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a b s t r a c t

In order to solve the contradiction between requirements of high sampling rate for acquiring accurate
energy information of pulses and large amount of data to be processed timely, the method with an al-
gorithm to correct errors caused by reducing the sampling rate is normally used in front-end read-out
system, which is conductive to extract accurate energy information from digitized waveform of pulse.
The functions and effects of algorithms, which mainly include polynomial fitting with different fitting
times, double exponential function fitting under different sampling modes, and integral area algorithm,
are analyzed and evaluated, and some meaningful results is presented in this paper. The algorithm
described in the paper has been used preliminarily in a prototype system of Positron Emission To-
mography (PET) for heavy-ion cancer therapy facility.
© 2019 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

The heavy-ion cancer therapy is considered as the optimizing
radiotherapy method for cancer cells. To ensure the safety of pa-
tient, determination of treatment plan and assessment of curative
effect, the radiation dose distribution and location of the heavy ion
beam should be monitored in real-time during the treatment of the
heavy ion tumor radiotherapy. Positron Emission Tomography
(PET) is the only non-invasive and on-site monitoring method for
heavy ion tumor radiotherapy. PET can deduce the radiation posi-
tion and distribution of the incident beam by monitoring the ra-
diation activity and intensity of the positron emitter generated by
the heavy ion beam penetrate the tissue [1].

PET is used for the heavy-ion cancer therapy so as to obtain
more accurate information about radiation dose distribution and
irradiation location of the heavy ion beam. There are numerous
detection units in PET. The DPC (discretized positioning circuit,
DPC) bridge circuit is employed in PET for the readout of multi-
anode position sensitive photomultiplier tube (PSPMT) [2e6],
which aims to reduce the 64 outputs of the multi-channel anodes
by Elsevier Korea LLC. This is an
to just 4 outputs by using a variety of resistor networks. The posi-
tioning information for each 511 keV incident photon is calculated
by the relative magnitudes energy of 4 channels [6]. Therefore, the
acquisition of energy information is the basis of acquiring location
information, and acquisition of accurate energy information is the
basis of obtaining high spatial resolution [7]. Also excellent per-
formance of energy measurement can be more conducive to
remove the scattering events in subsequent scatter correction
process.

Since PET detector is composed of numerous tiny scintillators to
express high spatial resolution and complete extensive 3-D
coverage, which can dramatically improve the sensitivity of the
system, the number of ADC channel employed in a modern PET
system is rapidly increasing. In addition, not only fast scintillators
(e.g., LYSO, LaBr3) and photo-detectors (e.g., PMT, APD and SiPM)
are used as photon detection cells inmodern PET to generate pulses
having a fast rising edge followed by a slower exponential decay
falling edge, but also the 3-D imaging mode is adopted, which re-
quires system to have a high counting-rate capability [8]. Therefore,
it is very necessary to reduce the dead time of system for the entire
system [9]. Recently digitally sampling methods have been widely
used in modern electronics, which can simplify the hardware cir-
cuit structure of system, and improve system integration and reli-
ability, also can minimize the dead time and reduce interference,
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but it needs high-speed ADCs to sample signals. However, a PET
system that employs a large number of high-speed ADCs is too
expensive [10]. Additionally, the increase in the number of ADCs
will increase power consumption [11], so that the heat dissipation
design needs to be added to the system, which in turn leads to
increased system design complexity and increased cost. In sum-
mary, a large number of high-speed ADCs have negative impacts on
data volume, heat dissipation, design complexity and cost, so it is
unrealistic to adopt numerous ADCs with high sampling rate in PET.
Thus, we want to minimize the sampling rate on the premise of
better energy resolution.

In this paper, the methods based on algorithm which allows a
lower sampling rate to be deployed, which are used to directly
obtain the energy information of the output signal from the scin-
tillators and photo-detectors through a DPC resistance network in
our experiment.

Data acquisition and correction algorithm for pulse signals are
described in Section 2, Section 3 is devoted errors analysis and
discussion, preliminary test and application are presented in Sec-
tion 4. Conclusions are given in the final Section.

