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1. Introduction

During a 5-month internship at the Cerro Calan radio observatory in Santiago, Chile, an al-
gorithm has been developed for the detection of Fast Radio Bursts. Fast Radio Bursts (FRBs)
as their name suggests occur for a very short time, from a few milliseconds to a couple of tens
of milliseconds. Furthermore, the burst shows a quadratic dispersion behavior throughout the
spectrogram. It is, however, currently unclear what the exact origin of these FRBs is, and a lot
of research is conducted on the detection and understanding of these FRBs [1, 2, 3, 4]; A leading
understanding is that the FRBs come from a certain class of Pulsars, magnetars [2]. An example
of such a transient is shown in Fig. 1.1, where one of the first clear FRB’s is shown.

The radio observatory at Cerro Calan is conducting a project called the Astronomical Radio Tran-
sient Experiment (ARTE). This project is constantly measuring the galaxy for FRB’s, therefore a
constant stream of data is generated and needs to be processed for any signals that are out of the
ordinary, such as FRB’s. The ARTE project itself will be explained in Chapter 2. However, the
algorithm that will have the task of detecting these ’anomalies’, consists of preprocessing such as
Radio Frequency Interference (RFI) removal. Then, two ways of detecting will be implemented,
starting with hysteresis thresholding and after this detection using dedispersion is used.

The algorithm that was developed for the project works with the spectrogram and has to search
through this spectrogram for any interesting phenomena. Furthermore, it will also have to filter
out man-made signals to ensure a low amount of false positives while still detecting most FRBs.
The working of the algorithm will be discussed in Chapter 3. In Chapter 4 the testing will be
discussed to indicate how well the algorithm performs. Lastly, this report will be concluded in
Chapter 5
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Figure 1.1: Figure showing an example of an FRB transient [5].
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2. ARTE Setup and Measurements

In this chapter first, the general ARTE setup will be discussed; it will go into the reason why the
setup is built as it is. Moreover, it will be entered into the measurement environment, specifically
the RFI measurement at the Cerro Calan site to determine the constant RFI that will influence the
measurements. This chapter will be concluded with the investigation of the temperature increase
in the spectrogram that a certain power will have.

2.1 ARTE Setup

Before going into the detection algorithm, it will be necessary to discuss the setup that will
generate the spectrograms and the environment in which the measurements will be made. The
current theory on FRBs is that they are generated by pulsars [2]. Most of the pulsars in our
galaxy are centered in the galaxy, as can be seen from Fig. 2.1. For this reason, the ARTE project
consists of an antenna that will measure most of the pulsars in the center of the galaxy, which is
circled in red.

Sky Distribution of Known Pulsars

75°

Gal Lat (degrees)

- Gal Long (degrees)

Figure 2.1: Figure showing the distribution of Pulsars in the galaxy in galactic coordinates, in
red the Full Width Half Maximum (FWHM) of the ARTE antenna is shown. [0].

The antenna used is a phased array antenna that is placed on a mount that will then follow the
center of the galaxy. The setup itself is shown in Fig. 2.3. The setup is divided into three subarrays,
where every subarray consists of four antennas. Furthermore, the first two of these subarrays will
be digitally combined to synthesize the main beam. The last one is used to determine the galactic
longitude and latitude. The detection itself will consist of two parts, first a ROACH-2 FPGA will
consist of a dedispersion algorithm that will perform a data drop once it detects a peak power
above a certain threshold. These are data with very high resolution, and therefore too large to
constantly dump. The other part is a constant log file data dump; this consists of 5 minutes
of data with a time resolution of 10 ms and a frequency spacing of 292 kHz from 1200 MHz
up to 1800 MHz. For the detection algorithm that will be discussed in Chapter 3 this second
part, the logfile data will be analyzed on FRBs. An example of two such log files plotted as one
spectrogram is shown in Fig. 2.2. The spectrogram plots the antenna temperature, not the power,
so the unit for this will be K. This is also the starting point for the algorithm developed, which
will be discussed in chapter 3. Important to note is that the log file has some flagged channels,
these are channels that consist of a lot of RFI.
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Figure 2.2: Example of a spectrogram generated from two 5-minute log files.
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Figure 2.3: Figure showing the ARTE setup.

