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techniques are based on features of the radio emission of air showers to perform an efficient online
rejection of background. We first describe a first-level trigger (FLT) template-matching method that
uses the shape of transient radio pulses measured at the detection-unit level to target those induced
by air showers. We present trigger efficiencies and throughput tests of the template-matching FLT
in controlled laboratory conditions. Next, we describe the second-level trigger (SLT), which utilizes
the measured FLT times and corresponding voltage amplitudes to construct a trigger at the array
level. We present offline performances of the SLT, which performs a coarse reconstruction of
timing, direction, and polarization of the air shower.
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1. Introduction

The primary goal of the Giant Radio Array for Neutrino Detection (GRAND) [1, 2] is to
observe ultra-high-energy astroparticles using radio self-trigger techniques. GRAND is currently in
its prototyping phase (see [3, 4] for details); its main pathfinder array is GRANDProto300 (GP300)
located in the Chinese Gobi Desert. As of today, 65 detection units (DUs) have been commissioned
at GP300. However, in its next stages (GRANDI10k and GRAND200k), GRAND will consist of
subarrays with 5,000—10,000 DUs each, with a sparse DU spacing of 1 km. This scale demands an
autonomous, efficient, low-cost radio trigger system with minimal inter-DU data transfer.

NUTRIG is the first step towards such a state-of-the-art radio self-trigger. Apart from modeling
efforts of air-shower emission between 50-200 MHz [5, 6], the frequency band in which GRAND
operates, NUTRIG consists of two major parts:

* First-Level Trigger (FLT) at the DU level. The classical, so-far used DU-level trigger [3]
applies a double-threshold technique designed for a nominal rate of 1 kHz at GP300. With
NUTRIG, we aim to reduce the DU-level trigger rate to 100 Hz. To achieve this, we developed
a template-matching method, described in this work, and an algorithm using a convolutional
neural network, which we shall omit here—see [7, 8] for more details.

* Second-Level Trigger (SLT) at the array level. For GRAND prototypes, multiple DUs are
required to have an FLT within a coincidence time window to result in a so-called central
trigger [3]. The expected nominal rate of this array-level trigger is 10 Hz. With NUTRIG, our
goal is to reduce this rate to 1 Hz by applying fast online reconstructions on FLT data.

These proceedings present the latest results of the NUTRIG FLT and SLT methods, first outlined
in [8, 9]. In Section 2, we describe novel NUTRIG-dedicated databases, consisting of recent GP300
data and up-to-date air-shower simulations. Next, in Section 3, we present the template-matching
FLT, including both its offline and online performances. Section 4 is reserved for the SLT method
and its offline performance. Finally, concluding remarks are given in Section 5.

2. Databases for NUTRIG Studies

As summarized in Table 1 and detailed below, we construct several databases for our FLT and
SLT studies, using both experimental data and simulations. For the FLT we select individual pulses,
while for the SLT we select array-level events.

2.1 Selection of Pulses from GP300 Data

As extensively described in [10], a DU of GP300 consists, among other components, of a
three-arm butterfly antenna—two dipoles along the North-South (X) and East-West (Y) axes, and a
monopole along the vertical (Z) axis—and its front-end electronics board (FEB). The FEB contains a
14-bit analog-to-digital converter (ADC) with a sampling rate of 500 Msps as well as a Xilinx system
on chip (SoC). The SoC consists of a field-programmable gate array (FPGA) that performs the GP300
double-threshold trigger, which we will name FLT-0 in this work, and a central processing unit (CPU)
for event building. The NUTRIG FLT component, which we label as FLT-1, is implemented on the
CPU (see Section 3.3).
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Database name Data type Number of SNR FIR filter =~ FLT-0 setting
pulses/events [offline] [offline]

FLT background MD pulses 6,628 4-8 Yes FLT-0-light
FLT signal Sim. pulses + stat. MD 8,000 4-8 Yes FLT-0-light
SLT background CD events 2,146 (>5DUs) >5 Yes FLT-0-optimal
SLT signal Sim. events + stat. MD 5,620 (=5 DUs)  >5 Yes FLT-0-optimal
Electric transformer CD pulses 1,368 >5 No —
Cosmic-ray candidates CD pulses 225 >5 No —

Table 1: Summary of the different databases used in this work, which consist of experimental GP300 data in
the form of MD and CD, as well as air-shower simulations (sim.) superimposed to stationary (stat.) MD. See
text for more details.

