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Abstract
On the basis of preliminary studies, a novel duo-parameter model consisting
of amplitude filter factor and frequency filter factor for low-pass S-K filter is
presented in this paper. The model is established by applying numerical differ-
entiation method. Some simulation experiments and real data tests are carried
out to verify the feasibility and superiority of the new algorithm. The results
show that this duo-parameter model of low-pass S-K filter can be used to achieve
high performance in signal processing and nuclear spectrum smoothing.

Full Text
Preamble
Improvement of Digital S-K Filter and Its Application in Nuclear
Signal Processing

ZHOU Jianbin1,2, ZHOU Wei1,2,*, HONG Xu3
1School of Nuclear Science and Technology, Chengdu University of Technology,
Chengdu 610059, China
2Engineering Research Center of Nuclear Technology Application, Ministry of
Education, East China Institute of Technology, Nanchang 330013, China
3China National Petroleum Corporation Logging, Xi’an 710032, China

Abstract
Based on preliminary studies, this paper presents a novel duo-parameter model
for low-pass S-K filters comprising an amplitude filter factor and a frequency
filter factor. The model is established using numerical differentiation methods.
Simulation experiments and real data tests are conducted to verify the feasibil-
ity and superiority of the proposed algorithm. Results demonstrate that this
duo-parameter model of low-pass S-K filter achieves high performance in signal
processing and nuclear spectrum smoothing.
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Introduction
Digital filters are implemented in many practical forms, broadly categorized
into finite impulse response (FIR) and infinite impulse response (IIR) types.
Both categories can be realized in hardware and software. Hardware imple-
mentations typically consist of adders, multipliers, and other functional units,
contrasting with analog filters composed of resistors, inductors, and capacitors
[1,2]. Generally, digital signal processing systems are readily realized using dig-
ital integrated circuits, offering advantages of compact size, high stability, and
programmability. Alternatively, digital filters can be implemented in software
based on theoretical algorithms executed by digital computers [3�7].

The S-K filter is a common active-filter circuit introduced by R. P. Sallen and
E. L. Key in 1955 [1,2]. Analog S-K filters are widely employed in nuclear signal
shaping. Early nuclear spectrum smoothing predominantly utilized multi-point
smoothing methods. In recent years, numerous new data smoothing approaches
have emerged, including FFT transformation, Kalman filtering, and wavelet
transformation [8�18]. In preliminary research, nuclear pulse signals were shaped
digitally in real-time using digital S-K filters [19,20]. This paper extends that
work to nuclear spectrum data processing. First, the digital S-K filter is estab-
lished by incorporating a signal gain control unit. Second, both general signals
and spectrum data are simulated using the new filter. Finally, the feasibility
of the proposed filter is verified by comparing results with different smoothing
methods.

2 S-K Filter
Two representative S-K filter circuits exist: high-pass and low-pass configura-
tions. Due to positive feedback control, these filters exhibit a large quality
factor. When applied to nuclear pulse signal shaping, Gaussian waveforms can
be obtained with relatively low filter order [20].

[Figure 1: see original paper]

2.1 Numerical Analysis Implementation of S-K Filter
In preliminary studies, signal amplitude amplification was observed following
digital shaping with the basic S-K filter. The algorithms are given in Eq.(1)
and Eq.(2). The data processing results are shown in Fig.2.

In the circuit of Fig.1, resistors R1 and R2 and capacitors C1 and C2 are de-
signed to have identical values. Substituting Eq.(7) into Eq.(3), Eq.(4), and
Eq.(6) yields simplified expressions that can be rewritten as Eq.(8). Through
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formal transformation, Eq.(8) becomes Eq.(9). Based on the numerical dif-
ferential method, Eq.(9) can be further transformed, leading to Eq.(10) and
subsequently Eq.(12). Under certain assumptions, Eq.(11) can be expressed as
Eq.(12).

[Figure 2: see original paper]

To adapt the S-K filter for general digital signal processing, it must be estab-
lished through numerical analysis with careful consideration of amplitude fac-
tors. Four nodes are identified in Fig.1, with corresponding voltages marked
as Vf, Vp, Vn, and Vo. Applying Kirchhoff’s Current Law yields four voltage
transmission equations. Assuming certain conditions, Eq.5 can be rewritten as
Eq.(7). Based on Eq.(12), the output yn can be described by Eqs.(13) and (14).

In summary, the output signal of digital Gaussian shaping can be achieved
through recursive execution of Eqs.(13) and (14). The factors k and a play
crucial roles in regulating the output signal: factor k is defined as the frequency
filter factor, which adjusts the width of the output signal, while factor a is
defined as the amplitude filter factor, which adjusts the amplitude of the output
signal.