2.2 RFI measurements

After understanding the setup, it is necessary to understand the measurement environment. Most
interesting will be the constant RFI. This is the RFI that will constantly influence the measure-
ments and this is the RFI that is the most predictable and, therefore, can be filtered out at the
beginning. Furthermore, it gives information about the measurement site itself and the electro-
magnetic contamination at the specific site. This measurement was performed at two sites, Cerro
Calan and Santa Martina. For the measurement a large band, from 25 MHz up to 3 GHz was
chosen. Moreover, the measurement was performed over a couple of minutes to see the constant
RFI. The results of these measurements are shown in Fig. 2.4

The measurement is performed by splitting the band into four blocks, where one block takes an
average of 28 ms, which are sequentially measured for various minutes. Because of this, only the
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Figure 2.4: RFI spectra at the Cerro Calan and Santa Martina site.

RFT that is really constant and not pulse-like will be shown in these plots. Thus, for example in
the frequency range from 1-2 GHz, it looks like there is no RFI but this is not a valid conclusion
as there could be pulse-like RFI. For that reason, in Fig. 2.2 some channels are flagged although
there is no RFI in the band seen from Fig. 2.4.

2.3 Measurement Power

Next, it is important to determine what effect certain powers will have on the spectrogram and to
determine what will be measurable. This is something that will of course depend mostly on the
noise of the spectrogram versus the signal power that the interesting phenomena will have. An
indication of the standard deviation of the noise can be determined from the spectrogram shown
in Fig. 2.2, where the standard deviation is approximately 5.2 K, depending of course on the
specific moment at which this is calculated as there can be deviations between log files. Moreover,
we are mostly interested in the relative temperature increase and not the absolute increase, as the
events will be a superposition of the noise temperature with the event temperature. The equation
for this temperature increase is given as,

A

source — 22];; S'u (21)

Where, Tsource is the temperature increase, A.yy is the effective aperture of the antenna, kp is the

Boltzmann constant, and S, is the flux density of the event at earth. Calculating the flux density

of an event requires rewriting this equation in terms of Tsoyurce- The effective aperture requires

the calculation of the directivity, which can be approximated from its half-power beam width [7],
47(180/7)2

Dapprog = ————. 2.2
PP @1d®2d ( )

Here, ©14 and ©94 are the half-power beam widths of the antenna in degrees. Then, the effective
aperture is calculated as follows,

)\2
Aeff = EneffDapprom- (23)

Where A is the wavelength, n.ss is the antenna efficiency. Taking an efficiency of 90% for the
antenna and a wavelength of 1500 MHz the power that the event would need is approximately
240 kJy. This compares to the STARE-2 setup that has a sensitivity of 200 kJy at 10 ms time
resolution [2]. Thus, this would also be a good lower limit for the detection of FRBs in the ARTE
system.
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3. Detection Algorithm

In this chapter, the developed detection algorithm will be discussed. The algorithm can be divided

into 5 main stages,

v

Parameter setup
&
Importing

Preprocessing

»| Pyramid stacking

RFI removal

&
Anomaly detection

\

Dedispersion
detection

Figure 3.1: Algorithm divided into 5 general stages that will be further subdivided in flowcharts.

This section will go over all these 5 stages in the order given in Fig. 3.1. There will be a reasoning
for the importance of these stages and an explanation of the functioning of the stages. The
detection itself is based on hysteresis thresholding, which is used various times throughout the
code such as in Pyramid stacking, the RFI removal and anomaly detection, and the Dedisperison
detection. As this is a relatively thorough code, it will be explained separately in Section 3.6. It is
important to note that the flowcharts shown throughout this section are meant as a guide to the
code and show the general process that the code of that section follows for ease of understanding.
Therefore, the more straightforward parts have been omitted to keep the flow charts short and
clear.

3.1 Parameter Setup and Importing

This is the most simple part of the algorithm, starting with setting up file locations and saving
locations. Then the log file will be loaded and the data will be converted to usable antenna
temperature. As every log file has a moment when the data is calibrated, processing this calibration
is also performed in this part of the code. The transformation from log file to antenna temperature
data was already previously coded and is used in the algorithm as a starting point. Moreover, as
the algorithm is meant to detect mostly FRBs and thus short events, it was decided to look at 1
log file at a time. The process of this stage can be seen in the flow chart shown in Fig. 3.2.