At GP300, the observed radio-frequency interference (RFI) is dominated by airplanes and the
electric transformer of a mine located 15 km from the site [11]. To mitigate the high-frequency noise
of this electric transformer as well as aeronautic communication lines, a finite impulse response
(FIR) lowpass filter with a cutoff frequency of 115 MHz is applied by the FPGA before evaluating the
FLT-0. For triggered events, 2048 ns of the unfiltered ADC traces are recorded, for each polarization,
by the central data-acquisition (DAQ) system.

In this work, we first construct the FLT background database by identifying pulses embedded
in forced-trigger monitoring data (MD) taken in February 2025, with a total runtime of ~12 hours
at a rate of 20 Hz. We mimic the online conditions by passing the data through the FIR filter and
FLT-0 algorithm, which can trigger on the X or Y channels. Here, we use relaxed conditions on the
FLT-0 parameters (FLT-0-light) that allow us to select pulses down to relatively low signal-to-noise
ratios SNR > 4. We define the SNR as maximum of the pulse divided by the root-mean-square
(RMS) of the trace excluding the pulse. From the background pulses that pass the FLT-0-light, we
then randomly select 2,000 traces for both 4 < SNR < 5 and 5 < SNR < 6. Due to the limited MD
runtime, only 355 and 74 traces are selected for 6 < SNR < 7 and 7 < SNR < 8, respectively.

Next, we construct the SLT background database, which consists of coincidence data (CD;
runtime of ~30 hours) taken in April-May 2025. The CD contains events that passed the online
GP300 central trigger, for which at least 4 DUs are required to yield an FLT-0 (which was exlusively
applied to the Y channel) within a time window of 11 us. For consistency with the SLT signal
database (Section 2.2), we reapply the FIR filter and FLT-0 algorithm to the recorded data. In this
case, we use FLT-0 settings that are optimized for a maximal signal selection efficiency while keeping
the expected mean trigger rate below 100 Hz in the aforementioned MD (FLT-0-optimal). We select
2,146 background events where at least 5 coincident DUs pass the FLT-0-optimal with an SNR > 5.

Finally, for an FLT-1 case study presented in Section 3.2, we make a selection of 1,368 pulses
originating from the electric transformer. These are randomly selected from a CD run of March 2025
in which no online FIR filter was applied. In addition, we select the 225 pulses of the cosmic-ray
candidate CD events identified in [11].

2.2 Selection of Pulses from Air-Shower Simulations

We start from 25,000 ZHAireS [12] simulations—half proton primaries, half iron primaries—
with energies, zenith angles, and azimuth angles covering log;,(E/eV) € [16.5,18.6] uniformly,
0/deg € [30.6, 87.3] following log,,(1/cos 8), and ¢/deg € [0, 360] uniformly, respectively. Elec-
tric fields are simulated for all DU positions of a preliminary GP300 layout (including a denser infill
array), and are then propagated through the antenna response and radio-frequency (RF) chain up to
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the ADC using GRANDIib [10]. Note that the simulated RF chain is in good agreement with GP300
data for the X and Y polarizations.

The simulated air-shower ADC pulses are subsequently superimposed to stationary-background
traces. This stationary background is selected from ~3 hours of GP300 MD data taken at a rate
of 20 Hz in February 2025. We limit ourselves to data of 6 stable DUs that yield nominal power
spectrum densities (see [3] for an example), and we also correct baselines that are offset from zero.
To be classified as stationary, traces are required to have a RMS < 20 ADC counts, and a maximum
amplitude below 5 x RMS, for all three polarizations.

