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Abstract

A principle and method of constructing the digital acquisition system is pre-
sented in this work, which is convenient for the study on the theories and algo-
rithms of digital nuclear signal processing. The hardware system of the digital
acquisition system consists of front-end controller, waveform digitizer and PC
workstation, on which the software system has been developed based on Visual
C++ under Windows environment. The alterable-frequency sampling (AFS)
algorithm and the alterable-frequency trapezoidal filter (AFTF) algorithm have
also been studied in the real-time environment, along with a digital nuclear
spectrum acquisition system being set up based on the new algorithms and the
~-ray spectra of 241Am being shown. A useful experimental platform could be
provided by this work for the successive work such as the development of global
digitized nuclear measurement system and the study of digital nuclear signal
processing.
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Abstract

This work presents the principles and methods for constructing a digital acqui-
sition system that facilitates research on theories and algorithms for digital nu-
clear signal processing. The hardware system comprises a front-end controller,
waveform digitizer, and PC workstation, while the software system has been
developed using Visual C++ under the Windows environment. The alterable-
frequency sampling (AFS) algorithm and alterable-frequency trapezoidal filter
(AFTF) algorithm have been studied in a real-time environment, and a digital
nuclear spectrum acquisition system based on these new algorithms has been
established, demonstrating the y-ray spectra of 2! Am. This work provides a
useful experimental platform for subsequent research, such as the development
of fully digitized nuclear measurement systems and the study of digital nuclear
signal processing algorithms.

Keywords: Digitized nuclear instrument, Digital nuclear signal processing,
Digitized nuclear measurement

Introduction

Digitized nuclear instruments have been widely used in the field of digitized
nuclear measurement over the past decade [1-3]. Generally, these instruments
consist of concise and compact hardware combined with software encompassing
various functions and algorithms. They offer advantages including light weight,
small size, low cost, easy operation, and good performance when supported by
effective signal processing algorithms [4 6].

Consequently, research on theories and algorithms for digital nuclear signal pro-
cessing has become an important direction within the field of digital nuclear
instrumentation. To facilitate the study and experimental validation of nu-
clear signal processing techniques, it is necessary to develop a digital acquisi-
tion system with the following features: (1) Good software compatibility and
expandability, allowing existing algorithms to be easily integrated while pro-
viding interfaces for new algorithms; (2) Capability for both online and offline
data processing to verify algorithm efficiency and real-time performance while
providing resources for high-precision algorithm research; (3) Effective visual-
ization functionality capable of displaying multiple results simultaneously and
saving them automatically; and (4) Easy and flexible adjustment of hardware
parameters for various experiments.

Based on these considerations, we have constructed a digital acquisition system
platform for researching and developing theories and algorithms used in digital
nuclear signal processing, as shown in Fig.1. The waveform digitization sys-
tem comprises the “PCI-9820” waveform digitizer provided by AD-LINK and
a front-end controller designed in-house. The acquired digital nuclear signals
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are transferred to a high-performance PC workstation via PCI bus for storage
and further online or offline processing. The software system has been devel-
oped using Visual C++ under the Windows environment and includes two main
components: a basic module containing essential software such as sampling con-
trol, data storage, and real-time display sub-modules; and an expansive module
designed for studying new digital signal processing algorithms. These new al-
gorithms can be integrated into the software system as modules and invoked
by kernel programs. The expansive module will be continuously expanded as
new algorithms are developed, ensuring the software system evolves alongside
deepening research in digital signal processing. To validate the feasibility of
the digital acquisition system discussed in this paper, a digital nuclear spec-
trometer was established by embedding the traditional trapezoidal filter (TTF)
algorithm, AFS algorithm, and AFTF algorithm, and the measured -ray spec-
trum of 24! Am is presented.

2 Construction of Waveform Digitization System

The nuclear waveform digitization system has been constructed around the
“PCI-9820” digitizer provided by AD-LINK. A gain-adjustable front-end con-
troller was designed to match the amplitude of signals output from semiconduc-
tor detectors with the input range of the digitizer, thereby effectively reducing
quantization error. The front-end controller connects to nuclear detectors and
amplifies the analog signals to suitable amplitudes that fit the digitizer’s range,
minimizing quantization error and amplitude loss during waveform digitization
[7].