Start

Initialization

File
parameters

ast file o
directory

Write status
log file

dispersion
detection

Initialize
o subprocess || Import log file
algorithm

transform to

yes
temperature
data
ﬁ—
Y

Preprocessing

Figure 3.2: Flowchart on the parameter setup and importing part of the detection algorithm.
The pre-defined process blocks indicate the other stages as shown in Fig. 3.1.

The flow chart from Fig. 3.2 is relatively self explanatory, and should be followed with the code
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as it is described as the general process this part of the code follows.

3.2 Preprocessing

Once the data are loaded correctly, the pre-processing of the data will start. For preprocessing, it
has been chosen to set up a Python class named ‘Galactic_data’ which will then contain various
functions to plot parts of the data, or a function to process the data. The processing function
called ‘Data_processing’ is the function that performs the preprocessing.

Parameter setup
&
Importing

JE

Create class:
Galactic_data

A

Remove upper and
lower frequency
channes

i E—

Median subtraction

]

Remove calibration
line

(]

Pyramid stacking

Figure 3.3: Flowchart on the parameter setup and importing part of the detection algorithm.
The pre-define process blocks indicate the otehr stages as shown in Fig. 3.1.

In the flow chart shown in Fig. 3.3 there is a part that removes the upper and lower frequency
channels. It has been chosen to look only in the 1300 MHz up to 1700 MHz as this is the band
where the complete chain is mostly flat, while outside of this band, it falls off, as can be seen in
Fig. 3.4. The following part is the median subtraction, or as the noise can be assumed as quasi-
Gaussian, a mean subtraction. The reason for this, as noted above, is to only look at the differences
in temperature, not the absolute temperature, which is a common approach [8, 9, 10, 11]. Finally,
the calibration line will be removed; this is a line with a high temperature and would be detected
as an anomaly, but as the properties are known, can be removed beforehand.
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Figure 3.4: S21 of the receiver chain.

3.3 Pyramid Stacking

The pyramid stacking part is meant as a way to enhance weak signals that are visible only by aver-
aging, as then the noise will be reduced, but the signal itself will stay more or less the same. This
works by only looking at different layers and then once it detects something in that layer to give
weight to that detection. However, when there is nothing there, it will not add anything. Thus,
short signals will stay with a 10 ms resolution, while longer signals could have an increased time
resolution depending on the signal at that specific location. The methods for creating the pyramid
are based on the Laplacian pyramid method [12]. Usually, when readding all the Laplacian layers,
you get the original image back; however, when changing the weights at certain locations, it is
possible to enhance these parts, as can be seen in Fig. 3.6.

The way pyramid stacking is implemented is shown in the flow chart in Fig. 3.5. To generate a
Laplacian pyramid you start generating a Gaussian pyramid; this is basically blurring the image
using a Gaussian averaging. Following this, the Laplacian pyramid can be generated, which works
by looking at the difference between the pyramids. Then the hysteresis thresholding part will look
for interesting phenomena, and only those parts will be enhanced, while the rest will normally be
summed back to the original picture. However, averaging the removed calibration will give some
artifacts which should be properly removed. This improved spectrogram with the enhanced parts
will then go on to RFI removal and anomaly detection.
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Figure 3.5: Flowchart on the pyramid stacking part of the algorithm.
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Figure 3.6: Figures showing the difference between a spectrogram with and without Pyramid
stacking for the same log file.
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3.4 RFI Removal & Anomaly Detection

This section will describe the removal of the RFI and anomaly detection. The flow chart for this
part can be seen in Fig. 3.7. First, the hysteresis thresholding will detect signals that are out of
the ordinary. This means signals that have a standard deviation of more than 4 above the noise.
However, on their own, these are just points and these points will require meaning.

The way to give them meaning is to cluster them together. There are many ways of clustering but
here it was chosen to use the density-based spatial clustering with noise (DBSCAN). The reason
for this is that it has a good trade-off between computational time and cluster creation. In general,
for clusters you want to look at how close points are together, the most simple method would be
hierarchical clustering, specifically single linkage clustering [13]. However, the downside of this
clustering method is the high time complexity [14]. Furthermore, there is high sensitivity to noise
for these hierarchical methods, which is not the case for the used DBSCAN method [15]. Lastly,
as the dataset is of a large size, there are three methods advised from the scikit library in python.
These are, DBSCAN, BIRCH and K-means [16]. Where BIRCH is an hierarchical method, and
K-means looks at the centre of the cluster which is not the way we want ot cluster, as especially
RFI will be a vertical line, so it will not capture the entire RFI.

