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A B S T R A C T

A digital algorithm for real-time feature extraction, i.e. determination of pulse amplitude and timing, has been
developed for the forward-spectrometer electromagnetic calorimeter in the PANDA experiment. The algorithm,
which is based on the well known optimal-filter algorithm, has been designed to allow reconstruction of pile-up
signals in real time and to work in a free-running DAQ system such as PANDA. To benchmark the algorithm,
a Geant4-based Monte Carlo model of photon interactions in the calorimeter has been developed to generate
realistic detector signals which were used as inputs to a VHDL simulation of the algorithm. The results of this
simulation study show that the developed algorithm improves the time resolution by almost 50% compared to a
conventional linear constant fraction discriminator algorithm. For the PANDA calorimeter, this results in a time
resolution close to 100 ps/

√

GeV per detector element at high energies. The algorithm allows reconstruction
of the amplitude and timing of pile-up pulses separated by as little as 30 ns with good efficiency, fulfilling
the PANDA requirements.
. Introduction

The PANDA (Antiproton Annihilation at Darmstadt) experiment [1]
s one of the four experimental pillars of the Facility for Antiproton and
on Research (FAIR), which is currently being constructed in Darmstadt,
ermany. At FAIR, a system of accelerators and storage rings will be
sed to generate a beam of antiprotons with a momentum between
.5 and 15 GeV/c. In PANDA, this antiproton beam will interact in
fixed hydrogen or heavier target to give direct access to a large

umber of final states which will be studied with a high degree of ac-
uracy. PANDA is being developed for studies of a wide range of topics
n nuclear and hadron physics in an energy regime where quantum
hromodynamics (QCD) cannot be treated using perturbation theory,
uch as charmonium spectroscopy, nucleon-structure studies, hyperon
hysics and hypernuclear physics.

One of the detectors in PANDA, the electromagnetic calorimeter
EMC) [2,3], will be read out by FPGA-based digitiser modules [4,5].
n line with the overall data acquisition (DAQ) concept in PANDA,
hese will trigger autonomously on detector signals in real time and
etermine their pulse height and timing. In this approach, known as
eature extraction, only such signal parameters of interest are trans-
itted from the digitiser modules to the subsequent DAQ stage. In

∗ Correspondence to: Department of Physics and Astronomy, Uppsala University, 751 05 Uppsala, Sweden.
E-mail address: markus.preston@physics.uu.se (M. Preston).

order to perform feature extraction successfully in the high count-rate
environment in PANDA (rates of up to 1 MHz per detector element
in the very forward part of the EMC are foreseen [3]), FPGA-based
algorithms have to be developed and optimised. Such algorithms should
provide good energy and time resolution of the EMC system, and enable
recovery and reconstruction of pile-up events. Real-time processing of
detector signals at high count rates is necessary in many fields, and pile-
up is a major concern not only in accelerator-based experiments [6,7],
but also for instance in medical [8,9], nuclear security [10,11] and
fusion-diagnostics [12,13] applications. When pile-up becomes an issue
leading to degradation of the detector resolution and/or efficiency,
it has to be addressed. While methods based on pile-up rejection
have often been used [14,15], digital electronics and signal-processing
algorithms have enabled reconstruction of pile-up events to recover the
pulse height and/or timing information of pile-up pulses and conse-
quently increase the efficiency of the system [16]. Many of the existing
algorithms are however too computationally intensive for real-time
implementation in an FPGA, especially in an application with a channel
density (i.e. the number of signals to be processed by a single FPGA) as
high as in the PANDA EMC. In the PANDA EMC digitiser, each FPGA
will process signals from 16 detector channels, resulting in 32 input
signals per FPGA if dual-gain mode is employed.
ttps://doi.org/10.1016/j.nima.2021.165601
eceived 28 November 2020; Received in revised form 8 May 2021; Accepted 28 J
vailable online 1 July 2021
168-9002/© 2021 The Author(s). Published by Elsevier B.V. This is an open acce
http://creativecommons.org/licenses/by/4.0/).
une 2021

ss article under the CC BY license

https://doi.org/10.1016/j.nima.2021.165601
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2021.165601&domain=pdf
mailto:markus.preston@physics.uu.se
https://doi.org/10.1016/j.nima.2021.165601
http://creativecommons.org/licenses/by/4.0/


M. Preston, S. Bukreeva, S. Diehl et al. Nuclear Inst. and Methods in Physics Research, A 1011 (2021) 165601
Fig. 1. Overview of the PANDA experiment, showing the full experimental setup. The FS EMC is located approximately 7 m downstream of the interaction point where the
antiproton beam interacts in a fixed target.
Source: Figure courtesy of the PANDA collaboration.
a

The PANDA EMC is designed to provide a high solid-angle coverage
around the beam–target interaction point. This is achieved in the
PANDA target spectrometer (TS) by dividing the EMC into three distinct
subdetectors: the barrel EMC and the two endcaps; the forward and
backward EMC. Being a fixed-target experiment, the PANDA forward
spectrometer (FS) detects forward boosted particles. The FS includes
a dedicated shashlyk-type EMC. The present work describes a new
algorithm for real-time feature extraction and pile-up reconstruction,
which has been developed for the FS EMC but may also be useful in
other radiation-detector systems – within PANDA or elsewhere. The
algorithm is targeted for implementation in the EMC digitiser FPGAs
and allows determination of pulse height and timing also under pile-
up conditions. To evaluate the performance of the algorithm, it was
implemented in a VHDL simulation and tested on detector signals gen-
erated by a realistic Monte Carlo model of the detector. The structure
of this paper is as follows: Section 2 describes the FS EMC and the
simulation model of it that has been developed and validated, Section 3
describes the components of the developed feature-extraction algorithm
and its performance on single detector pulses, Section 4 describes the
algorithm performance under pile-up conditions and Section 5 provides
conclusions and outlook for further studies based on the obtained
results.

2. The PANDA FS EMC

The PANDA FS EMC is a shashlyk-type calorimeter located approx-
imately seven metres downstream of the antiproton–target interaction
point to detect forward-directed photons, electrons and positrons with
energies between 10 MeV and 15 GeV. Many physics channels of inter-
est in PANDA contain a number of these particles in their final states,
and their detection is important for successful event reconstruction. A
schematic drawing of PANDA, highlighting the location of the FS EMC,
is shown in Fig. 1.