2. Data acquisition and correction algorithm

2.1. Detector

The prototype of PET detector consists of a XP20D0 (Hamamatsu
Photonics) detection unit coupled to a single-probe cylindrical
crystal LaBr3 scintillator (F 20 � 20 mm3). The energy loss depos-
ited in the scintillator is obtained from the signals of the photo-
detector through the DPC resistor network. The detector has been
tested at room temperature (about 25 �C) with a PMT supplied
voltage of �1100 V. An 22Na source has been adopted at a distance
of around 10 cm from the PET prototype detectors. The DPC resistor
network signal is amplified by preamplifier and filtered with a
wideband active low pass filter for smoothing before being digi-
tized. In the simulation phase, an oscilloscope is used for digital
processing. During the test phase, a ADC is used for digital sam-
pling. A schematic of the block diagram of the experiment is shown
in Fig. 1a.
Fig. 1. (a) Block diagram of setup of the experimen
2.2. A reference database

In order to analyze and evaluate the energy correction algo-
rithm, a reference database is necessary. An oscilloscope Teledyne
LeCroy HD4096 running at a 2.5 giga-sample-per-second (GSps)
sampling rate, was employed to perform the waveform sampling
for signals from photon detector mentioned above. Here the
waveform sampling with a commercial oscilloscope is used to
simulate an ADC sampling in free running mode. The signals from
photon detector are digitized by the oscilloscope mentioned here,
and the waveform sampling is performed at a 2.5 GSps sampling
rate. A plot of typical pulse is shown in Fig. 1b. The signal wave-
forms of 2.5 GSpswere sampled at 20MSps, 40MSps, 50MSps, 62.5
MSps, 80 MSps, and 100 MSps respectively. Two different sampling
modes of the ADC were simulated when sampled with 6 different
sampling rates. One of the sampling modes is the free sampling
mode, and the other sampling mode is the trigger sampling mode.
The trigger threshold is set to baseline plus 3 mV. The data of all
digitized signal waveforms which are from the photon detector and
sampled with different sampling rate under different sampling
modes are kept as a reference database, the data of the waveform
sampled with 2.5 GSps are called as the raw data, the data of the
waveform sampled with 6 different sampling rates under the free
sampling mode are called the free sampling data, and the data of
the waveform sampled with 6 different sampling rates under the
trigger sampling mode are called the trigger sampling data, which
are employed for analyzing and evaluating the energy correction
algorithm in our study.

As a first step of the analysis, in all methods a baseline sub-
traction algorithm is applied to the data, to eliminate undesired low
frequency components. For the raw data, the first 100 samples are
used for baseline correction, and for data with different sampling
rates, as the sampling rate increases, the baseline is dynamically
calculated using the mean value of the first 2 to 8 points.

2.3. Energy correction algorithm

As we know, the height of pulse or the area of the pulse is
proportional to the energy of the detected radiation particles.
t. (b) A typical pulse in the reference database.
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Normally, the energy of the pulses signals is calculated by deter-
mining pulse amplitudes [12] (i.e. the average value of three points
at the peak of the pulse [13], peak waveform value minus baseline
value [14], curve fitting [15]) or integrating the pulse areas [10].
Here some algorithms concerned in our study for getting the en-
ergy of the pulses through the curve fitting optimized by the least-
squares or full integrating the area of pulse waveform are intro-
duced as follows, and the entire simulation process is based on
MATLAB.

2.3.1. Polynomial fitting
The pulse-height maximum is determined using a nth order

polynomial fit to the digitally-sampled pulse [16]. Digitized wave-
forms with the free sampling data are analyzed. Based on MATLAB,
firstly the maximum value of the waveform was found, and then 5
points with larger amplitude around this point were selected in
each group of data for cubic, quartic and quintic polynomial [17],
respectively. The polynomial function is given by

pnðtÞ ¼
Xn
i¼0

ait
i; (1)

where n is the highest times of the fitting for polynomial, and ai is
the coefficient of the polynomial.