From the above simulations, we construct both the FLT and SLT signal databases using the exact
same procedures as for the FLT and SLT background databases. For the FLT signal database, we
apply the FIR filter and FLT-0-light configuration, selecting 2,000 random pulses per SNR bin in
[4,5,...,8]. On the other hand, for the SLT signal database, we apply the FIR filter and FLT-0-optimal
settings, yielding 5,620 air-shower events with at least 5 coincident DUs with SNR > 5.

3. First-Level Trigger

3.1 Template-Matching Algorithm

At the ADC level, the shape of an air-shower signal is dominated by the RF-chain response.
Hence, we can restrict ourselves to a small number of ADC templates to describe these air-shower
signals. Motivated by the time constraints of online processing (see Section 3.3), we select 5 ADC
templates from the air-shower simulations described in Section 2.2, after applying the FIR filter.
These air-shower ADC templates are limited to a length of 200 ns. Since the electric-field shape
of an air-shower pulse depends on the opening angle to the shower axis, w, we select the most
representative ADC template in 5 bins between 0 < w/w. < 2, with w, the Cherenkov angle. The
most representative template per bin is the one that yields the maximum average cross-correlation
(see below) with the other templates in that bin. Note that we use the same 5 templates for both X
and Y polarizations, since they have identical RF chains.

I'i € {X,Y} and template index j € {1,2,...,5}, we
compute the cross-correlation p;; € [—1, 1] of an input trace V; with a template T; ;—both normalized

Inspired by [13], for each polarization

over the sliding 200-ns integration window—as

pij (1) = / T,;(0) Vit +7) dr, (1)

where T € [trr0 — 20 ns, frro + 20 ns]. The cross-correlation serves as a measure of the match
between the input trace and the template (see also Fig. 2). Therefore, we determine the best-match
cross-correlation as p = max; ; - |p;;(7)| € [0, 1], where we take the absolute value since p;; < 0
simply indicates an opposite polarity between the trace and the template. This best-match value p is
the main discrimination parameter for the template FLT-1. Note that our method has been simplified
w.r.t. our previous work [8] in order to increase computing speed without loss of performance.

3.2 Offline Analysis Results

We apply our template-matching FLT-1 algorithm to the FLT background and signal databases
described in Section 2. The left panel of Fig. 1 shows the distributions of the best-fit cross-correlation

IWith a corresponding selection of templates, this method can directly be expanded to include the Z polarization.
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Figure 1: Left: Distribution of the best-match cross-correlation value p of the template-matching FLT-1
method for both the FLT background database (filled histograms) and FLT signal database (empty his-
tograms). The different colors represent the results for different SNR bins. Right: Signal selection efficiencies
versus background rejection efficiencies as a function of SNR. These are shown for the FLT-0-light+FLT-1
configuration (filled lines), corresponding to the left panel, as well as the FLT-0-optimal configuration (stars).
The dash-dotted line represents a signal-selection efficiency of 90%.

values p for both background and signal, each in different SNR bins. From these distributions, we
use a sliding threshold value pwmresn to obtain the signal selection (fraction with p > puresn) and
background rejection (fraction with p < pwmresh) efficiencies, shown in the right panel of Fig. 1. We
find that with increasing SNR, the template-matching FLT-1 yields a more significant separation of
background-RFI pulses from air-shower signal pulses. In particular, for SNR > 5, we find that if we
impose a signal selection efficiency of 90%, we can reject 275% of the background pulses.