Following the clustering, the clusters will be divided into different cluster types. These types
range from Type 0 to type 5. These are arbitrary types, mostly necessary for debugging and
understanding what type of signals will be placed where. The conditions can be seen in equation
3.1. It can be seen that the conditions are mostly size dependend. The FRB when detected and
of strong enough power, will usually be placed in the type 1 or type 0 folder, this is due to how
the detection is clustered as sometimes the FRB might be divided into multiple clusters. Next to
this, there is a 5’th type, this the internal RFI type and is currently not printed, as for a usual
log file this will be about 500-1000 detections. It is also classified in this type at the Time average
filtering step, and not at the cluster classification step.

4, if f <3 MHz
3, elseif 3 MHz < f <6 MHz At < 200 ms
Type =< 2, else if size < 100 (3.1)
1, elseif f < 88 MHz
0, otherwise

The time averaging step basically takes the cluster window and then averages this over all of the
time, such that a frequency plot results. Then everything that is above 3 sigma standard deviation
above the noise is regarded as a detection. Then it will look for peaks in this data, and if the
peak is of a width smaller than 4.4 MHz then the cluster will be renamed as a type 5 cluster, and
thus as RFI. The idea behind it is that, in general, the RFI is a linear effect and, relatively tightly
constraint to a certain frequency band. The way the value for 4.4 MHz is determined is by testing
over various values and finding when the false positives are the least, but the false negatives of
FRB’s are close to zero. An example of this plot can be seen in Fig. 3.8. Here various peaks are
shown, and everything higher than 3 sigma from the noise is clipped. Then the width of these
peaks are determined to figure out if it is RFI or not.

Now that we have distinguished between RFI and other Anomalies the removed flagged channels
will be re-added to be able to go to the plotting of the spectrogram. Now that most of the detections
are filtered out there will be one last check done for every cluster, this is by checking if the cluster
consists of lines that are completely horizontal. This is done by sub-clustering, meaning that the
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one cluster is divided up further in connecting parts. If all of these sub-clusters are considered
horizontal, thus the slope is j 1. Then the cluster is regarded as RFI and will be ignored. If
however, one or more sub-clusters is not horizontal than it will be regarded as something worth
investigating, and in turn, this will then be saved in the folder corresponding to the previously
mentioned cluster type. After all the clusters have been checked, all these detections will be set
to zero and the code will continue into the dedispersion part.

3

Pyramid stacking Time average filtering
Remove flagged Re-add flagged
channels channels

y
Hysteresis . nteresting
Thresholding last cluster 0 Sub-clustering
1 Y;S Yes

Density based spatial Remove all detected
clustering with noise clusters Plot and save current
(DBSCAN) cluster
Cluster classification Dedispersion
detection

Figure 3.7: Flowchart on the removal of RFI and the detection of anomalous signals.
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Figure 3.8: Example of the frequency averaging of the time average filtering part. It shows
the detected signals as strong peaks here, where any peak with a width of less than 15 points
(4.4 MHz) will be regarded as RFI.

3.5 Dedispersion Detection

The last part of the code is to see if any signals are missed, especially FRBs, by implementing
another way of finding FRBs, the flow chart is shown in Fig. 3.9. In this part, the data will be
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dedispersed which means time delaying the frequency channels and then summing over frequency
to see if a peak will occur. In general, there are two ways to implement dedispersion, coherent
dedispersion devolves the transfer function, while incoherent dedispersion shifts frequency chan-
nels in time, and averages of the result [17, 18]. In this algorithm, the incoherent dispersion is
used. This method is easier to implement and computationally fast enough for the application.

It is then possible to do the dedispersion for various test dispersion measures, and then a data
set can be created that shows the time versus the dedispersion measure; see Fig.3.10 for a fake
FRB and its corresponding dedispersion plot. Within this dataset the hysteresis thresholding is
used again to obtain interesting points. Then the points are clustered together again; as for an
FRB the change in the plot will be smooth, as can also be seen in Fig.3.10b . After testing it was
found that if the cluster is greater than 15 points, that the false negatives are very low. Moreover,
only dispersion measures of more than 100 are taken into account and the FRB temperature must
be greater than 1 K. If all these points are satisfied, then the FRB will be plotted in a specially
allocated FRB folder.