Shashlyk-type calorimeters are or have been used in a number of
high-energy physics experiments [17–20]. Due to the relatively low
yield of scintillation photons per deposited unit energy, this detector
type has not been previously used in the MeV energy range, as is
needed in PANDA. The design of the PANDA FS EMC is based on the
developments for the KOPIO experiment [21], and has to a large extent
been focused on optimising the light yield and light-yield uniformity
of the system, as these parameters have a large effect on the energy
resolution at the energy scale of interest [3].
2

Fig. 2. Technical drawing of the PANDA FS EMC. The detector consists of 1476
individual detector cells, which are combined to form a 3× 1.5 m2 calorimeter. The FS
EMC is made of two retractable halves, with readout electronics on either side.
Source: Figure taken from [3].

The detector, shown in Fig. 2, will consist of 1476 individual
detector cells,1 with each cell consisting of 380 interleaved layers of
lead, plastic scintillator and Tyvek sheets [3]. Here, lead acts as the
absorber, the scintillator as the active medium and the Tyvek increases
the scintillation-light yield. Each cell has a surface area of 5.5 × 5.5
cm2 and the total thickness of the calorimeter amounts to 87.5 cm.
The lateral dimensions of the calorimeter are approximately 3 × 1.5
m2. The scintillation light will be read out via wavelength-shifting
(WLS) fibres that run through each cell longitudinally and couple to
a photomultiplier tube (PMT) at the back of the cell. The signals from
the PMTs are digitised by the front-end digitiser and processed by two
on-board Xilinx Kintex-7 FPGAs.

The performance of the FS EMC has been evaluated through test-
beam measurements at different beam energies and particle species.
Earlier prototypes have been used in test-beam measurements with 1–
19 GeV electrons [22] and sub-GeV photons [23]. The final version of
the EMC was evaluated using photons with energies between 50 and
400 MeV at the MAMI tagged-photon facility in Mainz [24], where

1 The dimensions of the FS EMC corresponds to 54 × 28 = 1512 cells, but
ccounting for a hole corresponding to 6×6 = 36 cells for the beam pipe brings

the total to 1476 cells.



M. Preston, S. Bukreeva, S. Diehl et al. Nuclear Inst. and Methods in Physics Research, A 1011 (2021) 165601

w
t
h

photons were directed into a prototype consisting of 4 × 4 cells. A
sampling ADC with a sampling rate of 160 megasamples per second was
used to digitise the PMT signals and the resulting waveforms saved for
offline analysis. This particular ADC will not be used in PANDA, and so
there may be changes to the final FS-EMC pulse characteristics such as
sampling rate and shaping time. Nonetheless, the data acquired during
this latest test-beam measurements provide useful information about
the properties of the signals from the FS EMC, and they were used in
the development of the model described in the following section. The
model parameters can then be modified to suit more realistic read-out
conditions in PANDA or elsewhere.

2.1. Signal-generation model

To test the performance of any feature-extraction algorithm, a well-
understood source of realistic detector signals is needed. To this end,
we have developed a Geant4-based Monte Carlo model of the FS
EMC, consisting of 4 × 4 cells. Geant4 [25,26] was used to model
the interactions of photons in the detector. The results from Geant4
describe the event-by-event sampling fluctuations in the response of
the detector. Furthermore, a Monte Carlo code incorporating the time
and amplitude structure in the detector signal due to the scintillation
process, the light transport and attenuation, the photoelectron gen-
eration and subsequent electron multiplication in the PMT and the
digitisation has been developed as part of this work. This model also
includes a Gaussian noise to describe electronic noise. The standard
deviation of this noise was determined by analysing the test-beam
data, and was found to be very low compared to the detector pulses.
For a detailed description of the signal-generation model, the reader
is referred to [27]. Using this Monte Carlo model, signal waveforms
describing the digitised detector pulses could be generated. For each
generated waveform, the corresponding energy deposition and photon
time-of-arrival is known from the model.

The model was validated by analysing the experimental data and
model simulations in the same way to extract information about the
amplitude and time structure of the detector signals. Two beam con-
figurations were used: one where the photon beam was aimed into the
centre of one detector cell and one where the beam was aimed into the
interface between two adjacent cells. After aiming the beam into the
centre of one detector cell, the pulse heights were determined directly
from the waveform maxima. The shape of the single-cell pulse-height
distribution is well described by the Novosibirsk distribution [28,29],
which is an asymmetric distribution that captures different degrees of
shower leakage from the cell. The Novosibirsk distribution is char-
acterised by three parameters: the mode 𝐸0, the width �̃�𝐸 (equal to
the full width at half maximum divided by 2.35) and an asymmetry
parameter 𝜏. Novosibirsk distributions were fitted to the pulse-height
distributions and the relative energy resolution defined as �̃�𝐸∕𝐸0. The
relative energy resolution of a single EMC cell, as determined from
the experimental data and model-generated responses, is shown as a
function of the incident-photon energy in Fig. 3(a).

After aiming the beam into the interface between two adjacent
cells, the time difference 𝛥𝑇 between the signals from the two cells
was determined using a digital constant fraction discriminator (CFD)
algorithm. Here, it was required that the energy deposition in the
two cells was within 10% of each other. The same procedure was
repeated in the model. Normal distributions were fitted to the 𝛥𝑇
distributions and the standard deviation 𝜎(𝛥𝑇 ) determined for both the
experimental data and model-generated responses as a function of the
energy deposition per cell, see Fig. 3(b).

As shown in Fig. 3, there is an overall agreement between the
model and the experimental results both when it comes to the time
and amplitude structure of the detector signals. The exception to this
is a discrepancy in the relative energy resolution at the lowest pho-
ton energy (55 MeV). Due to the lack of experimental data at even
lower photon energies, it cannot be confirmed whether this difference
originates in uncertainties in the modelling of low-energy showers
or in experimental effects during data acquisition in this test-beam
campaign [24].
3

3. Feature extraction

A feature-extraction algorithm that allows good energy and time
resolution is very important in the PANDA EMC, and should be im-
plementable in an FPGA for real-time data processing. A number of
algorithms for pulse height and timing determination exist [30], out
of which many are digital implementations of algorithms originally
developed for analogue electronics. In addition to achieving a good
resolution, the algorithm used in PANDA should ideally also allow
reconstruction of pile-up events, i.e. multiple detector pulses superim-
posed when arriving on top of each other in a high-rate environment.
The ability to reconstruct pile-up events rather than rejecting them
has to a large extent been made possible by using digital electronics
and algorithms, and a number of algorithms capable of pile-up re-
construction are described in literature. These include methods based
on template matching [31–33], maximum-likelihood fitting [34,35]
or deconvolution [36]. Many of these approaches are however rela-
tively computationally intensive, making them unsuitable for real-time
use in the PANDA EMC where a high number of detector signals
will be processed by each FPGA. Others are aimed for real-time im-
plementation but focus only on pulse-height determination or rely
on iterative procedures that may introduce additional latencies [37].
Finally, there are well-known methods which are very suitable for real-
time implementation but require a purely exponential pulse shape [38,
39].