We compare the above performance of the FLT-0-light+FLT-1 logic to the FLT-0-optimal con-
figuration without any template-matching FLT-1 component. To do so, we apply the FLT-0-optimal
algorithm directly to the MD data used for the FLT background database (Section 2.1), and com-
pute selection (resp. rejection) efficiencies per SNR bin as the fraction of traces that are accepted
(resp. rejected). These are indicated by the stars in the right panel of Fig. 1. With increasing SNR,
we find that for the same signal selection efficiency achieved by the FLT-0-optimal—which becomes
sensitive for SNR > 6—the FLT-0-light+FLT-1 improves significantly on the background rejection
(e.g. ~90% compared to <20% for 7 < SNR < 8).

Finally, to illustrate the power of the template FLT-1 method, we apply it to both the electric
transformer database and the cosmic-ray candidate database described in Section 2.1. In this case
study, no FIR filter is applied to choose the 5 optimal templates (Section 3.1). We feed the data
directly to the template-matching FLT-1 without passing through the FLT-0-light. The resulting p-
distributions are shown in the left panel of Fig. 2. We find that the template-matching FLT-1 method
yields an excellent separation of the electric-transformer pulses and the cosmic-ray candidate pulses.
This is a consequence of the fact that the RFI pulses of the electric transformer have a dominant
high-frequency component, as shown in the right panel of Fig. 2.

3.3 Online Analysis Results

Online tests of the FLT-1 have been performed at the LPNHE test bench, described in [14].
We successfully ported the template-matching FLT-1 algorithm to the DU-DAQ software (written in
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Figure 2: Left: Distribution of the best-fit cross-correlation value p of the template-matching FLT-1 method
for background-RFI pulses of the electric transformer (filled histogram) and the pulses of the GP300 cosmic-
ray candidates (empty histogram). Right: Examples of the template fit to a background-RFI pulse (top) and
cosmic-ray candidate pulse (bottom). Note that no FIR filtering is applied to pulses in this treatment.

C++) on the CPU of the Xilinx SoC on the FEB. We performed an isolated test of the algorithm on
this CPU, and found that it can treat signals with rates up to ~5.5 kHz using 5 templates. This is well
above the nominal 1 kHz that is expected to be fed to the FLT-1 by the FLT-0. In addition, for a test
trace fed to the FEB using an arbitrary-wave generator, we successfully reproduced the same best-fit
correlation values in the online and offline template-matching FLT-1 treatments. In the near future,
our goal is to perform stability tests in realistic conditions at GRAND @Nangay [14], with the aim to
deploy the template-matching FLT-1 at GP300 by Fall 2025.

4. Second-Level Trigger

The SLT algorithm, which is still under development, currently consists of three main steps. In
these steps, we perform selection cuts on reconstructions of the arrival time, arrival direction (zenith
and azimuth angles), and polarization of the air-shower emission. In particular, we aim to maximize
the selection (resp. rejection) efficiency of events in the SLT signal database (resp. SLT background
database), as described below.

4.1 Step 1: Timing Outlier Rejection

To exclude individual DUs that were not triggered by an air shower, we first estimate the air-
shower arrival direction using the pulse arrival times provided by the FLT. For that, we apply an
analytic plane wave front (PWF) reconstruction method [15]. We then apply a cut on the time
difference At between the measured arrival times and the PWF expectation, Af/ns € [-20, 20].

4.2 Step 2: Consistency of Arrival Times and Signal Strength

In the second step of the SLT algorithm, we use the conic method presented in a previous work
[9] to model the signal-strength distribution of an air shower as a cone that intersects the ground,
resulting in an elliptical footprint. The shower zenith angle 6 and azimuth angle ¢ are determined
by their relation to the semi-major and semi-minor axes of an ellipse fitted to the signal distribution
in the air-shower footprint. They are then compared to the zenith and azimuth angles reconstructed
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Figure 3: Comparison of the reconstructed zenith angles (top row) and azimuth angles (bottom row; degeneracy
for @eonic/deg € [180,360] taken into account) obtained with the PWF and conic methods, for both the SLT
signal database (left column) and SLT background database (right column). In each plot, the dashed cyan line
represents an ideal one-to-one correlation, while the cyan band indicates the cut values applied by the SLT.

with the PWF method. Note that the conic method yields a degeneracy for ¢/deg € [0, 180] and
¢/deg € [180, 360], which is taken into account in the comparison.

