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The Radar Echo Telescope for Cosmic Rays (RET-CR) is a pathfinder experiment for a future
neutrino telescope, using cosmic rays as an in-situ test beam. The buried radar system monitors
for echoes off high-energy cosmic-ray-induced in-ice cascades. The RET signal and dataset are
well suited to a sub-threshold analysis, with properties that can be exploited in a singular-value
decomposition and machine-learning-assisted search. This work presents progress toward using
these tools for a future sub-threshold analysis. As a first application, we present an analysis of
background data demonstrating some of our analysis techniques.
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1. Introduction

The Radar Echo Telescope for Cosmic Rays (RET-CR) aims to validate the radar echo detection
methodology in-situ for an eventual neutrino telescope. The T576 experiment [1, 2] observed the
radar signature from the ionization trail deposited in a high-density plastic from an electron beam
(~ 10 e~ at 10! eV/e™). Building upon this, RET-CR [3] was deployed in the summer of 2024
to Summit Station, Greenland. The experiment consists of a surface system and an in-ice system.
The in-ice component operates as a bistatic radar system, with a phased array of eight antennas
transmitting a ~180 MHz CW signal. Three amplified and carrier-canceled receivers monitor
the volume for radar echoes. The surface system operates as a standard cosmic ray detector, using
scintillator panels to trigger on the particle content of a cosmic ray. It also includes an upward-facing
antenna to record the radio component of the in-air shower.

In this work, we build the mathematical framework for a new denoising technique, matched-
filter singular value decomposition (MF-SVD). We first apply this technique to the upward-facing
Square Kilometer Array Log-periodic Array (SKALA) antennas [4] that form part of RET-CRs
surface detectors. These antennas were meant to trigger on cosmic-ray emission while deployed
and, in the analysis, to serve as an independent reconstruction of the cosmic ray’s energy, direction,
and core location. However, the SKALAs were plagued by an RFI source, rendering the data
unusable unless cleaned. The primary challenge in using SVD to denoise the SKALA data is the
RFI can be present at arbitrary positions in the waveform. This makes it ideal for our MF-SVD
process described below.

2. Singular Value Decomposition

2.1 Mathematical Formalism

Singular value decomposition (SVD) is a method to lower the dimensionality of data, repre-
senting it in a series of orthogonal modes [5, 6]. A mode is a repeating pattern in the data, which is
orthogonal to all other modes. Each mode can be used to filter unwanted RFI from data. We now
describe the filtering process using SVD. Using bra-ket notation, a vector is denoted

81
8
lg) = :2 and <h|:(h1 hy ... hn). (N

8n
The inner product can then be defined (g|4) = ¢, and the density matrix or outer product |g) (k| = C.
We can define an "event" which has n samples to be |E) = E; withi = 0,1,...,n. An "event
matrix" can be constructed of m events

M,'j = E,’j or Mj = |E>] (2)

where j is the event number from j = 0, 1,...,m, making M an n X m matrix. The matrix can be
decomposed following SVD such that

M=uAv' or M= Z luyt At (v 3)
=0
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where u is an n X n matrix, v* is a m X m matrix, and A is a diagonal matrix of descending values
(Ag > Ay). For clarity, the decomposition can be expressed explicitly,

M = |u>(1) A <V*|(1) + |u>(2) A <V*|(2) + .+ |u>(m) Al <v*|(m) ) )

In words this decomposes matrix M into the sum of density matrices of mode |u)?, the relative
weight of this mode A in M, and weight of each mode |u)" in each event (v*|. The relative weights
A" are determined by how prominent a particular mode |u)* is in the event matrix. Furthermore,
all modes and weights are orthogonal, that is

<u’l|u’l’> = <v’l|v/l’> =W, ®))

For our purposes, |u)" is the most useful, as it gives the orthogonal basis of our events |E), and for
convenience each vector is often normalized to unit length. By combining all |u)* from 2 =0...m
in the proper weights, any event |E) ; can be fully recovered. This can also be used to remove a
mode from any event, which we call filtering. In symbols

|E>ﬁlt — (1 _ |u>/l <u|/l) |E> - |E> — |u>/l <M/1|E> (6)

removes mode |u)? from an event |E). The filtering algorithm can be thought of as follows. An
event matrix M is constructed from events that contain only noise, |E), ... This gives us a filter
basis for all the noise modes |u)* present in the noise events |E)g,. We can then apply this filter
basis to events containing signal and noise |E) gignatsnoise 0 Obtain |E)gonal,

m
|E>signal = (1 + Z |”>/l <u|/l) |E>signal+n0ise . (7)
A

However, in practice, it is not practical to remove all noise modes |u)*. Instead, only the most
significant modes A < a are removed, leaving a greatly increased signal-to-noise ratio event.

One limitation of the algorithm described above is that it requires all the noise modes to be
time-aligned. This can be problematic when the noise mode is broadband and does not appear at
the same point in each |E) ;.. The noise mode is not lost in |«)*, but it is not accessible as it is
no longer a prominent mode in the event matrix, since no one location shows the mode repeatedly.
However, combining SVD with a match filter provides a mechanism to circumvent this. Here, a
windowed portion of |E) of length k is used, thereby time-aligning the broadband noise. This can
then be used to build an event matrix My;oadband and filter basis |u){}madband. This smaller broadband
filter basis can be used with a matched filter function Y (7) on the entire event

Y(7) = (ufphgoana| EC — ) ®)

to determine where the broadband mode is within |E) enaiinoise- 1he matched filter correlates our

template |u)$§a dbang With the entire event, and a threshold can be set to determine if the broadband

noise mode is present. The standard filtering process can then be performed on the locations where

(0)
broadband

is used to identify the locations of RFI, any number of modes can be filtered from this location.

the broadband noise mode is present. Although the principal broadband RFI mode |u)

Additionally, if broadband noise is present at multiple locations during the event, each location can
be identified and removed separately.
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2.2 Cleaning RET SKALA data
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Figure 1: An example of SVD filtering on the "CW" class of waveforms. The early modes are the most
effective filters and remove prominent features, such as the 182 MHz transmitted signal. Further modes show
diminishing returns, and we stop after 20 modes are subtracted off.