2.3.2. Double exponential function fitting
The double exponential function is used for fitting the signal

since the waveform of the signal from the detector reference
database conforms to the features of a curve of the double expo-
nential function [18,19]. The double exponential function is given
by

pðtÞ¼ a� exp
�
� t � t0

b

�
�
�
1� exp

�
� t � t0

d

��
; (2)

where a is determined by the pulse amplitude, b and d by the rise
and decay time of the pulse, and t0 by the occurrence time of the
pulse.

In the simulation, the ADC works either sampling in free sam-
pling mode or in trigger mode. Under different ADC operating
modes, different data are adopted from the reference database and
the fitting effect with the least-squares fitting at various sampling
rates are evaluated.

a) Free sampling mode

The free sampling data is used and the points larger than
baseline by 3 mV were extracted for this fitting.

b) Trigger mode

In this mode, digitized waveforms with the trigger sampling
data are analyzed.

2.3.3. Integral area algorithm
The total area under the waveform gives the event energy

detected [20] and the result of the integration of the all waveform
sample points is calculated as the area of the corresponding pulse.
The integral area of 6 different sampling rates integral and the area
of raw data were compared. The integral area function is given by:

s¼
Xn
i¼1

pi �
1
fs

(3)

In Eq. (3), s is the integral area, fs is the sampling rate, n and p are
the number and amplitude of sampling points at the corresponding
sampling rate.

3. Results and discussion

The statistics on relative errors between maximum value of
pulses by using each fitting algorithm and raw maximum value of
pulses, and the statistics on relative errors between the areas ob-
tained by integrating the sampling points gotten at lower sampling
rate and the raw area are analyzed and discussed in the section.

3.1. Errors of correction with polynomial fitting

The relative error information of polynomial fitting with
different fitting methods at a variety of sampling rates is shown in
Fig. 2. As illustrated in Fig. 2a, the relative error is decreasing with
increasing sampling rate, and the mean of relative error for poly-
nomial fitting with different fitting methods is closer to zero with
increasing sampling rate. Especially when the sampling rate rises
from 20 MSps to 50 MSps, the mean changes drastically. Overall,
the mean of quintic polynomial fitting is better than the mean of
quartic polynomial fitting, and the worst value is gained by cubic
polynomial fitting. When the sampling rate is larger than 50 MSps,
the changes of the means for quintic polynomial fitting and quartic
polynomial fitting are relatively stable.

Fig. 2b shows the variety of standard deviation which is the
statistical results of relative error of polynomial fitting. The relative
error dispersion is decreasing with increasing in sampling rate.
Nevertheless, when sampling rate is larger than 50 MSps, the
standard deviations of quintic polynomial fitting and quartic
polynomial fitting behave excellently. When the sampling rate is
high enough, the standard deviation of the cubic polynomial fitting
becomes better.

3.2. Errors of correction with double exponential function fitting

3.2.1. Errors in free sampling mode
Fig. 3 shows the statistical results of the relative error which is

obtained from correcting to the maximum value of pulses with
double exponential function fitting, pulses were sampled under the
free sampling mode. As shown in Fig. 3a, the mean value is
improving with sampling rate increasing.

As illustrated in Fig. 3b, standard deviation is ascending rapidly
with declining of sampling rate. This rapid variation in the relative
error dispersion means that the double exponential function fitting
in this mode is progressively unstable with the decrease of the
sampling rate.

3.2.2. Errors in trigger sampling mode
The information of the relative error from correcting the

maximum value of pulses with the double exponential function
fitting is shown in Fig. 4, the pulses were sampled under the trigger
sampling mode. Fig. 4a shows that the mean of relative error,
rapidly reduces towards zero as the sampling rata increases, and
then lightly moves away from zero as the sampling rate is greater
than 50 MSps. As shown in Fig. 4b, double exponential function
fitting is significant stable when sampling rate is higher than 40
MSps.

3.3. Errors in integral area algorithm

Fig. 5a shows that the mean is poor when the sampling rate is
less than 50 MSps. At 50 MSps and greater than 50 MSps, the mean
fluctuates slightly around 0. Fig. 5b shows that relative error vari-
ance decreases as the sampling rate increases.