2.1 Principle of the Front-End Controller

The gain-adjustable front-end controller operates based on the principle of ad-
justable gain determination, which is accomplished by controlling a digital po-
tentiometer via CPLD to adjust the amplifier’s gain. The controller consists
of an input select unit, differential shaping unit, gain adjustment unit, chan-
nel switching unit, controlling unit, and power supply unit. Fig.1 shows the
structure diagram of the front-end controller.

The output mode of the preamplifier can be selected as either resistive and
capacitive feedback or switch reset, controlled by the input select unit. The
differential shaping unit completes AC coupling of the signal. The gain ad-
justment unit then magnifies the signal to fit the input range of the digitizer.
Channel selection is dominated by the channel switching unit, which is real-
ized using the MAX-4729 chip. The core of the controlling unit is a CPLD
(XC-95288XL) programmed to implement system reset, indicator lamp control,
channel switch control, and digital potentiometer setting. Based on the status
of the dial switch, the CPLD sends out corresponding timing sequences to set
the value of the digital potentiometer, thereby regulating the amplification of
the gain adjustment unit.
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2.2 Constitution and Performance of Waveform Digitizer System

The main parameters of the digitized nuclear signal acquisition system are as
follows: dual channels with small-signal bandwidth above 30 MHz per channel,;
programmable ADC conversion range of $£+$5 V or $+$1 V; separate 14-bit
ADC for each channel; maximum sample rate of 65 MS/s per ADC, reaching
130 MS/s for the digitizer when used in “ping pang” mode; and onboard 128M
SDRAM used as data buffers. Data is transferred from buffers to the PC work-
station via DMA mode for dynamic display, real-time processing, or data saving
by the software.

3 Design of Software

The software system for the digital acquisition platform was developed under
Visual C++ and contains both basic and expansive modules. The basic module
includes several sub-modules such as parameter setting, sample control, basic
signal processing, and graph display, enabling fundamental platform functions
including waveform sampling, data saving, dynamic waveform plotting, and en-
ergy spectrum display. The expansive module is designed for users to add suc-
cessive signal processing algorithms for specific applications. These algorithms
are encapsulated as DLLs (dynamic link libraries) that can be easily integrated
into the software system according to pre-defined user interfaces. To date, the
AFS and AFTF algorithms have been implemented in our software. Fig.2 shows
the structure diagram of the platform software.

3.1 Design of Parameter Setting and Sampling Control Modules

By calling the API functions of the SDK provided by PCI-9820, we can com-
plete parameter settings for the PCI-9820 digitizer such as sampling frequency,
sampling mode, triggering mode, triggering level, calibration mode, and input
range, as well as control the digitizer to start or stop working [8]. The sampled
real-time data acquired by the digitizer is first stored in the onboard buffer, then
transferred to computer memory via DMA mode through the PCI bus when the
buffer becomes full. This real-time data may be used for further handling with
associated signal processing algorithms, and the results may be dynamically
displayed or saved as data files in our software.

3.2 Design of Expansive Module

The expansive module consists of various nuclear signal processing algorithms
in the form of DLLs that can be conveniently added to the software system
following specific rules. In this work, the traditional digital trapezoidal filter
algorithm was first integrated into the expansive module, which, together with
the basic module, forms a traditional digital nuclear spectrometer used for basic
performance testing of the platform and for comparison with other experiments.
Next, the AFS algorithm and AFTF algorithm for digital nuclear signals based

chinarxiv.org/items/chinaxiv-202306.00548 Machine Translation


https://chinarxiv.org/items/chinaxiv-202306.00548

ChinaRxiv [$X]

on digital decimation were developed to establish an improved digital nuclear
spectrometer with optimal data amount.

Extract of Waveform Data

The digitized data continuously sampled by the digitizer includes both nuclear
event data and interval data between events. When the nuclear event rate is
low, significant storage resources would be wasted if all continuous data were
saved. Since both the AFS and AFTF algorithms mentioned below handle
single waveforms, only the complete waveform data extracted from the original
continuous sampled data needs to be saved.