It is clear that the approach taken depends on the target application,
for instance on whether only the pulse height or also the timing should
be recovered, and on the shape of the detector pulses. In the case of the
PANDA FS EMC, both the pulse height and timing of all pulses should
be determined and the pulse shape (sampled directly after the PMT) is
not well-described by a simple exponential. These requirements have
motivated the development of the method presented in this work. The
method aims to be applicable to detector systems with an arbitrary,
but known and fixed, pulse shape and should enable pulse height and
timing determination. It is based on a combination of two well-known
algorithms: the optimal filter (OF) and the CFD. These algorithms
are introduced, in the context of this work, in the following sections,
after which the combined feature-extraction algorithm proposed here
is described.

3.1. Optimal filter

The OF [40] is a finite-impulse response (FIR) filter which was de-
veloped for use in high-energy physics calorimeters to give an estimate
of the amplitude and time of a sampled detector pulse. The method
relies on the detector pulses being well described by a fixed pulse
template 𝑔(𝑡). In the present work, the lognormal function was found to
describe the sampled pulses of the PANDA FS EMC well and was used
as the template. The amplitude-normalised lognormal function is given
by:

𝑔(𝑡; 𝑇0) =

⎧

⎪

⎨

⎪

⎩

exp(𝜇−0.5𝜎2)
𝑡−𝑇0

exp
[

− [log(𝑡−𝑇0)−𝜇]2

2𝜎2

]

, if 𝑡 > 𝑇0
0, otherwise,

(1)

where 𝑇0 is the starting time of the pulse and 𝜇 and 𝜎 are parameters
that determine the shape of the function. To determine 𝜇 and 𝜎, which
should be fixed parameters in the template, amplitude-scaled templates
𝐴𝑔(𝑡) were fitted to 180 model-generated waveforms. These waveforms

ere generated from simulations of 50–400 MeV photons aimed into
he centre of a cell, and were selected to represent a spread in pulse
eights. In the fit, 𝜇 and 𝜎 were global parameters that should be the

same for all fits, whereas 𝐴 and 𝑇0 were free to vary between individual
waveforms. One example of a waveform in this fit is shown in Fig. 4.

As seen in Fig. 4, a small mismatch between the pulse template
and the data is visible. The mismatch was found to be systematic, and
because it could have a detrimental effect on the performance of the
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he shape parameters 𝜇 and 𝜎 were determined by fitting to a large number of pulses
f different amplitudes. In these fits, 𝜇 and 𝜎 were global parameters.

lgorithm when considering pile-up reconstruction, it was investigated
or a large number of fitted pulses and corrected for using a spline inter-
olation. This correction was not included in the template used when
onstructing the OF, but was included in the pulse-tail reconstruction
escribed in Section 3.3.

A pulse template scaled by an amplitude 𝐴 and shifted by a time
0 may be fitted to data of sampled waveforms from the detector. The
ime parameter 𝑇0 may be expressed as the sum of an initially estimated
iming 𝑇 a

0 and a small phase correction 𝜏:

0 = 𝑇 a
0 + 𝜏. (2)

n many high-energy physics applications of the OF, the sampling
lock of the front-end ADC is synchronised with the bunch-crossing
requency given by the accelerator. In such a case, 𝑇 a

0 (relative to
he sampling clock) is known and fixed, so that 𝜏 is the deviation of
he pulse timing from this initial estimate of the phase. In PANDA,
uch external time information is not well defined, due to the quasi-
ontinuous nature of the antiproton beam and prior knowledge of the
hase of the detected signal is not assumed. To estimate 𝑇 a

0 , we propose
he use of a simplified CFD algorithm: the binary-search CFD (BCFD).
his is described in Section 3.2.

By introducing the phase parameter 𝜏 and the initially estimated
iming 𝑇 a

0 , the pulse template may be written:

(𝑡; 𝑇 ) = 𝑔(𝑡 − 𝜏; 𝑇 a). (3)
0 0 t

4

o fit this function to sampled data, it should be evaluated at the same
imes 𝑡𝑖 as the data are sampled. If 𝜏 is small, one may linearise the
emplate:

𝑔(𝑡𝑖 − 𝜏) ≈ 𝐴𝑔(𝑡𝑖) − 𝐴𝜏𝑔′(𝑡𝑖), (4)

here 𝑔′(𝑡) is the time derivative of the template. By fitting this
inearised function to sampled data from the detector, 𝐴 and 𝜏 may
e determined. As shown in [40], the OF consists of two FIR filters
hat are equivalent to a 𝜒2 fit taking 𝑀 samples of data into account
o estimate 𝐴 and 𝜏. If we consider 𝑀 samples of the signal from the
etector, these OF estimates are given by:

=
𝑀
∑

𝑖=1
𝑎𝑖(𝑆(𝑡𝑖) − 𝐵(𝑡𝑖)), (5)

= 1
𝐴

𝑀
∑

𝑖=1
𝑏𝑖(𝑆(𝑡𝑖) − 𝐵(𝑡𝑖)), (6)

where 𝑎𝑖 and 𝑏𝑖 (𝑖 = 1,… ,𝑀) are sets of pre-calculated coefficients
that are obtained from knowledge of only 𝑔(𝑡) and 𝑔′(𝑡).2 𝑆(𝑡𝑖) is the
mplitude of the sampled data and 𝐵(𝑡𝑖) is the baseline, both at time
𝑖. Written like this, the OF allows a time-dependence in the baseline
although a constant baseline is most commonly used). Because the
ecessary coefficients are calculated offline prior to data acquisition
nd do not need to be determined online, the OF is very well suited
or real-time applications.

.2. Binary-search CFD

The CFD algorithm is a well-known time-pickoff algorithm that is
mplementable in both analogue and digital electronics. In the digital
omain, the CFD signal 𝐶 resulting from a detector signal 𝑆 is given
y:

(𝑡𝑖) = (𝑆(𝑡𝑖 −𝐷) − 𝐵(𝑡𝑖 −𝐷)) − 𝑓 (𝑆(𝑡𝑖) − 𝐵(𝑡𝑖)), (7)

here 𝐷 is the CFD delay, 𝐵 is the baseline and 𝑓 is the CFD at-
enuation factor. Throughout this work, a delay of 𝐷 = 2 samples
nd an attenuation of 𝑓 = 0.5 has been used.3 This ensures efficient

2 A correlation matrix describing the correlation between the samples used
n the OF may be implemented. Also this can be determined offline. In the
resent work, no such correlations were assumed and the covariance matrix
s an 𝑀 ×𝑀 identity matrix.

