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Abstract: A cross strip (XS) anode detector is a photon-counting imaging detector with high spatial
resolution. However, due to the Poisson distribution characteristics of the photons emitted by the
target, photons with a small time interval will cause signal superposition and resolution degradation.
This is particularly significant at a high photon count rate. The key link that restricts the counting
rate of the XS detector is the electronic system. In this paper, we propose a new electronic signal
processing system scheme using a digital trapezoidal shaping filter instead of a traditional Gaussian
shaping filter, which enables the detector to maintain a high resolution at high count rates. In order to
verify the feasibility of the scheme, the relationship between shaping errors and shaping parameters
is studied. Furthermore, the relationship between spatial resolution and photon-counting rate at
different noise levels is revealed by numerical simulation. The results show that the detector can
achieve a spatial resolution of <50 µm at a photon count rate of >6 MHz for 1000 e RMS noise.

Keywords: cross strip anode; trapezoidal shaping filter; spatial resolution; high photon count rate

1. Introduction

Over the past few decades, event-counting detectors using a microchannel plate
(MCP) and a position-sensitive anode have been widely used in biomedical imaging, X-ray
spectroscopic measurement and aerospace, etc. [1–8]. Among the most recent developments
of position-sensitive readouts is the cross strip (XS) anode, which has the advantages of
high spatial resolution, good linearity, and low gain requirement [9–11]. One of the major
drawbacks of XS detectors is their limited counting rate capabilities; each event has to
be fully processed before the arrival of the next one [12]. Data processing electronics is
the main component restricting the counting rate. The current pulse signal output by the
anode strip needs to be amplified and shaped into an output pulse whose peak amplitude
is proportional to the amount of strip charge. The traditional signal processing method
uses a shaping amplifier to convert a negative exponential pulse into a Gaussian pulse [13].
However, the pulse width of the Gaussian signal is too wide, making it easy to cause pulse
superposition at a high count rate, resulting in image resolution reduction. In addition,
each channel of the XS anode detector needs a special preamplifier and shaping amplifier,
which increases the overall mass and cost. Another scheme is to develop a special multi-
channel application-specific integrated circuit (ASIC), combining the preamplifier and
shaping amplifier [14–17]. This method can greatly reduce the detector mass and power
consumption, but the cost of developing ASIC is high.

Therefore, the digital trapezoidal filtering scheme, which improves the dynamic range
of the detector in a low-cost way, is applied. The system automatically sets the shaping
time according to the counting rate of the scene, which greatly increases the flexibility and
versatility of the detector. In this paper, we discuss the XS anode imaging detector model,
in particular, achieving spatial resolution while maintaining high photon-counting rate.
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2. Detector Structure

Figure 1 shows a schematic diagram of the detector structure, which consists of MCP
stacks, a XS anode, pulse-processing electronics, and a computer. The incident photon
is converted into a primary electron at the MCP input. The electron is then amplified
within the pores of the MCP. The resulting electron cloud of 106–107 electrons is accel-
erated towards the XS anode and collected on two orthogonal sets of metal strips. A
signal processing electronic system is used to receive and process the output signal of the
anode, including signal amplification, shaping, analog-to-digital conversion, and peak
extraction, etc. Finally, the peak value of each anode (proportional to the amount of charge)
is transmitted to the computer for centroid calculation and imaging.

Figure 1. Schematic diagram of XS detector structure.