RFI removal
&
Anomaly
detection

Y

Dedispersion of data

l

Hysteresis
Thresholding

o

Connectivity
clustering
{ Next Cl
4
Last cluster No @ o——
Yes Yes
A\
Parameter setup
& o——
Importing

Yes

Plot potential FRB

Figure 3.9: Flowchart on the implemented dedispersion detection method.
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(a) Example of a fake FRB injected in the spectrogram. (b) Dedispersion plot of the injected fake FRB

Figure 3.10: Figures showing an injected fake FRB and the corresponding dedispersion plot.

3.6 Hysteresis Thresholding

As hysteresis thresholding is an important part of the code and is called various times throughout
the algorithm, for understanding purposes, it is necessary to explain it in more detail. The basic
concept of hysteresis thresholding is setting two threshold values. Everything below the lowest
threshold is regarded as nothing. Everything above the highest threshold is considered a detection,
and everything in between is only considered a detection if it is connected to a point above the
highest threshold [19, 20]. The implementation can be seen in Fig. 3.11.

In the implemented version of the thresholding, the upper and lower thresholds are determined
by the noise of the specific frequency channel. As an example in the RFI and anomaly detection
part described in section 3.4, the lower threshold is set at 1 sigma and the upper threshold is set
to 4 sigma.
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Figure 3.11: Flowchart on the implementation of hysteresis thresholding.
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4. Algorithm Quantification

In this section, the performance of the described algorithm will be quantified to determine how
well it works. It starts by injecting quadratic curves as fake FRBs, as this is the most simple way
of describing and FRB. With this, three tests are performed. Firstly, the power of the FRB is
randomized and compared with random dedispersion measures. Following this, random power is
compared to the random frequency bandwidth.

To continue the test, these quadratic curves are sent out to the system using an antenna. To see
how it will be seen in the real log files without artificially adding the curve. Finally, the tests are
concluded by testing the algorithm with a simulated injection of an FRB-based on this paper [21].

4.1 quadratic curve injections

The quadratic curve injection implies injecting a curve that is of the form,

t:hDM(J%-J}?). (4.1)

An example of such a curve is shown in Fig. 3.10a. For the injection a couple tests have been
performed. First, a test comparing the percentage detected versus random power versus random
dispersion measure. The result of this can be seen in a surface plot in Fig. 4.1a Following this, a
test has been performed to compare the percentage detected versus the random power versus the
frequency bandwidth of the curve; for this test a surface plot can be seen in Fig. 4.1b To obtain
a better idea of how well the algorithm can detect FRBs with different power levels, also a figure
has been generated showing the power versus percentage of curves detected, which is shown in
Fig.4.2. Important to note is that the percentages in the surface plots are lower than the actual
detection. This is because the code is tested with another code, where this second code sometimes
misses detected curves. The difference between a manual check of the data set and an automatic
check is shown in Fig. 4.2. Furthermore, in Fig. 4.2 also the different location where the FRB
ends up for different powers is shown.

450 100 400 ; ; i 100
[ n
» 400 %0 = “liso
— 'E‘ -
2 350 = 300 - -
5] = =
£ 300 60 = 60
g =200 -
%250 40 B 40
§~200 E -
53

E 20 M 100 20

150 =

100 0 0

0 2 4 6 8
Standard deviation power Standard deviation power

(a) Standard deviation of power with respect to noise(b) Standard deviation of power with respect to noise
compared to the dispersion measure. compared to the frequency bandwidth

Figure 4.1: Figures showing the percentage of fake FRBs injected according to the model of
equation 4.1. The detection was performed for different frequency bandwidths and different dis-
persion measures.
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Figure 4.2: Figure showing the power versus the percentage detected for an FRB with a DM
of 400. Moreover, this plot also shows the error of the automatic test for the FRB detection
algorithm. In purple and green the difference is seen between where the FRB ends up being
detected, the dedispersion part of the code or the RFI removal part of the code.