3 Application Study of Digital S-K Filter in Signal Process-
ing
The digital S-K filter is suitable for real-time signal processing. In simulation
experiments, a sinusoidal signal (amplitude range 1000) with a period of 360
points serves as the original signal. A noise signal with amplitude ranging from
–100 to 100, generated using a random number generator in the VBA (Visual
Basic for Applications) platform, is added to simulate the input signal. The
optimal output signal with phase-shifting is obtained at filtering parameters
k=25, a=1.15, as shown in Fig.3. The correlation analysis between the original
signal and output signal is presented in Fig.4. Additional correlation analysis
was performed on the output signal left-shifted by 45 points, with results shown
in Fig.5.

[Figure 3: see original paper]
[Figure 4: see original paper]
[Figure 5: see original paper]

A numerical simulation experiment for detector output signals was conducted,
improving upon the simulation results of Ref.[20]. In this experiment, a noise
signal generated by a random number generator is added to a standard negative
exponential signal to simulate real nuclear signals. This approach facilitates
analysis of the digital S-K filter’s smoothing effect on noisy signals, with results
shown in Fig.6. When the input signal-to-noise ratio is 10 dB, the output signal-
to-noise ratio can exceed 30 dB using the digital S-K filter with parameters k=5,
a=1.1.

[Figure 6: see original paper]
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The smoothing effect is determined by both the smoothing factor and the spec-
trum resolution. A resolution experiment was conducted using an EDXRF soft-
ware system with the digital S-K filter, employing Fe-55 as the radioactive source.
The resulting spectrum is shown in Fig.7.

[Figure 7: see original paper]
[Figure 8: see original paper]

4 Application Study of Digital S-K Filter in Nuclear Spec-
trum Smoothing
Original spectra from nuclear instruments exhibit statistical fluctuations and are
often superimposed with noise, necessitating spectrum data smoothing [21�28].
Historically, multi-point filters such as 5-point, 7-point, 9-point, and 11-point
filters have been widely used. Recently, new smoothing methods have gained
attention, including digital S-K filters, FFT filters, Kalman filters, and wavelet
filters [29�33].

Using the digital S-K filter as an example, the filter factors k and a can be
continuously optimized through computer simulation to obtain favorable val-
ues. The smoothing result of an original spectrum using the digital S-K filter
is shown in Fig.7. A resolution experiment was performed using an EDXRF
analyzer with a W target (20 kV, 50 �A) and Si-PIN detector on a mixed sample
(SiSCaTiFe). Quartic polynomial fitting curves corresponding to results from
four filter types and the unfiltered case are shown in Figs.9–12. The smoothing
factor for different methods, evaluated by comparing fitting data with measured
data and denoted as R2, is presented in Table 2.

It is difficult to implement Kalman and wavelet filters on hardware platforms;
they are typically executed using software tools such as MATLAB and VBA.
Therefore, resolution analysis typically compares data from digital S-K, FFT,
11-point, and 5-point filters with original detector data, while also comparing
computational requirements. Table 3 compares peak positions obtained with
different smoothing methods.

In summary, the spectrum smoothing factor improves after digital filtering,
while resolution deteriorates—better smoothing factors correspond to worse res-
olution. Multi-point filters are widely used in spectrum processing software
to achieve favorable resolution. However, the digital S-K filter uniquely offers
both improved smoothing factor and maintained spectrum resolution, making it
suitable for applications where spectrum resolution is not the highest priority.

All digital S-K filter data in Table 3 exhibit a two-channel backward deviation,
differing from other smoothing methods. This data deviation arises from the
characteristics of the digital S-K filter’s iterative algorithm, which processes
spectrum data from left to right. Algorithm improvement is the primary solution
to rectify this deviation, involving three steps: left-shifting the filtered data by

chinarxiv.org/items/chinaxiv-202306.00555 Machine Translation

https://chinarxiv.org/items/chinaxiv-202306.00555


two channels, discarding the first two data points, and filling zeros in the last
two channels.

[Figure 9: see original paper]
[Figure 10: see original paper]
[Figure 11: see original paper]
[Figure 12: see original paper]

5 Conclusion
A new digital S-K filter with two shaping factors has been established through
analog S-K filter simulation and numerical analysis. Real-time signal processing
tests verify that the new filter can be widely applied to data smoothing and real-
time signal processing. Compared with other methods, introducing the digital
S-K filter to nuclear spectrum data smoothing represents a successful innova-
tion. In summary, the filter offers advantages in real-time nuclear spectrum
data processing due to its simple algorithm, easy factor selection, and excellent
results.
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