Consequently, we designed a specific data structure to store the waveforms:

Struct PulseWave {

ULONG startTime; // the start time of waveform
ULONG endTime; // the end time of waveform
USHORT peakValue; // the peak value of waveform
ULONG peakTime; // the peak time of waveform
USHORT *pValue; // the data of waveform

3

In this data structure, the data members “startTime” and “endTime” record
the start and end times of each waveform, respectively. The data member
"*pValue” is a pointer to an array of sampled discretized data for each waveform
from the start time. The “peakValue” and “peakTime” record the peak value
and timestamp of each waveform, providing necessary information for successive
signal processing algorithms to enhance computing efficiency. Using this data
structure, we can largely decrease storage requirements while preserving effective
waveform information.

Algorithm of AFS

To preserve the entire information carried by the nuclear signal during digi-
tization, massive data reception and processing must be effectively executed.
The preamplifier output signal is typically a double exponential signal with a
nanosecond-microsecond rising edge and microsecond-millisecond falling edge.
The rising edge lasts for a shorter time and contains high-frequency content that
may include nuclear events, whereas the falling edge contains low-frequency con-
tent but consumes significant storage resources due to its long duration.

To utilize storage resources effectively [9], a novel “alterable-frequency sampling
(AFS)” method is performed through the following steps: First, digitize the
nuclear signal with high-frequency sampling; then apply low-pass filtering and
extract the falling edge with lower sampling frequency; finally, combine the
rising edge of the high-frequency sampled signal with the falling edge extracted
at lower frequency to form a new waveform for saving.

According to the Nyquist law, the original signal should be processed with an
anti-aliasing digital filter to eliminate frequency aliasing during sample extrac-
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tion. Assuming the preamplifier output is x(nT), and yD(nT) is the output
after M times of extraction, then yD(nT) = x(MnT). The output of yD(nT)
after low-pass anti-aliasing filtering is yDLP(nT), and the AFS output can be
described by Eq.(1).

Algorithm of AFTF

The trapezoidal shaping filter is one of the most common optimal filters for nu-
clear signals, providing good energy resolution and high throughput for general
applications [10 14]. Here we design a new trapezoidal shaping algorithm for
double exponential signals after AFS. Unlike conventional trapezoidal shaping
algorithms, the double exponential signal is divided into rising edge and falling
edge sections split at the peak. The rising edge section is directly shaped by the
trapezoidal shaping algorithm, whereas the falling edge section is first handled
by frequency reduction and then shaped by the trapezoidal shaping algorithm.
Finally, the two shaped signal sections are combined into one signal through a
specific method. The pulse width and flat top width of the shaped signal can
be flexibly adjusted through parameter setting.

Assuming the input signal is described by Eq.(2), where 7, and 7, are the time
constants of the rising edge and falling edge, respectively. The impulse response
function of the trapezoidal shaping filter is described by the following formula.
The shaped result of the rising edge section of the signal is described by the
following formula, where Np is the time of peak. The result of AFTF is the
combination of the two shaping results calculated by formula (7), where M is
the frequency reduction multiple.

4 Performance of the Digital Acquisition System and Algo-
rithm Testing

4.1 Basic Functions of the System

The digital acquisition system platform provides the following basic functions:
(1) Sample rate can reach 130 MHz for single channel and 65 MHz for dual
channels with 14 effective bits; (2) Sample parameters and amplitude gain of
analog signals can be optimally adjusted; (3) Real-time acquisition and dynamic
display of nuclear signals can be achieved; (4) User-defined algorithms can be
integrated into the platform for online or offline testing; and (5) Results of signal
processing algorithms can be visualized.

4.2 Test Results of Front-End Controller Performance

Fig.3 shows the experimental results for the y-ray of 24! Am using the front-end
controller, where the top waveform is the direct output from the CZT detector
and the bottom waveform is the output from the front-end controller. As shown,
the CZT detector output signal is magnified through the front-end controller,
with the time constants of both rising and falling edges coinciding with the
detector output.
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4.3 Test Results of the Basic Module

Fig.4 shows the main software interface of the digital acquisition system, which
implements basic module functions such as parameter setting, waveform sam-
pling control, data saving, and dynamic waveform or spectrum display. The
waveform displays real-time v-ray signals of 24! Am detected by the CZT detec-
tor and processed by the front-end controller.