Figure 3 shows the zenith and azimuth angle distributions obtained with both methods for
the SLT signal and background databases. The PWF reconstructions of signal events match the
underlying zenith and azimuth angle distributions of the simulations (Section 2.2), while the PWF
reconstructions of the background events are consistent with a dominant contribution of noise pulses
received from airplanes (see [11]). The conic method yields a good agreement with the PWF for the
azimuth angle reconstruction of both signal and background events. However, due to edge effects
at the borders of the array as well as the variable spacing of DUs near the simulated infill area [9],
poorer zenith angle reconstructions are currently achieved with the conic method. These can be
improved by performing the fit only to the DUs with a strong signal and by filtering out the infill to
create an even grid, and will generally be less of a problem for larger arrays.

For the SLT, we perform cuts on both the difference in zenith angle, A8 = 6.onic — Opwr, and
azimuth angle, A¢ = @conic — pwr. We find that we can achieve 95% signal selection efficiency
for A/deg € [-21,21] and Ap/deg € [—10, 10], yielding background rejection efficiencies of 82%
and 98%, respectively. We note that the azimuth reconstruction yields the most powerful signal-
background separation in the SLT method given the current SLT signal and background databases.

4.3 Step 3: Polarization

A radio signal polarized along the v X B axis (with v the shower velocity and B the geomagnetic
field) is a strong indicator of an air-shower signal, as the geomagnetic emission represents its dominant
emission component. We estimate the polarization of electric-field signals in the ground plane using
the method developed in [16]. Here, the polarization is estimated via the ratio Ej,/E, With E}, the
magnitude of the projection of the electric field along B, and Ey, the total electric-field amplitude. For
trigger applications, this method is analogously suggested for voltages, such that E can be replaced by
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V. However, this means that the antenna response is not deconvolved, which is expected to decrease
performance. Indeed, we find that the distribution of Vj,/Vi is similar for background and signal
events of the SLT database. This is also likely resulting from the online FLT-0 conditions of the
CD data that were used to construct the SLT background database, namely triggering on pulses in
the East-West antenna polarization. Nevertheless, to obtain a signal selection efficiency of 95%, we
perform the cut Vj/Vior < 0.2, which yields a background rejection efficiency of 23%. In further
studies, this might be improved by adding a simplified reconstruction of the electric field vector from
the voltage amplitudes, as long as its execution time is suitable for online SLT conditions.

5. Conclusion

In this work we presented the latest developments of the NUTRIG project using dedicated,
up-to-date databases of GP300 data and air-shower simulations. First, we developed a template-
matching FLT algorithm at the DU level that yields a background rejection efficiency of >75% for a
fixed signal selection efficiency of 90% for SNR > 5. This is a significant improvement compared
to the current GP300 FLT algorithm, which only rejects <20% of the background for SNR > 7.
Moreover, we found that the template-matching FLT yields a good separation of events from the
electric transformer and the GP300 cosmic-ray candidates. In addition, we determined that in online
conditions, the isolated template-matching FLT is capable of processing an event rate of ~5.5 kHz.

Second, we developed an SLT algorithm that combines reconstructions of arrival time, direction,
and polarization from both timing and signal-strength information at the array level. For events with
>5 DUs with SNR > 5, we find that for a required signal selection efficiency of 95%, the reconstruc-
tions of zenith angle, azimuth angle, and polarization yield background rejection efficiencies of 82%,
98%, and 23%, respectively. In particular, the performance of the azimuth-angle reconstruction from
the signal-strength footprint is promising for a future, completed SLT implementation.
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