3 In a digital implementation of the CFD, the delayed branch could be scaled
p instead of scaling down (attenuating) the inverted branch. This would not
isk a loss of accuracy due to division. In the current implementation, the
igital CFD was however constructed similar to the analogue CFD since the
FD signal was not found to be a major contributor to the overall accuracy of
he algorithm.
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implementation in an FPGA since the multiplication by 𝑓 (i.e. division
by two) corresponds to a single bit shift in logic. The choice of 𝐷 and
𝑓 will in general depend on both the pulse shape (especially the rise
time) and the dynamic range of the ADC.

The CFD timing estimate is given by the zero-crossing time of the
CFD signal. To find the timing estimate of the digital CFD, one may
perform a linear interpolation between the two samples around the zero
crossing. However, this procedure requires a division operation that
introduces extra latency if performed in an FPGA. To reduce the latency
while maintaining sufficient accuracy for the present application, we
propose the use of a simplified CFD algorithm, the BCFD.

In the BCFD algorithm, Eq. (7) is calculated for each sample. When
a pulse is processed, the two samples surrounding the zero crossing
are identified. We assume that these two samples are connected by
a linear function, but instead of locating its exact zero crossing the
BCFD algorithm evaluates this function at fixed sub-sample intervals.
This bisection procedure only involves divisions by two, which can be
performed efficiently by an FPGA using a bit-shift operations. In the
present work, four sub-sample bisection intervals were defined, and
one set of OF coefficients was calculated for each of these intervals.
Once the BCFD algorithm has located the zero crossing, the correct
set of coefficients is applied to the data. In order to relate the BCFD
zero-crossing time 𝑇BCFD to 𝑇 a

0 , the CFD signal corresponding to the
lognormal pulse template was determined and the average difference 𝛿
between these two times calculated:

𝛿 = 𝑇BCFD − 𝑇 a
0 . (8)

After locating the zero crossing, BCFD algorithm could determine 𝑇 a
0

with an accuracy of approximately one fourth of the sampling period,
corresponding to the four sub-sample intervals.

3.3. Proposed algorithm

In this work, we propose a feature-extraction algorithm combining
the BCFD and OF algorithms to allow accurate pulse height and timing
determination in the FS EMC. In addition, the algorithm has been de-
veloped to allow pile-up reconstruction. The key steps in the proposed
algorithm are shown in Fig. 5, and are described in more detail below.

In the pile-up event shown in Fig. 5a, the shape of an acquired
pulse is distorted by a second pulse arriving on its falling edge. An OF
incorporating the full pulse shape – including both the rising and the
falling edges – would not yield accurate amplitude and time estimates
in such a situation. This can be thought of an attempt to fit a single
pulse template 𝑔(𝑡) to data actually consisting of two superimposed
pulses. To resolve this issue, we here propose that one limits the
number of samples 𝑀 taken into account in the OF to only cover the
initial part of the pulse (i.e. the rising edge and the maximum). This
is where the information about the amplitude and time of the pulse
is contained, and so it should be possible to estimate these quantities
without having to take the tail of the pulse into account. Thereby, the
detrimental effect of pile-up on these estimates can be reduced. If the
pulse of interest is the first of two in a pile-up event, the algorithm
prevents including data from the tailing pulse (which could bias the
estimates on the pulse of interest) as it only requires data from four
samples at the beginning of the pulse. Therefore, the algorithm is
capable of reconstructing both pulses in a pile-up event.

As shown in Fig. 5b, all samples are processed by the BCFD algo-
rithm. When a pulse is detected, a BCFD zero-crossing interval can be
identified and used as an input to the OF. The first BCFD sample above
the zero crossing provides a time to which the samples for use in the
OF can be related.

In Fig. 5c, the sample range used in the OF is shown. The time
resolution of the full feature-extraction algorithm was investigated as
a function of the first sample included in the OF (relative to the BCFD
zero crossing) and the number of samples 𝑀 included in the OF. It

as found that starting the OF three samples before the BCFD zero
5

Fig. 5. The proposed feature-extraction algorithm. In (a), an example of a pile-up event
is shown. The aim of the algorithm is to estimate the amplitude and time of each of
these pulses. As shown in (b), the raw data is processed by the BCFD algorithm until
a zero-crossing interval is identified. The determined time is used to select the correct
OF coefficients. In (c), an OF taking four samples in the beginning of the pulse into
account is used to accurately determine the amplitude 𝐴 and phase 𝜏 of that pulse.
Based on these parameters, the tail of the pulse is reconstructed and subtracted from
subsequent data. In (d), the tail-subtracted data after the processing of the first pulse
is shown. The second pulse may now be processed using the steps in (b) and (c).

crossing and using 𝑀 = 4 gave optimal results. These parameters of
course depend on the shape of the raw detector pulses and the BCFD
parameters (the delay and attenuation). Also, all of these parameters
have to be selected with care not to introduce unnecessary latency in
the calculations. In terms of FPGA-resource requirements, it is of course
beneficial to use as few samples as necessary in the OF as this reduces
the number of required multiplications.

As soon as the OF calculations have been performed by the FPGA
(ideally the clock cycle after the final sample to use in the OF sums),
𝐴 and 𝜏 are estimated and may be used. Since the pulse template 𝑔
is fixed, it can be pre-calculated for the sampling times 𝑡𝑖 offline and
stored in the FPGA in the same manner as the OF coefficients. As 𝐴 and
𝜏 of the processed pulse are now known, its tail may be reconstructed
from Eq. (4) and subtracted from any subsequent data. Because of the
stochastic nature of particle detection and pulse generation, the tail of
an actual pulse can fluctuate with respect to the template. This can
introduce minor fluctuations in the tail reconstruction and subtraction
(as discussed in Section 3.4, these fluctuations were found to be ap-
proximately 2% of the pulse amplitude in the current implementation).
These fluctuations could be a limitation if using the algorithm to re-
construct pile-up events with more than two pulses, where they would
impact the overall noise after multiple tail reconstructions. For the
tail reconstruction, additional multiplications are necessary since this
template must be scaled and shifted by the determined 𝐴 and 𝜏 values.
Another approach, not part of this work, could be to store the pulse
template in sufficiently high resolution (in terms of 𝜏) in the FPGA.
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Then the correct template can be retrieved once 𝜏 has been determined
by the OF.