Fig. 2. The biases (a) and the standard deviation (b) of relative error with different fitting methods. The green/blue/red lines are results of cubic/quartic/quintic polynomial fitting,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. The mean (a) and the standard deviation (b) of relative error with double exponential function fitting at different sampling rates under free running mode sampling.

Fig. 4. The mean (a) and the standard deviation (b) of relative errors with double exponential function fitting at different sampling rates under trigger mode sampling.
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Fig. 5. The relative error information of integral area algorithm under different sampling rates. (a) The mean. (b) The standard deviation.
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The low sampling rate results in very few sampling points, and
theweight of each sample point for integral areawould be large. If a
sample point is improper, it will do more contribution to the
deterioration of relative error. The higher the sampling rate, the
more accurate the integral area is.
3.4. Discussions

3.4.1. The mean values of the relative error
From the curves of mean values for various fitting algorithms

shown by different colors in Fig. 6a, it is obvious that the variation
tendency of the relative error is closer to 0 as the sampling rate
increases. The maximum value of pulse gotten by curve fitting is
compared with the maximumvalue of pulses obtained by sampling
raw data (red). When sampling rate is less than 50 MSps, a better
correction accuracy is presented by the double exponential func-
tion fitting under the trigger mode sampling (pink). When sam-
pling rate is larger than 50 MSps, the performance of quintic
polynomial fitting (green) is optimal, followed one is the quartic
polynomial fitting (blue). The maximumvalue of the pulse sampled
at lower sampling rate is not well corrected by cubic polynomial
fitting (cyan) and double exponential function fitting in the free
Fig. 6. The mean (a) and the standard deviation (b) of relative errors generated from all the
pulses. The cyan/blue/green lines show the cubic/quartic/quintic polynomial fitting algorithm
under trigger mode sampling and free running mode sampling. The black line is for integra
reader is referred to the Web version of this article.)
running mode sampling (yellow). The algorithm of acquiring the
area by integrating sampling points (black) is themost outstanding,
especially when the sampling rate is larger than 50 MSps.
3.4.2. The stability of algorithm
As shown in Fig. 6b, the stability of the algorithm can be inferred

through analyzing the changes of standard deviation of each al-
gorithm. Except for the double exponential function fitting in the
trigger mode (pink), the other algorithms follow the rule, the sta-
bility increases with increasing in sampling rate. Quintic poly-
nomial fitting (green) is slightly more stable than quartic
polynomial fitting (blue). Certainly, the algorithm of integral area
by integrating sampling points (black) is the most stable.

According to the performances analyzed above, if an error about
2% is accepted, a sampling rate of 100 MSps or more than 100 MSps
sampling rate is required for getting the maximum value of pulses
algorithm. However, quintic polynomial fitting correction algo-
rithm can be employed for getting the maximum value of pulses
that is sampled at a sampling rate between 40 MSps and 50 MSps,
quartic polynomial fitting is suitable for sampling rate larger than
50MSps, or double exponential function fitting under trigger mode
at 50 MSps sampling rate. At a lower sampling rate, the integral
algorithms: the red line is for the algorithm of sampling maximum value of raw data
s separately. The pink and yellow lines are for the double exponential function fitting

l area algorithm. (For interpretation of the references to color in this figure legend, the
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area algorithm is most accurate.

3.4.3. Energy resolution of algorithm
The energy resolution of each algorithm is shown in Table 1, and

the change trend is consistent with the evaluation results of the
above simulation.

4. Preliminary test

A FPGA-based online system, for the prototype of PET for heavy-
ion cancer therapy facility to digitize the waveform of the pulse
processing from photon detector has been implemented. In the
system, the energy chain is shown in Fig. 7. The DPC resistor
network signal is required to be negative polarity, ground refer-
enced. The input stage has input diodes to protect against over and
under voltage, and the signal is amplified by OPA2694. Signals from
the preamplifier are filtered with a wideband active low pass filter
Table 1
The energy resolution of each algorithm.