Two sets of singular value decomposition filters are needed to clean both types of RFI. As such,
the data were divided into two classes based on the peak voltage present: events that contained
a broadband pulse, and those that did not. SVD can then be run on the two classes of events
independently to build filter bases for each class. We first examine events that do not contain a
pulsed RFI. We denote these "CW" events, and an example of the filtering process is shown in
Figure 1. Most of the filtering is accomplished in the first several modes, and we stop after 20
modes due to diminishing returns. This is the same standard SVD filtering procedure as in [5, 6].
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Figure 2: An RFI pulse filtered only with the broadband filter modes removed. The SVD filtering is effective
at removing broadband RFI and CW modes. This leaves a significantly cleaner waveform, but where the
filter has been applied is significantly oversubtracted relative to the rest of the event.

We can now examine the innovation of adding matched filters to this process. As shown in
Figure 2, the MF-SVD proves successful at removing the pulse, but is significantly over-subtracted
relative to the rest of the waveform. We can combine the two processes as shown in Figure
3. This unifies the waveform, removing both the broadband pulse and the 182 MHz transmitted
signal throughout the event. Note that the broadband filter basis also removes CW RFI, since the
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broadband pulses contain all the modes present in the CW filter basis. The waveform is partitioned
into CW and broadband sections using a matched filter. Each filter basis is applied to each partition
independently. The event is trimmed on both ends by the length of the broadband modes.
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Figure 3: The MF-SVD process applied to the same event as in Figure 2. Dashed lines bracket the section
where broadband removal takes place. Here, the broadband matched-filter SVD is applied twice sequentially.
The second time, the matched filter does not detect any pulses, and the waveform remains unchanged. This
effectively removes all backgrounds.

Finally, we can also iterate the matched filter process. If the matched filter does not detect the
broadband pulse in an event, the CW filter is applied to the entire waveform. However, this largely
leaves the pulse untouched. The matched filter can be run again to identify the pulse. An example
of this is shown in Figure 4.
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Figure 4: Another example of the cleaning procedure applied to an event. Here, the broadband matched-filter
SVD is applied twice sequentially. In the first iteration, the broadband filter fails to identify the pulse, and
the CW modes are applied to the entire waveform. In the second iteration, the matched filter identifies and
removes the pulse, leaving a denoised event. The filtered spectrogram shows the event after the second
iteration.

3. Discussion

The results in this work present the general outline and initial results of the MF-SVD filtering
methodology. The method is found to be generally robust and effectively denoises the events
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examined. Compared to machine learning based techniques, MF-SVD filtering requires significantly
less "training" data with O(100events), runs fast at O(10ms) per event on laptop hardware, and
is fully interpretable at every step. This makes it a very attractive alternative or complement to
ML-based denoising techniques. The next step for this analysis is to apply this filtering algorithm
to the entire CODY dataset and accomplish a simple analysis that would be impossible without
filtering the data. An example could be observing the galaxy, which is a very low SNR signal in the
unfiltered events.

However, the MF-SVD process has several difficulties which need further investigation. The
first is that while robust, to be truly useful, the method must have a very low false negative
rate. Examples of a false negative include the matched filter missing a broadband pulse or being
ineffective at removing it. We have not performed an analysis to determine the false-negative rate at
this time. The false negative rate can be mitigated by iterating the matched filter, as shown in Figure
4. However, this solution is imperfect in two respects. The obvious problem is that if the matched
filter misses the pulse on the first pass, it is less likely to detect it on subsequent passes. The second
issue is the CW modes are mixed with the broadband pulse modes and can be added back into the
event during subsequent filtering. For example, consider an event where the 182MHz transmitted
signal is removed across the full waveform in the first pass. In the second pass, the matched filter
identifies and removes a broadband pulse. However, the primary mode in the broadband filtering
class may also contain the 182MHz signal. Then, during the subtraction of the pulse, the 182 MHz
signal will be added back into that portion of the event. Additionally, this mode will project slightly
worse onto the pulse, resulting in less complete filtering of the pulse. This is not significantly
present in Figure 4 since the mode that does the most filtering in this event does not contain a
significant CW signal.

The solution is to build a more robust matched-filter identification scheme, so that iterating the
matched filter is largely unnecessary. Further work will address this by using multiple modes in the
matched filter to detect a broadband pulse, as well as a more robust process for identifying pulses
in the training set.

Another challenge is that the RFI modes may change over time due to changes in temperature,
environmental conditions, or electronic wear. This means the filtering ability will degrade over the
course of the run. Mitigating this will require rebuilding the filter basis along the course of the run.
Depending on the frequency, this could pose a challenge in ensuring each filter basis is of the same
quality. At the moment, the "training" process requires some monitoring to make sure the events
used to build the SVD basis are high quality. A more sophisticated pulse identification method,
such as time-over-threshold identification, would help mitigate this issue.

4. Conclusion

In this work, we present the novel matched-filter singular-value-decomposition denoising
method. As a first demonstration, we apply it to the SKALA antenna data from the RET-CR
experiment. We find strong denoising performance on broadband pulses contaminating the data
which traditional SVD denoising would not address. The process is also fast to train and run and
interpretable at every step. Future work will include increasing the robustness of the filtering and
conducting a sub-threshold search using this method on the full RET-CR dataset.
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