ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202306.00521

Study of recursive model for pole-zero cancella-
tion circuit (postprint)

Authors: ZHOU Jian-Bin, HONG Xu, WANG Ren-Bo, Wei Zhou, Hu Yun-
Chuan, WAN Xin-Feng, DU Xin

Date: 2023-06-18T00:00:00-+00:00

Abstract

The output of charge sensitive amplifier (CSA) is a negative exponential signal
with long decay time which will result in undershoot after C-R differentiator.
Pole-zero cancellation (PZC) circuit is often applied to eliminate undershoot
in many radiation detectors. However, it is difficult to use a zero created by
PZC circuit to cancel a pole in CSA output signal accurately because of the in-
fluences of electronic components inherent error and environmental factors. A
novel recursive model for PZC circuit is presented based on Kirchhoff’ s Current
Law (KCL) in this paper. The model is established by numerical differentiation
algorithm between the input and the output signal. Some simulation experi-
ments for a negative exponential signal are carried out using Visual Basic for
Application (VBA) program and a real x-ray signal is also tested. Simulated
results show that the recursive model can reduce the time constant of input
signal and eliminate undershoot.
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Abstract: The output of a charge sensitive amplifier (CSA) is a negative ex-
ponential signal with a long decay time that results in undershoot after C-R
differentiation. Pole-zero cancellation (PZC) circuits are commonly employed
to eliminate this undershoot in many radiation detectors. However, due to in-
herent component errors and environmental factors, it is difficult to accurately
cancel a pole in the CSA output signal using a zero created by a PZC circuit.
This paper presents a novel recursive model for PZC circuits based on Kirchhoff’
s Current Law (KCL). The model is established using a numerical differentiation
algorithm between the input and output signals. Simulation experiments for a
negative exponential signal are carried out using a Visual Basic for Applications
(VBA) program, and a real X-ray signal is also tested. The results demonstrate
that the recursive model can reduce the time constant of the input signal and
eliminate undershoot.

Keywords: Pole-zero cancellation, Numerical analysis in time domain, Numer-
ical simulations
DOI: 10.13538/j.1001-8042 /nst.25.010403

Introduction

In radiation detection techniques, detector signals must be amplified before
digitization. The amplification chain consists of two stages: a preamplifier and
a main amplifier. The preamplifier is positioned as close as possible to the
detector to maximize the signal-to-noise ratio while providing a low-impedance
source for the main amplifier and a high-impedance load for the detector. The
main amplifier then further amplifies and shapes the preamplifier output.

Charge sensitive amplifiers (CSAs) are extensively used as preamplifiers in X-ray
fluorescence analyzers and well logging systems due to their low noise perfor-
mance and efficient operation at high counting rates. The CSA output is a
two-component signal characterized by a rapidly rising edge followed by a slow
trailing edge that decays back to baseline with the CSA’ s long time constant,
rather than an ideal step function. At high counting rates, CSA output pulses
can pile up on the tails of previous pulses, causing baseline drift, character-
istic peak shifting, and degraded energy resolution. In severe cases, piled-up
pulses may even block the subsequent amplifier stage. In multi-channel analyz-
ers (MCA), pole-zero cancellation (PZC) techniques are employed to reduce the
width of negative exponential signals, thereby decreasing pulse pile-up probabil-
ity while maintaining good energy resolution at high counting rates.

Various PZC circuit implementations have been reported. One design utilized a
single 24 pF capacitor with twenty parallel PMOS transistors to mitigate pile-up
effects. Pawel Grybos proposed a continuous CSA feedback reset system with
a novel PZC circuit architecture for high-rate input pulse conditions, which
reduced the influence of DC voltage shifts caused by high pulse rates on the
CSA feedback resistance and PZC circuit. Seino et al. employed an alternative
technique to avoid energy resolution degradation at high counting rates without
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using a PZC circuit. However, accurately canceling a pole in the CSA output
signal using a zero from the PZC circuit transfer function expressed in Laplace
domain remains challenging due to component tolerances and environmental
factors. This paper presents a novel recursive model for PZC circuits that
eliminates undershoot and reduces the width of CSA output signals.