By performing the tail reconstruction and subtraction, the first pulse
is essentially removed from the data stream as shown in Fig. 5d. A
pile-up pulse originally arriving on the tail of the first pulse can now
be processed in the same manner — first by the BCFD algorithm and
then by the OF algorithm. In the present work, only pile-up events
consisting of two pulses have been considered. However, provided that
there are enough available resources in the FPGA the tail reconstruction
and subtraction could be repeated also for this secondary pulse so that
additional pile-up pulses may be analysed. The principle of the full
feature-extraction algorithm proposed in this work is shown in Fig. 5.

3.4. VHDL implementation

To evaluate the performance of the proposed feature-extraction
algorithm, it has been implemented in VHDL code and tested using the
Xilinx Vivado logic simulator [41]. The code developed for this work is
available in [42]. Because the final version of the front-end electronics
for the FS EMC is not yet available, the code has not been synthesised
for use in hardware. Therefore, no thorough evaluation of the timing
performance or FPGA-resource requirements of the algorithm has been
performed. Nonetheless, the VHDL code and simulation provides a
useful step in the development of the algorithm and allows for more
realistic evaluation of the performance than an implementation on a
PC. The main constraint put on the algorithm is that the number of
simultaneous multiplications needed for the OF (shown in Eqs. (5) and
(6)) should fit within the number of available dedicated digital signal
processing (DSP) blocks in the FPGA.

Fig. 6 shows the timing diagram for processing the data shown in
Fig. 5, as performed by the VHDL simulation. The full algorithm, as
implemented in the VHDL code, consists of the following elements:

1. All incoming data is stored in a 16-sample buffer. The data in
this buffer constitute the 𝑆𝑖 data used by the algorithm.

2. A 16-sample moving-average (MA) filter is applied to 𝑆, and the
result is the baseline 𝐵. The baseline data 𝐵 are then stored in
a separate buffer so that earlier determined baselines may be
retrieved.

3. A 2-sample MA filter is applied to the last two elements in 𝑆,
and the result is compared with the latest determined value of
𝐵. If the result exceeds a fixed threshold, a trigger signal is
enabled at a time 𝑇t. The level of this threshold was determined
by using an energy calibration of the detector model and the
single-detector threshold (an energy deposition of 3 MeV in the
cell) required for PANDA. When the trigger signal is enabled,
the baseline calculated five samples earlier is retrieved and set
as 𝐵 (to avoid affecting the baseline with the rising edge of the
pulse), which is fixed until the 2-sample MA of the data again
falls below a fixed threshold. The BCFD and OF may only process
data when this trigger is active.

4. When the trigger algorithm identifies a pulse, the BCFD algo-
rithm is started. At each clock cycle, the result of Eq. (7) is
evaluated using the data in 𝑆 and 𝐵. The resulting CFD data
are stored in a 2-sample buffer, and if a zero crossing is found
(i.e. the first sample in the buffer is below the baseline and the
second is above it), the BCFD zero-crossing interval is found
as described in Section 3.2 at a time 𝑇BCFD. Due to the simple
arithmetics necessary at this step, this calculation is performed
within a single clock cycle.

5. Once the BCFD algorithm has identified the zero-crossing inter-
val, the correct set of OF coefficients is known and the OF is
applied on the correct data in 𝑆 and 𝐵 to provide final estimates
of 𝐴 and 𝜏. Because the OF calculations are only performed when
a BCFD zero crossing has been found, they can be performed
asynchronously as soon as the BCFD results are available. The
6

final estimate 𝑇 rec
0 of the pulse timing 𝑇0 may be recovered from

𝑇BCFD, 𝜏 and the pre-calculated time difference 𝛿 (described in
Section 3.2):

𝑇 rec
0 = 𝑃 (𝑇 a

0 + 𝜏) = 𝑃 (𝑇BCFD − 𝛿 + 𝜏), (9)

where 𝑃 is the sampling period of the ADC and is needed to
recover the proper time units. Note that 𝑇BCFD will be delayed
by the (fixed) latency of the trigger and BCFD algorithms, which
corresponds to a few clock cycles relative to the raw data.
However, since the latency in these calculations is fixed, this
only results in a constant shift in 𝑇 rec

0 which may be corrected
for.

6. The tail of the processed pulse is reconstructed using the 𝐴
and 𝜏 parameters and the pre-calculated tail template. As this
reconstruction requires multiplication operations, which are also
needed for the OF calculation, the tail reconstruction requires
an additional clock cycle. In this clock cycle, the DSP resources
used by the OF can be reused for the tail reconstruction. The
reconstructed tail becomes an additional (time-dependent) base-
line which is added to the baseline 𝐵 from step 2. The summed
baseline is subtracted from subsequent data.

7. The BCFD algorithm is continuously applied to the subsequent
tail-subtracted data, and if a pulse is identified the entire pro-
cedure is repeated to determine 𝐴 and 𝜏 also for the second
pulse. There are additional requirements on the amplitudes of
such reconstructed pulses, since the tail-subtraction procedure
introduces fluctuations due to small mismatches between the
template and the real data. Once the BCFD and OF identify and
reconstruct a second pulse, that reconstruction is only accepted if
the amplitude of the second pulse is larger than a fixed fraction
(1∕32 ≈ 3%) of the first pulse. This fraction was chosen after
determining that the fluctuations introduced by the tail subtrac-
tion were approximately 2% of the initial-pulse amplitude. This
additional requirement was introduced to minimise the risk of
false triggers in pile-up cases. Such false triggers are due to the
tail-subtraction fluctuations incorrectly triggering the BCFD and
OF algorithms.

8. As described in step 3, the BCFD, OF and tail reconstruction are
halted when the 2-sample MA data go below a fixed threshold.
At this point, the 16-sample MA will be used as the baseline
estimate again.

4. Results

The performance of the algorithm has been evaluated by using
model-generated waveforms of different amplitudes and different de-
grees of pile-up as input to the developed VHDL simulation. Here, we
first present the obtained resolution on single pulses and then evaluate
the performance under various pile-up conditions. Finally, we examine
the capabilities of the algorithm under realistic PANDA conditions.

