged without distortion, and all rods were also clearly
resolved.

4. Discussion
Use of channel reduction techniques that reduce the number of
signals transmitted to the data acquisition (DAQ) module can lead
to more efﬁcient use of the DAQ module for PET with numerous
readout channels. In this study, a position decoder circuit
(PDC), which outputs digital address and analog pulse of one
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Fig. 7. Energy spectra (a) acquired with and without the position decoder circuit. Relative photopeak positions (b) before and after gain correction.

Fig. 8. Coincidence timing spectra measured with and without the position
decoder circuit.

Fig. 9. Tomographic image of the hot-rod phantom acquired using proof-ofprinciple PET with the position decoder circuit.

interacted channel from numerous outputs of PET detectors
consisting of GAPD arrays, was developed. Although the number
of readout channels was reduced by a factor of 32 in the PDC
developed for this study, multiplexed channel number could be
readily extended using the proposed design scheme, as illustrated
in Fig. 4.

Two steps were sequentially performed for identiﬁcation of a
valid channel among numerous inputs transferred to the PDC. In
the ﬁrst step, discrimination of noise or low energy scattered
signals from all channel signals was performed using LLD. For
global application of the threshold value for all channels of the
PDC, offset levels of signals transferred to the PDC must be
uniform, because if offset levels are different, the same energy
threshold cannot be applied for all signals. Offset levels of each
GAPD array used in this study showed little difference. Therefore,
as shown in Fig. 1, an offset level translation circuit capable of
independent adjustment of the offset level for each GPAD PET
detector was designed.
In previous studies [8–10], the method for ﬁnding the signal
with maximum amplitude was used to select a valid signal among
signals with amplitude over the LLD threshold. The fastest signal
identiﬁcation method was applied in this study, because the
analog circuit can be designed with more simplicity, and because
the fastest signal corresponds to the biggest signal, which has a
high probability of being a valid signal.
Gain of each channel in a multi-channel photosensor was
commonly non-uniform. For example, the gain variation of a
multi-anode type photomultiplier tube was typically 3:1 [13,14].
For global application of energy threshold in the multi-channel
detector, the gain of all channels must be homogeneous. In
this study, because the maximum gain variation of the GAPD
was 1.8:1, the variable gain adjust circuit, which adjusts the gain
in a range from 1 to 2, was designed to achieve gain uniformity
of the PET detector, as shown in Fig. 7(b). Using the gain
adjust circuit, gain uniformity was improved by 80% after gain
correction.
Because the PDC needs enough time to output a GAPD signal of
250 ns width without signal loss, GAPD outputs were held for
35 ns by a signal delay circuit within the PDC. As shown in
Fig. 6(b), total propagation delay time, including signal holding
time, was 45 ns in the developed PDC
The difference of energy resolutions measured with and
without the PDC was negligibly small. However, because output
analog signal of the PDC was slightly larger than input signal and
because the gain of the GAPD channel shown in Fig. 7(a) was
adjusted to achieve gain homogeneity, photopeak position was
increased by 5.9% using the PDC.
The coincidence timing resolution was decreased from 1.5 to
2.2 ns using the PDC because the signal transmission line length
according to the location of the input channel on the printed
circuit board was different. Currently, design optimization of the
PDC was under investigation to decrease the time difference
according to input channel. However, the measured timing
resolution was comparable to that of commercial small animal
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PET ( o2 ns) [15,16] and human PET (o6 ns) [17], except for
time-of-ﬂight PET.
A hot-rod phantom image was successfully acquired using
proof-of-principle PET with the PDC. This result demonstrated
that the proposed fastest signal identiﬁcation method was useful
for valid channel identiﬁcation and was feasible for acquisition of
high quality PET using the PDC employed with the proposed
method.

5. Conclusion
In this study, channel reduction techniques that employ the
fastest signal identiﬁcation method and the LLD method were
proposed, and an analog circuit for application with these
methods was fabricated. Experimental results indicate that
the PDC developed for this study is not only useful for reduction
of channel number of the PET detector consisting of GAPD arrays
with a large number of channels, but also for PET signal
processing and PET imaging. The PDC developed for this study
will be extended to 36 for a human brain PET system consisting of
72 detector modules.
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