4.2 Physical curve injections

To test how the algorithm behaves on the curves injected with an antenna, the same quadratic
curves were injected by shooting them toward the system. This can be seen in various Figures
4.3, 4.4, 4.5, 4.6. These Figures show differences between where the detections end up and in how

the amplitude changes for this FRBs. Furthermore, in Fig.

4.5, 4.6 the limitations of the weak

FRBs is shown. The generated RFI will of course also introduce more false positives.
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Figure 4.3: Figure showing a curve shot at the detection system, the signal is characterized by

a lot of RFI generated by our generation system.
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Figure 4.4: Two figures showing a shot FRB that has been split up between two
detections as the power over frequency is not uniform.
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Figure 4.5: Example of a shot FRB that has been detected by the dedispersion part of the code.
It can be clearly seen that it is very weak over frequency, but cleary visible in the dedispersion

part.
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Figure 4.6: Example of a shot FRB that has been detected by the dedispersion part of the code.
It can be clearly seen that it is very weak over frequency, and barely visible in the dedispersion
plot.
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4.3 Simulated FRB Injection

As a last FRB simulation, a better model of an FRB was also used. This model was developed
by another student at the observatory and is based on the following paper [21]. For this test, due
to limited time, only weak FRBs have been tested, as this will find the limit of the algorithm.
Furthermore, the earlier results with the quadratic curves have shown that strong FRBs are
detected very well. The result of this test is shown in Figs. 4.7 and 4.8. The idea of this method is
to generate a pulse at the Pulsar, and then model the propagation through the galaxy to generate
the correct dispersion measure. For this reason, the FWHM of the pulse is given and the amplitude
is in arbitrary units as the original amplitude is not necessary for the algorithm. Only the received

amplitude compared to the noise.
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Figure 4.7: Example of a more accurate model of an FRB injected in the data. For this example,
an amplitude of 5 A.U. and FWHM of 0.05 MHz has been used.
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Figure 4.8: Example of a more accurate model of an FRB injected in the data. For this example,
an amplitude of 10 A.U. and FWHM of 0.025 MHz has been used.
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4.4 False positive detections

As a last measure, it is important to understand how many false positives are generated by the
code. In general, false positives are characterized by RFI detections. To obtain an idea of how
detections are generated on average per log file, the code was run on a data set from September
2022. This data set consists of 2306 log files, so in total this consists of 192 hours and 10 minutes.
In general, these were 9 different days.

The results of this false positive test can be found in Table 4.1. Here, the results are split up by
day to give an indication that on good days the false positives can be very low, such as on the
9th and 10th of September. However, on the 11th the false positives are relatively high. To be
able to compare the values, a column with total detections is shown, following this a column with
the average detections per log file is shown, as some log files have more detections than others.
Lastly, the average false positives have been shown for log files that consist of one detection or
more. Furthermore, these parameters have also been calculated for the complete data set.

Table 4.1: False positive detections within the September dataset

Total detection | Mean detections per log file | Mean detections per positive log file
09-09-2022 21 0.525 3.5
10-09-2022 207 0.7289 6.9
11-09-2022 339 1.2372 19.9412
12-09-2022 314 1.0979 5.0645
13-09-2022 743 2.6162 14.86
14-09-2022 556 1.9509 6.5412
15-09-2022 665 2.3252 7.4719
16-09-2022 955 3.3509 8.7615
17-09-2022 493 1.8059 10.2708
Total detections complete set 4293
Mean detections per log file complete set 1.8617
Mean detections per positive log file complete set 4.2802
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5. Conclusion

In conclusion, a first version of a detection algorithm has been developed. For FRBs with a power
of up to 0.60, the code works well with a detection rate of 96%, and with this, the result is on
par with the STARE-2 detection system. There is of course still a lot of room for improvement,
mostly towards reducing the false-positive detections. Moreover, there has been a new method
of calibration for the system that should be implemented into the algorithm, as the current code
only works with log files that have been generated before March 2023.

Other types of improvement that could help increase the sensitivity of the algorithm would be to
improve the linearity check in the sub-clustering part. This does not work perfectly and results
in many false positive detections. The anomalies could be further subdivided to determine a
better way to filter out the anomalies from the RFI. What is more, is that the parameters have
been determined on the quadratic model, which seems to work well. However, by optimizing the
parameters on the more realistic model, a better code could be reached. Lastly, the code is not
perfectly efficient, and there are many code optimizations possible to make the code run more
smoothly.
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