4.1. Single-pulse resolution

Model-generated pulses corresponding to different incident-photon
energies 𝐸𝛾 were used as input to the developed VHDL simulation. In
all cases, pencil-beams of monoenergetic photons were directed into
the centre of a single detector cell and the resolution of that cell was
investigated. Pulse-height and time distributions were created from
the determined amplitudes and times. The relative energy resolutions
�̃�𝐸∕𝐸0 (where �̃�𝐸 is (1∕2.35) of the full width at half maximum and
𝐸0 is the mode) were determined by fitting Novosibirsk distributions
to the pulse-height distributions, and the time resolutions 𝜎𝑇 by fitting
normal distributions to the time distributions. The results are shown in
Fig. 7, where they are compared with the results obtained by getting
the amplitude from the waveform maximum and the timing from a
linear-interpolation CFD algorithm.
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Fig. 6. Timing diagram of the processing of a typical pile-up event by the VHDL-implemented algorithm. 𝑆[0] is the latest entry in the raw-data buffer 𝑆, where the four samples
sed by the OF for each analysed pulse are highlighted. MA2 is the 2-sample moving average that is compared with the baseline 𝐵 to provide a trigger at a time 𝑇t. The CFD
ata corresponds to a delay of 𝐷 = 2 and an attenuation 𝑓 = 0.5, and the BCFD determines the CFD zero-crossing interval at a time 𝑇BCFD. As soon as this is determined, the OF is
sed to determine 𝐴 and 𝜏 of the pulse. After this, an extra clock cycle is used to reconstruct the pulse tail which is then subtracted from subsequent data. Since this is a pile-up
vent, a second pulse is identified from the tail-subtracted data (as seen at samples 9 and 10).
𝑇
e
o
a

d
𝑇
v
c
t
t

b
t
C
C
c
O
d
t

Fig. 7. Energy and time resolution of a single EMC cell as a function of the incident-
hoton energy for model-generated data. Determined using the feature-extraction
lgorithm described in this work (OF in the figure) and a reference method where
he pulse height is determined from the waveform maximum and the timing from a
inear-interpolation CFD. The proposed algorithm achieves a significantly better time
esolution than the reference timing method.

The single-pulse results show that the proposed OF-based algorithm
esults in an energy resolution that is similar to the one obtained when
sing the waveform maximum as the pulse amplitude. However, it re-
ults in a time resolution significantly better than the one obtained with
he linear-interpolation CFD. It was found that the energy dependence
f the time resolution is approximately 100 ps/

√

GeV plus a constant
term, and that the major improvement in using the OF-based algorithm
is that the constant term is decreased by approximately 50% relative to
the linear-CFD case. Therefore, the improvement is most clearly visible
at higher photon energies.

When investigating the reason for this improvement in time resolu-
tion it was found that the response of the timing algorithm depends on
when, relative to the ADC sampling clock, the incident photon hits the
7

Fig. 8. Dependence of the time response of the feature-extraction algorithm on the
phase of the incident-photon hit time 𝑇0 relative to the sampling-ADC clock. Here,
1 is the time determined by the feature extraction algorithm for an incident-photon
nergy of 156 MeV. When using the linear-interpolation CFD (top), a clear dependence
n the phase is seen, resulting in a worsened time resolution. When using the OF-based
lgorithm described in this work (bottom), this effect is reduced.

etector. If the incident photon hits the front of the detector at a time
0 and the time determined by the timing algorithm is 𝑇1, (𝑇1 − 𝑇0)
aries more strongly with this phase in the linear-interpolation CFD
ase than in the OF case, as shown in Fig. 8. This is expected since
he OF incorporates prior information about the full pulse shape while
he linear CFD does not.

In connection to this, we would like to point out that one should
e cautious when estimating the single-cell time resolution from the
ime difference between signals in two adjacent cells using a linear
FD. Because of the phase-dependence in the response of the linear
FD, the determined timing of pulses in adjacent cells are more strongly
orrelated if determined via the linear CFD than if determined via the
F. That is, since 𝑇0 is the same for adjacent cells, the determined time
ifference 𝛥𝑇 between the pulses will include a correlation between
he two pulse timings. This correlation 𝜌 should be taken into account
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if estimating the single-cell time resolution 𝜎𝑇 from 𝜎(𝛥𝑇 ):

𝜎𝑇 =
𝜎(𝛥𝑇 )

√

2(1 − 𝜌)
, (10)

where it is clear that if the measured times of the two pulses are more
highly correlated, 𝜎𝑇 will be underestimated if the correlation is not
taken into account.

4.2. Pile-up recovery

The algorithm performance under different pile-up conditions has
been studied by generating waveforms consisting of two pulses — one
corresponding to an energy deposition 𝐸0

dep in the cell and another to
an incident photon with an energy 𝐸𝛾 hitting the same cell, with a time
difference 𝛥𝑇0. The ability of the algorithm to reconstruct the second
of these pulses (the ‘‘𝐸𝛾 pulse’’) was tested by using various waveform
configurations as input to the VHDL simulation. Fig. 9 shows examples
of the pulse-height distribution of reconstructed 𝐸𝛾 = 100 MeV photons
arriving on the tail of a pulse corresponding to different energy deposi-
tions 𝐸0

dep. The mean ⟨𝐴⟩ and standard deviation 𝜎𝐴 of each distribution
s also shown, as is the pulse-reconstruction efficiency 𝜖rec, which is
he number of reconstructed pulses relative to the number of isolated
𝛾 = 100 MeV pulses detected by the algorithm. The generally good
greement between the pulse-height distributions under different pile-
p conditions shows that the proposed algorithm is able to reconstruct
ile-up events down to time differences of around 30 ns. In Fig. 10,
he corresponding results are shown for the timing distributions of
he reconstructed pulses. It is clear that the time resolution is more
ffected by pile-up than the energy resolution. Nonetheless, the pro-
osed algorithm yields a time resolution around 1 ns for a reconstructed
𝛾 = 100 MeV photon arriving just 31.25 ns after an 𝐸0

dep = 700 MeV
ulse. At the sampling rate used in this work, 31.25 ns corresponds to
samples, i.e. the case shown in Fig. 6. At 𝛥𝑇0 shorter than this, the

lgorithm may still be able to reconstruct pulses but its behaviour is
ot well defined as the pulses then overlap so much that their maxima
ecome inseparable. In general, the time where this occurs will depend
n the pulse shape, the sampling rate and the configuration of the
lgorithm (i.e. how many and which samples are used for the OF).