A traditional signal processing system includes charge-sensitive amplifiers (CSAs),
Gaussian shaping amplifiers, analog-to-digital converters (ADCs), and FPGA for signal
acquisition, peak extraction, and data transmission, as shown in Figure 2. The output of
the anode is a short-duration current pulse, which is converted into a negative exponential
voltage signal by the CSA. A pole/zero cancellation circuit is used to shorten the long tail
and correct the overshoot of the output pulse. In order to measure and extract the peak
value, the CSA output is amplified and shaped into an approximate Gaussian voltage signal
by the shaping amplifier. Subsequently, the Gaussian shaping amplifier output is digitized
by the ADC and transmitted to FPGA for peak extraction. Finally, FPGA transmits the peak
value of each channel to the computer through Ethernet. The purpose of Gaussian shaping
amplifiers is not only to transform the shape of the CSA output pulse from a long tail pulse
to a Gaussian curve, but also to filter much of the noise from the signal of interest. Generally,
the longer the shaping time, the better the noise filtering effect [18]. The shaping time of
amplifiers with satisfactory noise filtering capability is usually more than several hundred
nanoseconds. However, in the case of high count rates, pulse pile-up with a long shaping
time will become a problem, resulting in inaccuracies or even an inability to extract the peak.
In recent years, advances in microelectronics enabled the CSA and shaping amplifiers to
be combined into preamplifiers with fast shaping time and low noise. In 2006, researchers
at the University of California at Berkeley developed a fully parallel signal processing
system, in which the RD20 amplifier (~40 ns rise time, ~200 ns fall time, ~900 e RMS with
the anode connected) with charge amplification and waveform shaping was used. This
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signal processing technique allows for high counting rates exceeding 1 MHz with the same
high spatial resolution (<10 µm FWHM) [11,19]. After the development phase lasting more
than ten years, the team’s researchers improved the performance of the XS detector to a
spatial resolution of <20 µm at a >5 MHz counting rate [20,21]. The detection system with
this architecture achieves excellent performance. However, in the case of a varying count
rate, the fixed shaping time makes it unable to fully exert its advantages. For example, at
low count rates, a system with a long shaping time will have lower noise than a system
with a short shaping time. At a higher count rate, using a short shaping time at the expense
of noise filtering performance can keep the detector working, without serious waveform
superposition and data congestion.

Figure 2. Schematic diagram of the traditional signal processing system with analog Gaussian
shaping amplifier and corresponding signal transmission model.

Therefore, a new signal processing system with digital trapezoidal shaping is proposed,
as shown in Figure 3. Similar to the traditional architecture, the CSA is used to amplify
the anode pulse. However, there is no Gaussian shaping amplifier, and the CSA output
is directly digitized by the ADC and then transmitted to FPGA. The shaping and filtering
are performed by the trapezoidal shaping filter in FPGA. The algorithm in FPGA can
automatically adjust the shaping time according to the event time interval, maintaining
good filtering performance at both high and low count rates. Compared with the traditional
architecture, the new architecture not only simplifies the system components, but also
extends the dynamic range of the detector.

Figure 3. Schematic diagram of the new signal processing system with digital trapezoidal shaping
and corresponding signal transmission model.
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3. Model Description

The arriving interval of photon events conforms to the Poisson distribution [22,23];
the probability of N electron clouds emanating from MCP stack in time t is derived:

P(N, t) =
(Rt)N exp(−Rt)

N!
(1)

where R is the average photon-counting rate, taking into account quantum efficiency.
Depending on the bias voltage of the MCP, the total charge of the electron cloud conforms
to Poisson or Gaussian distribution [24,25]. The broadening of the electron cloud has to be
optimized to fit the size of the anode, which is related to the amount of charge, the distance,
and the voltage between the MCP and the XS anode. A too-narrow charge footprint results
in an under-sampled charge distribution. At the same time, a too-wide charge footprint
leads to charge division between a large number of anode electrodes and, consequently,
to the reduction in the signal-to-noise ratio. Generally, when the electron cloud covers
5–7 strips, the most accurate centroid calculation results can be obtained [13].

The anode strip output signal is a short-duration current pulse. The CSA converts this
current pulse to a voltage pulse whose amplitude is proportional to the input charge. The
CSA output pulse can be approximately mathematically represented as:

VCSA(t) = A · e−
t
τ (2)

where τ is the decay time constant of the CSA output pulse. A is the amplitude of the CSA
output pulse, which is proportional to the corresponding anode strip charge. The decay
time depends on the combination of the feedback resistance and the integral capacitance,
as well as the parameters of the pole/zero cancellation circuit. At a high count rate, the
next pulse will be superimposed on the tail of the previous pulse, making the accurate
extraction of pulse amplitude more difficult. To prevent the pulse pile-up, a CSA with a
short decay time (80 ns) is selected.