4.4 Determination of Frequency Reduction Multiple

To evaluate the effect of the AFS algorithm, we introduce a parameter Js to
describe the distortion extent of the sampled signal after frequency reduction,
defined by formula (8), where ta is the rising or falling time after frequency
extraction, and tb is the rising or falling time before frequency extraction. The
ta or tb is defined as the time interval from 10% to 90% of the peak value for
the rising edge, and from 90% to 10% for the falling edge. Given an acceptable
0s value (e.g., §, = 3% in our case), we can increase the frequency reduction
multiple step by step until we obtain the maximum multiple satisfying ds < §,.

The sample frequency must satisfy the time property requirements of nuclear sig-
nals, which are determined by the specific preamplifier output. In our platform,
the rising time of output pulses from our CZT detector system is about 0.5 s,
measured using a Lecroy WaveRunner digital oscilloscope with 10 GSPS sample
rate. The sampled pulse data has been saved as original data, from which we
extract data with different frequency reduction multiples and calculate ds for
both rising and falling edges. The results show that a sample frequency of 60
MHz is optimal for the rising edge, while 15 MHz is optimal for the falling edge,
with distortions of 2.7% and 0.5% respectively according to formula (8). There-
fore, it is reasonable and feasible to study the above algorithms with a sample
frequency of 60 MHz under our detector system.

4.5 Test Results of AFS and AFTF

Fig.5 and Fig.6 show measurement results of ! Am 7-rays using the CZT de-
tector with our digital acquisition system. The shaping parameters of the trape-
zoidal filter were carefully selected [15]. Waveform 1 in Fig.5 is the original
signal acquired by the PCI-9820 digitizer, and waveform 2 is the output signal
processed by the AFS and AFTF algorithms. Fig.6 compares the filtering results
of TTF with AFTF, where waveform 1 shows the conventional trapezoidal filter
result and waveform 2 shows the AFTF result with a frequency reduction multi-
ple of 1 for the rising edge and 4 for the falling edge. These figures demonstrate
that the filtering results of the two algorithms are almost consistent.

4.6 Experimental Validation

4.6.1 Experimental Apparatus To verify the validity and feasibility of our
scheme, we set up two experimental apparatus to test the CZT detector out-
put simultaneously. One is a conventional analog spectrometer composed of an
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amplifier, MCA, and data processing software manufactured by ORTEC; the
other is our digitized nuclear instrument platform consisting of a front-end con-
troller, digitizer, and digital acquisition system software. Fig.7 shows the block
diagram of the two experimental apparatus.

4.6.2 Measurement Results and Discussion Figure 8 Figure 8: see orig-
inal paper shows the y-ray energy spectrum of 24! Am acquired by the analog
system. Fig.8(b) and Fig.8(c) show spectra acquired by the digital acquisition
system, where the former uses the TTF algorithm and the latter uses the AFTF
algorithm. To compare the energy spectra obtained by the two systems, analog
and digital spectra were acquired simultaneously. The resolutions of the 59.5
keV peak for the three spectra are 9.7%, 6.6%, and 6.8%, respectively.

The figures show that the energy resolutions achieved by our digital acquisition
system platform are better than those obtained with the conventional analog
spectrometer, particularly for the two low-energy peaks. This implies that the
noise in CZT detector output signals is better rejected by the digital filter than
by the analog filter. Meanwhile, the energy resolutions of the spectra in Fig.8(b)
and Fig.8(c) are almost identical, meaning the AFTF algorithm does not sig-
nificantly affect the spectrum resolution. The event rate of the ORTEC analog
system is about 200 cps when acquiring energy spectra under our experimental
conditions, whereas that of our digital system is almost the same for both TTF
and AFTF algorithms.

5 Conclusion

Based on experimental results, our study can be summarized as follows: (1)
The principles and implementation methods of the digital acquisition system
discussed in this paper have been proven correct and feasible; (2) The AFS and
AFTF algorithms have been successfully developed and tested on our digital
acquisition system platform; (3) Both the traditional digital nuclear spectrom-
eter and the optimized digital nuclear spectrometer with new algorithms have
been implemented and their performances compared experimentally; and (4)
The digital acquisition system platform may serve as a useful experimental plat-
form for successive studies of digitized nuclear instrumentation and algorithms
for digital nuclear signal processing.
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