Sampling Rate (MSps) Energy resolution (%)

The Maximum Value of Pulses Polynomial fitting

Quintic Quartic

100 7.19 7.15 7.22
80 7.73 7.34 7.51
62.5 8.57 7.66 8.48
50 8.98 8.26 8.52
40 11.47 10.03 11.09
20 25.26 20.16 22.86

Fig. 7. Block diagram of the ene

Fig. 8. The g ray energy distributions obtained by extracting the maximum value of
(LTC6605-7, 6.5 MHz) for smoothing before being digitized. The
filtered difference signal is sent to a 14-bit ADC (AD9248) that can
digitize the signal at a 50MSps sampling rate. The digital data from
the ADCs are directly read by Altera Cyclone-III EP3C16F484 FPGA
which perform data buffering and processing. Finally, after imple-
menting the algorithm function in the FPGA, the data is packaged
and transmitted to a computer.

In order to verify the correctness of the simulated algorithm,
both the two algorithms studied in the paper, the extracting the
maximum value of pulses algorithm and the integral area algo-
rithm, were used firstly for data acquisition and processing. Simi-
larly, in both methods the first 4 samples are used for baseline
correction and the rest are subtracted from baseline for energy
calculation of each event. And the LaBr3 scintillator coupled with a
XP20D0 detection unit was applied in this energy test. Based on the
results analyzed and discussed in the above sections, Fig. 8 com-
pares the distribution of the g ray energy obtained by two different
Double exponential function fitting Integral Area Algorithm

Cubic Free Sampling Mode Trigger Mode

8.57 11.58 9.91 6.06
9.11 11.62 9.67 6.51
10.28 21.41 8.92 6.96
11.36 11.72 8.63 7.02
21.30 21.86 9.73 9.13
dd dd 11.69 20.71

rgy chain of four channels.

pulses algorithm (a) and the integral area algorithm (b) with the 22Na source.



Fig. 9. The typical flood histogram obtained by the extracting the maximum algorithm (a) and the integral area algorithm (b) with the 22Na area source.
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algorithms with the same unit. The peaks that corresponds to the
22Na positrons annihilation can be clearly seen. The energy reso-
lution obtained by using the extracting the maximum algorithm
(Fig. 8a) is 8.60%, and the energy resolution obtained by using the
integral area algorithm (Fig. 8b) is 6.31%. This result is consistent
with the simulation results mentioned above, that is, the integral
area algorithm is more accurate.

Afterwards, the integral area algorithm has been applied in a
PET detector which was consist of the PSPMT H8500C (Hamamatsu
Photonics) and LYSO scintillator array. The array is composed by
484 (22 � 22) LYSO pixels with the size of 2 � 2 � 15 mm3. The
dimension of the PSPMT is 52 � 52 mm2 with a sensitive area of
49 � 49 mm2. A typical flood histogram of the PET detector block is
shown in Fig. 9 with different calculated algorithm. The results
show that the pixels of the flood histograms are very clearly
resolved for both algorithms. The extracting the maximum has
some distortions at the edges of the flood histogram whist the
image of the integral algorithm displays small. This is due to the
difference in calculating the deposited energy for both algorithms.
The experiment results indicate the integral area algorithm can
reduce the distortions, which will be useful in improving the image
quality for the PET prototype.

5. Conclusion

This paper evaluates several fitting algorithms, which are used
for picking up the maximum value of a pulse from digitized
waveform of pulse obtained by sampling. With these algorithms,
comparatively accurate maximum value of a pulse can be obtained
from a digitized waveform of the pulse that is sampled in a rela-
tively low sampling rate. With these algorithms, preliminarily tests
have been performed on the prototype of PET for heavy-ion cancer
therapy facility. The test outcome is promising. The algorithms are
very useful in our prototype of PET. With these algorithms, the
quantity of the data that needs to be processed can be reduced
(data is compressed by 80% due to the decrease of ADC sampling
rate) and the capability of the system to process data online can be
promoted.
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