I1. Pole-Zero Cancellation Circuit

Figure 1 [Figure 1: see original paper] shows the CSA analog circuit, which con-
sists of a feedback capacitance C', a feedback resistance R, and an operational
amplifier. A current signal generated in the detector is integrated on C, while
R discharges C'y to prevent amplifier saturation when a series of charge pulses
arrives at the CSA input.

When G - C; > C; + Cy, where G is the amplifier open-loop gain and C; is
the CSA input capacitance, the CSA input voltage signal is given by Eq. (1),
where @) represents the total charge collected in the detector (proportional to
the deposited energy), and 7; is the time constant with 7, = R, - C:

Q

vilt) = Z-e T
f

The feedback resistance R, has intrinsic Johnson noise that can be minimized
by selecting a larger R, value. For applications requiring small signal extrac-
tion and noise minimization, R is often chosen in the M2 range, resulting in a
relatively long time constant 7,. This long time constant induces prolonged un-
dershoot after C-R shaping, potentially overloading subsequent amplifier stages
and driving them into nonlinear operation, which compromises small-signal am-
plification capability. It also causes pulse pile-up that deteriorates energy reso-
lution.

PZC circuits can eliminate undershoot resulting from the CSA’ s long time
constant. Figure 2 [Figure 2: see original paper] illustrates a PZC circuit. The
input signal is defined as v; and the output as v,. Rpy is a variable resistor
that can eliminate undershoot when properly adjusted.

Equation (1) can be expressed in Laplace domain as Eq. (2):

Q 1

V = —
)= i,

The transfer function of the PZC circuit in Figure 2 is:

s+1/m

H(s) = s+ 1/

where 7y = Rp, - C and 7, = (R || Rpy) - C. The output signal is therefore:
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Q1 s+1/m
C Cis+1/mps+1/m

The pole-zero cancellation condition requires 7y = 7,. Under this condition, Eq.
(4) simplifies to:

_Q 1
Vo(s) = am

The time-domain output v,(t) is obtained through inverse Laplace transform:

v, (t) = gfet/@

Thus, when 7, = 7, the CSA output becomes a negative exponential signal
with a shorter decay time (time constant 7).

III. Numerical Analysis and Simulations

While Laplace transform facilitates signal analysis, it can be difficult to convert
complex signals from time domain to Laplace domain, and time-domain charac-
teristics may be lost in the process. This novel recursive model for PZC circuits
is implemented based on analysis of digital C-R shaping methods and digital
Sallen-Key low-pass filters.

A. Numerical Recursive Root

According to Kirchhoff s Current Law (KCL), which states that the sum of
currents entering a junction equals the sum leaving it, the voltage transmission
in Figure 2 is described by:

v, — v dv; —v,) v dv
3 (%] C 1 (o]} — _o C (%)
Ry 1T @ R
Rearranging:
Cd(vi_vo) :&_Ui_vO_FCdUO
dt R Rp, dt

Analog signals can be converted to discrete series with small time intervals using
high-speed ADC. A first-order numerical differentiation method solves Eq. (8).
Letting v; = z[n], v, = y[n|, and dt = At, Eq. (8) becomes:

Rpz - C-(z[n] —yln]) + (z[n] —zfn —1] = (y[n] —y[n - 1])) = R - C - y[n]
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where At is the sampling time period of the high-speed ADC, and z[n] and y[n]
are the input and output data series, respectively. Defining k; = At/(Rp, - C)
and ky, = At/(R - C), Eq. (9) simplifies to:

(1 + Ky +ky)-yln] = (1 +ky) - x[n] —z[n— 1] + y[n — 1]

Through mathematical transformation, Eq. (10) yields the numerical recursive
root corresponding to the PZC circuit:

y[n] _ (1+k1)-:c['rlzl:kxl[j:]::]er[nfl] n>1

yln] =0 n <0
This is the recursive model for the PZC circuit. Processing CSA output signals
involves recursive application of Eq. (11). Different output signals can be
obtained by varying the shaping parameters k; and k,.

