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Abstract. SIRENA is the software package developed to reconstruct the energy
of the X-ray events detected by the X-IFU instrument of the Athena observatory. It
is currently integrated in a larger project for end-to-end simulations. Data are simu-
lated and inititally triggered by the SIXTE and afterwards the energy is reconstructed
by SIRENA. While the baseline implementation is based on the optimal filtering tech-
nique, we present some other algorithms that are also being considered, such as covari-
ance matrices or resistance space analysis. The performace of these algorithms should
be finally analyzed in terms of energy resolution and computing resources. The integra-
tion of SIRENA into SIXTE allows an integral study of different triggering algorithms,
reconstruction techniques, and instrument configurations, and their optimization for
in-flight use. The best performance algorithms for event triggering and energy determi-
nation will be finally implemented on board in the X-IFU Digital Readout Electronics
(DRE) unit.

1. The X-IFU instrument on board Athena observatory

Athena (Nandra et al. 2013) is an X-ray astronomical observatory selected by the Eu-
ropean Space Agency in 2014 as the second large mission of its Cosmic Vision Pro-
gramme. It will consist of an X-ray telescope and two focal plane instruments, the
X-IFU (Barret et al. 2013) and the WFI (Rau et al. 2013).

The X-IFU is a cryogenic microcalorimeter array based on Transition Edge Sensor
technology aimed at providing spatially resolved high-resolution spectroscopy. The
signal of each channel in which the focal plane array is read using a Frequency Domain
Multiplexing technique, is processed by the two Digital Readout Electronics (DRE;
Ravera et al., 2014) sub-units: the DRE-DEMUX demultiplexer and the event processor
DRE-EP. A block diagram of the X-IFU units is shown in Figure 1.

The continuous high-rate raw data stream pre-processed by the demultiplexer has
to be processed on board to reduce the output data rate required by the telemetry con-
straints of the mission. This processing is done in the DRE-EP sub-unit in two stages:
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an initial on-the-fly event triggering done over hardware, and a subsequent (deferred in
time) X-ray event characterization done in software using the SIRENA functionality.

Figure 1. Block diagram of the X-IFU instrument.

2. SIRENA software package

SIRENA is the software package currently in development to perform the event char-
acterization task of the DRE-EP sub-unit. It will provide a reduced output with the
physical relevant parameters of the input X-ray photons, including their energy, spatial
position, quality (grade) and arrival time.

During its development process, SIRENA will remain integrated in the end-to-end
X-IFU simulator SIXTE,1 where realistic data streams can be simulated under different
conditions following the physical description of the detector. Then these data streams
are divided into records and ingested in the SIRENA tools for event reconstruction.

At the current stage of development, three main building blocks compose this
package: event detection, event grading (Ceballos et al. 2013) and event energy de-
termination. Initially, the pre-triggered data stream is searched for possible multiple
events in the record. These detected events are then analyzed by the grading block to
establish their quality (high, mid or low resolution), according to the proximity of the
previous and following events. In the last block, different algorithms can be applied to
determine the energy content of the input X-ray photons.

1http://www.sternwarte.uni-erlangen.de/research/sixte/
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2.1. Reconstruction algorithms

• Optimal Filtering (Szymkowiak et al., 1993; Boyce et al., 1999).
This is the baseline standard technique commonly used to process microcalorime-
ter data streams. It relies on two main assumptions. Firstly, the detector response
is linear; that is, the pulse shapes are identical regardless of their energy and thus,
the pulse amplitude is the scaling factor from one pulse to another. The second
assumption is that the noise is stationary, i.e. it does not vary with time.
The amplitude of each pulse can then be estimated by minimizing (weighted
least-squares sense) the difference between the noisy data and the model pulse
shape.In the time domain, the amplitude is the best weighted (optimally filtered)
sum of the values in the pulse.

• Covariance matrices (Fixsen et al., 2004)
In real detectors, none of the above assumptions is strictly correct, so a differ-
ent approach is required in the presence of non-stationary noise along the sig-
nal event, which has to be optimal also when the detector is non-linear. In this
method a set of calibration points (constructed by many pulse repetitions) is de-
fined at different energies. At these energy points, a pulse model is obtained
averaging the data pulses and the deviations of these pulses from the data model
are used to build a covariance matrix (non-stationary noise is better described by
a full noise covariance matrix rather than a simpler Fourier transform).
An initial estimation of the energy of the unknown signal data is sufficient to de-
termine the calibration points which straddle it. Then with a linear interpolation
of the weight matrix and the signal, the best energy estimate is just a function of
the energies of the embracing calibration points, the unknown signal and some
other magnitudes that can be pre-calculated with the calibration data.

• Resistance Space (Bandler et al., 2004)
An intermediate approach aimed at dealing with the non-linearity of the signals,
avoiding the computational cost of the Covariance matrices method, is the trans-
formation of the current signal in the detector to the resistance space. It improves
the linearity by removing the non-linearity due to the bias circuit, although the
non-linearity from the R-T transition still remains. A potential additional benefit
could also be a more uniform noise across the pulse.

More sophisticated techniques such as filtering based on Principal Component
Analysis or Multipulse fitting are still to be studied and are currently not implemented
in SIRENA. An evaluation of potential improvement in energy resolution for non-linear
or high count rate conditions has to be evaluated and balanced against its possible over-
cost in computing resources and calibration tasks.

3. Conclusions

Figure 2 presents a preliminary comparison of the performance of the three methods
regarding the energy resolution (FWHM) of the input photons. A data stream of 3000
monochromatic, isolated pulses has been simulated with SIXTE and then ingested in
SIRENA for reconstruction. The FWHM of the photons is plotted versus the input
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energy. Optimal filtering (both in current and in resistance space) has been analyzed
in three different approximations: perfect filter (non-gain corrected resolution from an
optimal filter constructed as the same energy of the input photons), interpolation (filters
are interpolated between the two energies closest in the library of filters) and fixed filter
(gain-corrected resolution obtained with the 1 keV filter used to reconstruct all the
pulses at different energies). In the Covariance Matrices case, both the full (Fixsen
et al. 2004) deployment and a first order approximation (0(n)) are shown.

This results point to the covariance matrices method giving the best performance
in terms of energy resolution, quite close to the perfect optimal filter (unrealistic) case.
However, initial estimations of its computing cost seems to indicate that it would finally
be an unaffordable option for on board processing. Further studies will then be required
to get a good compromise between resolution and physical resources.

Figure 2. Energy resolution comparison for reconstruction methods (see text).
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