Here, a feature of the analysis procedure should be mentioned:
n order for a pulse to be taken into account in the efficiency and
he pulse-height and timing distributions in the pile-up analysis, its
econstructed time had to be within five standard deviations of the
ean timing of the isolated pulses for the same 𝐸𝛾 . This was done to

nable clear separation between the 𝐸0
dep and 𝐸𝛾 pulses in the analysis,

but for very small 𝛥𝑇0 values, the overlap between the two pulses
caused ambiguities for the algorithm such that the determined timing
often was outside the defined 5𝜎 window. As discussed in Section 4.3,
this affects the efficiency and resolution for |𝛥𝑇0| ≲ 30 ns in the present
analysis. For 𝛥𝑇0 = 0, the efficiency was defined to be zero.

The pile-up reconstruction performance was evaluated systemati-
cally for a wide range of 𝐸0

dep, 𝛥𝑇0 and 𝐸𝛾 values. These studies also
included the cases where the 𝐸𝛾 pulse arrives before the 𝐸0

dep pulse
(𝛥𝑇0 < 0), where the resulting resolution and efficiency is typically
better than in the cases described above (𝛥𝑇0 > 0) since no tail
subtraction is required for their reconstruction.

4.3. Consequences for PANDA

Under realistic conditions in PANDA, particles of different energies
will hit the EMC and deposit different amounts of energies in the
cells. To study the algorithm under these conditions, the average 𝐸0

dep
distribution per FS-EMC cell was determined using the PandaRoot
framework [43], as shown in Fig. 11. In this figure an average lumi-
nosity of  = 1 ⋅ 1031 cm−2 s−1 in PANDA is assumed. PandaRoot was
used to simulate primary antiproton–proton interactions in the PANDA

geometry using the dual parton model [44] event generator. The results

8

Fig. 9. Pulse-height distributions for a reconstructed 𝐸𝛾 = 100 MeV pulse when (a) well
isolated in time, (b) arriving 62.5 ns after an 𝐸0

dep = 10 MeV pulse, (c) arriving 31.25 ns
after an 𝐸0

dep = 100 MeV pulse and (d) arriving 31.25 ns after an 𝐸0
dep = 700 MeV pulse.

Fig. 10. Timing distributions for a reconstructed 𝐸𝛾 = 100 MeV pulse when (a) well
isolated in time, (b) arriving 62.5 ns after an 𝐸0

dep = 10 MeV pulse, (c) arriving 31.25 ns
after an 𝐸0

dep = 100 MeV pulse and (d) arriving 31.25 ns after an 𝐸0
dep = 700 MeV pulse.
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Fig. 11. Distributions of energy depositions 𝐸0
dep in an average EMC cell, as determined

with the PandaRoot simulation framework at two different antiproton beam momenta
in PANDA. An average luminosity of  = 1 ⋅ 1031 cm−2 s−1 in PANDA is assumed.

shown in the remainder of this work correspond to a beam momentum
of 15 GeV/c, as this provides the most challenging conditions in terms
of average hit rate.

The means and standard deviations of the pulse-height and timing
distributions were averaged over the 𝐸0

dep distribution obtained from
PandaRoot. One of the results at this stage – the 𝐸0

dep-averaged effi-
ciency as a function of the pulse time difference 𝛥𝑇0 – is shown for
three different reconstructed 𝐸𝛾 in Fig. 12. Note that also the case of
𝛥𝑇0 < 0 is shown. This corresponds to a situation where the pulse
to be reconstructed arrives first. Here, these results are compared to
what the efficiency would be if pile-up pulses were simply rejected.
The pile-up rejection algorithm assumes that the entire event is rejected
if 𝛥𝑇0 is less than the rise time of the 𝐸0

dep pulse (for 𝛥𝑇0 < 0) or if
𝛥𝑇0 is less than the time it takes for the falling edge of the 𝐸0

dep pulse
to go below the fixed trigger threshold (for 𝛥𝑇0 > 0). Therefore the
efficiency in the case of the pile-up rejection algorithm only depends
only on the 𝐸0

dep pulse rise and fall times. However, in this study,
the time difference between the start and maximum of the pulse is
independent of 𝐸0

dep (or the amplitude of that pulse) yet the time it
takes for the pulse to go below a fixed threshold is strongly dependent
on 𝐸0

dep. Because this efficiency does not depend on 𝐸𝛾 , an average
efficiency when using the pile-up rejection algorithm was determined
by accounting for the 𝐸0

dep distribution in the cell. This weighting
process results in the pile-up rejection efficiency curve shown in Fig. 12,
where the stepwise increases are due to the 𝐸0

dep-dependence of the fall
time of those pulses (the efficiency was only evaluated at specific 𝐸0

dep
values and then linearly interpolated for the weighting). In the case
of 𝛥𝑇0 < 0, the weighting procedure only results in a sharp decrease
in efficiency at a specific time, since the rise time of the 𝐸0

dep pulse
is independent of 𝐸0

dep. In this approach, this efficiency is valid for all
values of 𝐸𝛾 . The efficiency of the pile-up reconstruction increases with
𝐸𝛾 (when the amplitude thresholds become less and less important). As
discussed earlier, the behaviour of the tail-subtraction and subsequent
pulse reconstruction (when 𝛥𝑇0 > 0) is only well defined for 𝛥𝑇0 ≳
30 ns. Nonetheless, it can be seen from Fig. 12 that the efficiency below
this is still non-zero. In these cases, the algorithm has been able to
reconstruct the piled-up pulse close to its expected time, but the actual
amplitude of the reconstructed pulse may be more or less distorted by
the 𝐸0

dep pulse. The fluctuations in the reconstruction efficiency seen at
𝛥𝑇0 ≈ 20 ns in Fig. 12 (most clearly for 𝐸𝛾 = 10 MeV) result from the
behaviour of the algorithm in this time region of higher overlap. This
is also an effect of the requirement on the reconstructed timing present
in the analysis of the pile-up data, discussed in Section 4.2.

To estimate the efficiency and resolution at different hit rates,
we take the corresponding 𝛥𝑇0 distributions into account. The results
above (both the ones shown in Fig. 12 and the corresponding results
for the pulse-height and timing distributions) were weighted with a

two-sided exponential distribution of 𝛥𝑇0 (because the pulse to be
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Fig. 12. Algorithm efficiency for three different 𝐸𝛾 arriving at different times 𝛥𝑇0
relative to an 𝐸0

dep pulse from the 𝐸0
dep distribution in a single arbitrary EMC cell (at

a beam momentum of 15 GeV/c). When 𝛥𝑇0 < 0, the 𝐸𝛾 pulse arrives first and when
𝛥𝑇0 > 0 it arrives last. The efficiency is also compared with the case of a pile-up
rejection algorithm, where all events corresponding to a pile-up are rejected.

reconstructed could be either the first or the last in a pile-up waveform)
corresponding to the average hit rate 𝑅 per cell. Resulting average
changes in the parameters are shown for three different reconstructed
𝐸𝛾 as a function of the rate 𝑅 in Fig. 13.