To verify the model theoretically, consider a standard negative exponential in-
put signal v; = A - e t/7, where A is amplitude and 7 is the time constant.
Substituting into Eq. (7) yields:

Ay _dvo A

UO _ UO 70

—t/T

Adjusting Rp, such that Rp, - C = 7 simplifies Eq. (13) to:

d’UO sz+R

—PZ T L =0
dt "R Rp, - C'°

Letting v, = y and defining b = (Rp, + R)/(R- Rpy, - C), Eq. (14) becomes:

y +b-y=0

This first-order linear homogeneous equation has the solution:

y=C-eb

where C' is a constant. Thus, the PZC circuit output in time domain is a
negative exponential signal without undershoot, with time constant (R || Rpy)-
C, equivalent to the conclusion from Eq. (6). This confirms that the time-
domain model provides the same signal processing function as an actual PZC
circuit.
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B. Computer Simulations

A simulation platform was developed using VBA. The recursive PZC model and
input signals were implemented programmatically. The simulations comprised
four phases:

1. Standard Negative Exponential Signal Simulation

A standard negative exponential signal was generated using;:

’U,L. = A eft/T

where A is amplitude and 7 is the decay constant. Figure 3 [Figure 3: see
original paper] shows the signal with A = 2000, 7 = 200 (time constant = 10 ps
with At = 50 ns).

2. Digital C-R Shaping for Standard Negative Exponential Signal

A C-R shaping circuit was simulated (Figure 4 [Figure 4: see original paper]).
Its numerical recursive root is:

y[n] =0 n <0

{y[ﬂ] _ w[TL]_£[TL1:_1]l+y[TL_1] n>1

where kK = At/(R - C). Figure 4 shows input and output signals at & = 0.01
(At = 50 ns), demonstrating undershoot after C-R differentiation.

3. Recursive Model Processing for Negative Exponential Signal

The same standard signal from Figure 3 was processed using the recursive PZC
model, with C-R shaping output as comparison. Figure 5 [Figure 5: see original
paper] shows input and output signals at shaping parameters k; = 0.005, ky =
0.05 (equivalent to Rp, = 10 kQ, R =1 kQ, C = 1 nF, At = 50 ns). The
results show that the recursive model eliminates undershoot and reduces the
input signal’ s time constant.

4. Recursive Model Processing for Nuclear Signal

A two-component exponential signal representing nuclear detector output was
simulated:

v, =A- (6*t/”'1 _ 6*t/7'2)
where A is amplitude, 7 is the pre-CSA decay constant, and 7, is the CSA decay
constant. A signal with A = —2000, 7, = 10, 7, = 1000 (CSA time constant =
50 ps at At = 50 ns) was generated with an added baseline. Setting k; = 0.001
according to cancellation requirements, Figure 6 [Figure 6: see original paper]
shows minimal amplitude difference between original and output signals, with
reduced width and no undershoot.
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A real X-ray signal test validated the recursive model. The input pulse came
from an SDD X-ray detector (Amptek), sampled by a 10-bit ADC at 20 MHz af-
ter CSA preamplification and C-R shaping. The digital output was transmitted
to a PC for recursive model implementation. With input signal time constant of
3.2 ps, k; was set to 0.0156. Figure 7 [Figure 7: see original paper] shows that
the real X-ray signal width was reduced and undershoot eliminated at different
shaping parameters.

IV. Conclusion

This paper derives a numerical recursive solution for PZC circuits through time-
domain numerical analysis and establishes the corresponding recursive model.
Theoretical verification based on KCL confirms the model’s accuracy. Computer
simulations using a standard negative exponential signal and tests with real X-
ray signals demonstrate that the recursive PZC model overcomes the limitation
of losing time-domain characteristics inherent in Laplace domain analysis. The
model enriches digital nuclear signal analysis methods and can be applied to real-
time preamplifier signal processing and digital pulse shaping analysis, which are
key techniques in digital nuclear instrumentation.
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