Then, the CSA output pulse is digitized by a 12 bit ADC with a 62.5 MSPS sampling
rate. Subsequently, a voltage variation corresponding to the noise of the front end of the
detector is added/subtracted to the pulse in each channel. The noise at the front end of
the detector mainly includes charge amplifier noise, charge division noise, capacitance
noise, and ADC quantization noise, etc. The total noise can be generated according to the
Gaussian distribution for a given RMS value by a random number generator.

The digitized CSA pulse is input into FPGA to be shaped and filtered into a trapezoidal
pulse. The structure of the digital trapezoidal shaping filter is shown in Figure 4. It is
composed of four modules (DS1, DS2, HPD, and ACC2) [26,27]. M is the time constant of
the input pulse. For two superimposed pulses with an interval of 20 samples (320 ns), the
filtered waveform is shown in Figure 5, where tp is the rise time and tft is the flat-top time
of the trapezoid-shaped pulse. The total duration of trapezoidal waveform is defined as
ts = 2 × tp + tft. The output waveform of different rise time tp and flat-top time tft can be
obtained by changing the delay parameters l and k (in Figure 4).

Figure 4. Block diagram of the digital trapezoidal shaper. The elements are: DELAYn—a delay
pipeline, ∑n—an adder/ subtracter, ACCn—an accumulator, and Xn—a multiplier.
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Figure 5. Input waveform with noise and trapezoidal-shaped wave.

The point spread function (PSF) is used to characterize the overall resolution of the XS
detector. The flow chart of the resolution measurement simulation is shown in Figure 6. At
a single point with a fixed coordinate, a continuous electron cloud is generated randomly
according to the distribution of time interval and amplitude. All the electron clouds are
divided and integrated by the anode strips. Then, the charge on the anode is converted
into digital voltage pulse by the CSA and the ADC. Subsequently, the signal is shaped
and filtered by the trapezoidal shaping filter in FPGA and the peak value is extracted.
Finally, the peak value is input to the computer for centroiding and mapping into an
image. The position of the photon centroid is calculated using a modified center of gravity
algorithm [13,28]. The distribution of calculated centroid coordinates is counted to obtain
the point spread function.

Figure 6. Flow chart of resolution measurement simulation.
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4. Simulation Results
4.1. Setting of Shaping Parameters

Two CSA waveforms with an interval of 100 samples are input into the trapezoidal
filter. The output waveforms of different filtering parameters are shown in Figure 7a. When
the flat-top time is set to 0, the filtered waveform is a symmetrical triangular waveform, and
the total duration of the waveform is ts = 2 × tp. When ts is less than the time interval Ti,
the output waveform is not superimposed. When ts is equal to or greater than half of Ti, the
output waveform begins to overlap, but has no impact on the peak value. When ts is equal
to or greater than Ti, the peak value cannot be accurately extracted, due to superposition.
The longer the shaping time, the larger the corresponding output waveform amplitude.
This will not affect the centroid calculation result because the input waveform of the same
event passes through filters with the same parameters, so the relative value of each output
waveform will not change.

Figure 7. (a) The output waveform of the same input waveform through filters with different
parameters. The time interval is 100 samples (16 ns/sample), the flat-top time is 0, and the rise time
is 25, 50, 75, and 100 samples, respectively. (b) Variation in shaping error with shaping times for
different noise RMS.

One of the main purposes of shaping is to filter the noise. The following methods can
be used to quantify the noise filtering effect. For two superimposed waveforms with the
same amplitude at fixed time interval, the peak value is extracted after shaping by filter,
which is recorded as P. Then, the input waveform is added with noise. After the same
shaping operation as above, the peak value is extracted and recorded as Pn. The effect of
noise filtering can be characterized by the difference between the P and Pn. Therefore, the
shaping error can be defined as:

Es =

√
(Pn − P)2/P (3)

where Pn and P are the peaks that are extracted by shaping the input waveforms with
and without noise using the same shaper, respectively. For the input waveform with an
interval of 20 samples, a variation in the shaping error with shaping parameters under
different noises is shown in Figure 7b, where Ti is 20 samples (16 ns/sample), the input
pulse amplitude is 1 V, and tft = 0. As can be seen, when ts is less than Tit, the shaping error
Es decreases with the increase in shaping time (ts = 2 ∗ tp). According to the shape of the
curve, the change in the shaping error can be divided into three regions. When the shaping
time is less than Td, the shaping error decreases rapidly with the increase in ts. The greater
the noise of the waveform, the more obviously the curve will decline. When ts is greater
than Td and less than Tu, the shaping error changes slowly. When ts is equal to or greater
than Tu, the error increases sharply. This is because the shaped pulses are superimposed,
resulting in the inability to accurately extract the peak value. Therefore, if the shaping time
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is set within a certain range (between Td and Tu), the shaper can achieve the best noise
filtering effect.

Because of the Poisson distribution of photon intervals, a fixed ts cannot maintain
the best noise filtering effect for all input waveforms. Therefore, we propose an adaptive
filtering strategy that automatically sets filtering parameters according to the pulse interval
in the sampling window. According to the photon count rate of the work area, a number of
filters with different shaping parameters are preset. During data acquisition, the appro-
priate shaper is automatically used according to the photon intervals. Compared to the
shaping strategy with fixed parameters, this adaptive filtering shaping method can not
only avoid a high overlapping rate, but also give full play to the shaping performance. The
relationship between the shaping error Es of different shaping strategies and the counting
rate is shown in Figure 8. As can be seen, the filter with a small ts is less affected by the
count rate, but the overall performance is mediocre. The shaper with a large ts performs
well at a low count rate, while Es rises sharply due to superposition at a high count rate.
Adaptive filtering can maintain the best performance at any count rate.

Figure 8. Variation in the shaping error with photon-counting rate for different shaping strategies.
The fixed ts is 6, 10, 14, and 20 samples (16 ns/sample), respectively. The input pulse amplitude is 1 V,
noise is 0.05 V RMS, and tft = 0.

4.2. Point Spread Function

Noise and the photon-counting rate are two important factors affecting the filtering
effect and the detector spatial resolution. In order to study the influence of counting rate and
noise on spatial resolution, the PSF under different experimental conditions is measured.
The photon position distribution at 5 MHz photon count rate and 500 e RMS noise is shown
in Figure 9. The photon position distribution can be fitted as a two-dimensional Gaussian
distribution, which is the PSF of photons. The full-width at half maximum (FWHM) of the
PSF represents the imaging resolution of the detector. The relationship between FWHM and
the photon-counting rate under different noise conditions is shown in Figure 10. It can be
seen that FWHM increases with the increase in the count rate. At the same photon-counting
rate, the greater the noise, the greater the FWHM, which means lower spatial resolution. At
the photon count rate of 6 MHz, the spatial resolution of <50 µm can be achieved for a noise
of 1000 e RMS. If the electronic noise can be reduced to 500 e RMS, the detector will reach
<15 µm resolution at the 3 MHz count rate. It should be noted that the simulation in this
paper is the detection of a single target point. When the actual detector with a certain area
works, the photons will not fall at the same position each time, so the overall counting rate
that can be achieved will be higher than this result. In addition to verifying the feasibility
of this architecture, this model can be used as a guide in the process of detector design and
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optimization. We can design and optimize different detector parameters according to the
target detection requirements.

Figure 9. The photon position distribution obtained by detector imaging at the 5 M photon count
rate and 500 e RMS noise.

Figure 10. Variation in FWHM with photon-counting rates for different noise RMS.

5. Conclusions

This paper proposes a new electronic signal processing scheme, which uses a digital
trapezoidal shape filter instead of a Gaussian shaping amplifier. For the superimposed
waveform, the influence of shaping parameters on the shaping error and the influence
of the photon-counting rate and noise on the spatial resolution are studied. An adaptive
digital trapezoidal filter that automatically selects the shaping parameters according to
the pulse interval in the sampling window is proposed, and the detector imaging model is
established to test the resolution. The imaging simulation results show that the detector
with this scheme has a high dynamic range, and can still achieve a spatial resolution of
<50 µm at a photon-counting rate of >6 MHz for a noise of 1000 e RMS. The new detector
will have great applications in the large dynamic range of photon intensity scenes, such as
3D situation awareness or aurora detection.
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