The proposed feature-extraction algorithm provides a pulse-
reconstruction efficiency of above 98% for 𝐸𝛾 = 10 MeV photons at 𝑅 =
1 MHz, as shown in Fig. 13. For higher incident-photon energies, the
average efficiency increases above 99%. This would fulfil the PANDA
requirements on detection efficiency [2]. In all cases, the efficiency is
considerably better than that of a pile-up rejection algorithm as can be
understood from Fig. 12. The rate-dependent effects on the amplitude
and time distributions increase with 𝑅, and are highest at small 𝐸𝛾 .
This is expected, since the amplitude and time determination for small
pulses is more affected by the 𝐸0

dep background than large pulses. One
should keep in mind that the efficiency is calculated from the number of
reconstructed pulses, irrespective of the reconstructed amplitude. This
explains why the spread in efficiency with 𝐸𝛾 is smaller than it is for
the resolution parameters. Based on the PandaRoot simulation, 𝑅 = 62
kHz in a cell closest to the beam pipe at an average luminosity of  =
1 ⋅1031 cm−2 s−1. Under these conditions, the effects on both amplitude,
timing and efficiency are small. In any case, the single-pulse resolution
obtained by the algorithm is better than the reference case as discussed
in Section 4.1. As the highest expected average luminosity is a factor
10 higher, 𝑅 scales correspondingly. As the maximum instantaneous
luminosity is expected to be twice as high as the average luminosity, hit
rates may exceed 1 MHz in parts of the FS EMC. Under such conditions,
pile-up reconstruction becomes even more favourable.

5. Conclusion and outlook

In this paper, we have presented a real-time feature-extraction
algorithm that is based on a combination of the well-known CFD and
OF algorithms. The algorithm has been developed for use in the PANDA
forward-spectrometer electromagnetic calorimeter, where it should be
implemented in FPGAs on the front-end digitiser modules. As described
in Section 3.4, the design of the algorithm was made so that it would
fit within the available DSP resources in the FPGA. The Kintex-7 FPGA
chosen for the PANDA digitiser has 600 DSP blocks, which would allow

simultaneous processing of signals from 32 EMC cells. The algorithm
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Fig. 13. The mean and standard deviation of the pulse-height (subfigures a and b) and
timing (subfigures c and d) distributions for 𝐸𝛾 =10, 100 and 1000 MeV in comparison
to the case of well-isolated pulses (i.e. 𝑅 = 0), as well as the efficiency (subfigure e)
at the same photon energies, as a function of the average hit rate 𝑅 per EMC cell,
when the distribution of 𝐸0

dep in a single arbitrary cell (at a beam momentum of 15
GeV/c) has been taken into account. For the efficiency, the results are compared with
the efficiency of the pile-up rejection algorithm described in Section 4.2.

has been designed to allow accurate determination of the amplitudes
and times of pulses arriving at an arbitrary phase relative to the
sampling-ADC clock and allow reconstruction of pile-up pulses.

To evaluate the performance of the feature-extraction algorithm, a
Geant4-based Monte Carlo model of the detector and its readout has
been developed. This model, which has been validated against exper-
imental data, allows generation of realistic detector signals. Model-
generated waveforms corresponding to both single detector pulses and
pile-up pulses were used as input to a VHDL simulation of the de-
veloped feature-extraction algorithm. The pulse-height and timing in-
formation determined by this VHDL-implemented algorithm forms the
basis of the results presented in this work.

The proposed algorithm gives a time resolution significantly better
than a linear-interpolation CFD algorithm, and this is attributed to
the fact that the OF algorithm included in the proposed algorithm
incorporates knowledge about the overall detector pulse shape whereas
the linear-interpolation CFD relies on linear interpolation between two
samples. Further improvements could be made if the used pulse-shape
template is optimised by measuring realistic detector pulse shapes. In
that case, the template would not be based on a fitted analytic function
(which may have some systematic differences from the real pulse
 8
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shape) but on the average of many acquired waveforms. The proposed
algorithm also yields very promising results for pile-up reconstruction.
Although both the energy and time resolution for reconstructed pile-
up pulses are worse than for well-isolated pulses, the effect is at most
10% (for the energy resolution 𝜎𝐴, where the effect is the largest) at
𝑅 = 1 MHz. For pulses larger than 𝐸𝛾 = 100 MeV, the accuracy of the
pile-up reconstruction is within a few percent of the results for well-
isolated pulses. Also, the efficiency is considerably better than when
simply rejecting pile-up events. Of course, a rate-dependent shift and
broadening of the amplitude and time distributions can affect both
the calibration and resolution of the detector. These effects should
be more carefully examined, as should the magnitude of the effects
when combining the responses from multiple calorimeter cells. Because
the OF is equivalent to performing a 𝜒2 fit of the pulse shape to
the observed data, a topic for possible future research is whether a
‘‘goodness-of-fit’’ can be calculated online to identify pile-up events
and/or pulses not matching the template. Such information could then
be used in the subsequent data analysis.

The results presented in this work are very encouraging and mo-
tivate further research on the topic. Implementing the VHDL code in
the firmware of an FPGA would enable performance evaluation on
experimental data, with the realistic noise conditions and fluctuations
that entails. This includes studying the validity of the assumption of a
fixed pulse shape, and how well the algorithm performs if the pulse
shape depends on the deposited energy. Some of these effects are
already included in the Geant4 simulation of the energy deposition, and
the results show that an energy-independent pulse template is a good
approximation. In addition, a baseline which varies between the start
and end of a single pulse in a well-understood fashion could be included
in the OF to provide more accurate amplitude and time reconstruction.
This would depend on the properties of the signals from the detector,
and could be studied in future work. Also, an ADC sampling rate of 160
MSPS has been used throughout the present study as it corresponds to
the one used in the 2014 beam tests. Depending on whether this will be
the same in PANDA and whether the pulse shape will alter, the method
should be evaluated accordingly. Furthermore, the algorithm should be
implemented in the PandaRoot framework for additional tests and eval-
uations. The predictions for operation in PANDA presented here rely on
averaging over expected energy-deposition distributions but should be
extended by a full Monte Carlo implementation in PandaRoot.
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