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The Askaryan Radio Array (ARA) experiment aims to detect ultra-high-energy cosmic neutrinos
(>10 PeV) using radio detection techniques. To enhance ARA’s capabilities, a new RFSoC-based
DAQ, ARA-Next, is in the early stages of development. This advanced system will facilitate the
creation of sophisticated triggers, including a novel multi-trigger approach, similar to those used
in collider experiments. Our approach involves crafting and implementing innovative triggers for
ARA’s new DAQ, such as identifying double pulses from potential in-ice neutrino interactions,
utilizing templates for atmospheric cosmic ray signals, optimizing triggers for astrophysical neu-
trino sources, correlating special events between ARA and IceCube, and discerning anthropogenic
events using directional information. These trigger designs aim to lower thresholds and enhance
ARA’s detector sensitivity. Overall, this upgrade will not only enhance ARA’s capabilities but
also contribute to the technological advancements necessary for future experiments of this nature.
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Figure 1: Schematic representation of a typical ARA station and quadslot (top-right) and birdcage(bottom-
right) dipole antennas used in ARA.

1. Introduction

Neutrinos with energies exceeding 10 PeV serve as unique messengers from distant parts of
the high-energy universe. Unlike cosmic rays and gamma rays, neutrinos are neutral and weakly
interacting particles, allowing them to traverse vast cosmic distances without obstruction, making
it possible to trace them back to their origins [1].

Over the past decade, IceCube has successfully detected astrophysical neutrinos, mapped their
energy spectrum up to around 10 PeV [2, 3], and identified two active galaxies as sources [4, 5],
highlighting the critical role of neutrinos in high-energy multi-messenger astrophysics. However,
IceCube’s detection capabilities are limited at higher energies due to its 1 km3 optical signature
footprint. In contrast, ARA is expected to surpass IceCube’s current limits for neutrinos above 1017

eV, aligning with key predictions of astrophysical and cosmogenic neutrino models.
Our goal is to develop ARA-Next Data Acquisition (DAQ) systems for the five existing ARA

stations using Radio Frequency System-on-Chip (RFSoC) technology. The ARA-Next DAQ will
significantly boostARA’s potential without expanding its footprint, allowing for newphysics triggers
to capture various event topologies and neutrinos from particular directions.

2. Current ARA trigger board and trigger logic

Each standard ARA station is equipped with eight vertically polarized (Vpol) and eight hor-
izontally polarized (Hpol) antennas, arranged in four strings as in Figure 1. Each string has four
antennas, with two for each polarization. The current ARA DAQ system is built around a custom
motherboard called the ARA Trigger and Readout Interface (ATRI), as illustrated in Figure 2. The
voltage traces recorded by the in-ice antennas are transferred to the DAQ board, where they first
pass through band-pass filters to eliminate unwanted frequencies. The signals are then split into
two paths by a splitter. One path is sent to the trigger system, where triggering is performed by
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four Triggering DAughter boards (TDAs) [6] , where the signals must satisfy four different stages
of trigger logic - Level1 to Level4 (L1 to L4).

Figure 2: Current DAQ for ARA. Figure 3: L2 trigger logic table.

An L1 trigger is a signal detected by an antenna when the threshold of the tunnel diode or power
detector for that channel is exceeded. The duration of each L1 trigger varies based on the specific
implementation. Essentially, the response time of the tunnel diode or power detector is around 10
nanoseconds. Therefore, an L1 trigger is considered active when the tunnel diode surpasses the
threshold and stays active for at least 5 nanoseconds. In total there are 16 L1 triggers for 16 channels
namely !1(0) to !1(15) , where !1(0) − !1(7) comes from Vpols and !1(8) − !1(15) comes from
Hpols.

Level2 triggers, or L2 triggers, are based on combinations of L1 triggers. !2(0) activates if any
one of the four Vpols in strings 1 and 2 is triggered. !2(1) activates if any two are triggered, !2(2)
for any three. Similarly, !2(4) to !2(6) apply the same logic to the Vpols in strings 3 and 4. !2(8)
to !2(15) follow the same idea but for Hpols. The L2 trigger logic has been tabulated in Figure 3.

The Level3 (L3) trigger logic evaluates combinations of L2 triggers to determine event activa-
tion. !3(0) is triggered when any 3 out of the 8 Vpol channels are activated within 170 ns window,
with the possible L2 combinations outlined in Equation 1. Similarly, !3(1) is triggered when any
3 out of the 8 Hpol channels are activated within the same time window, as described by the L2
combinations in Equation 2.

For Vpol channels, the L3 trigger logic is :

!2(0) = !2(2) or !2(6) or (!2(0) and !2(5) )] or (!2(1) and !2(4) ) (1)

For Hpol channels, the L3 trigger logic is:

!3(1) = !2(10) or !2(14) or (!2(8) and !2(13) )] or (!2(9) and !2(12) ) (2)

The Level4 (L4) trigger represents the final stage of the decision process, activating if either
!3(0) or !3(1) is high.

The second path is directed to digitization, managed by four Digitizing DAughter boards
(DDAs). The IceRay Sampler 2 chip, a 3.2 Gs/s digitizer, stores signals in analog Switched
Capacitor Arrays to conserve power. Once the L4 trigger condition is met, sampling stops, and
400-600 ns of waveform data is recorded and sent to the data collection center [6].
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While the existing trigger system has performed well in data collection for ARA, it lacks
flexibility for incorporating additional trigger logic. Given that this trigger logic has been in use
for over a decade, we plan to upgrade it by replacing the ATRI with a more modern and versatile
RFSoC.

Figure 4: RFSoC 4x2 board for academic use
by Real Digital [8]. Figure 5: ARA-Next DAQ with RFSoC.

3. RFSoC for ARA-Next

The Radio Frequency System on Chip (RFSoC) is an advanced integrated circuit that combines
an Field Programmable Gate Array (FPGA) with analog-to-digital converters (ADCs) and digital-
to-analog converters (DACs) on a single chip. Such designs offer high-speed signal processing
capabilities with minimal power consumption, making them ideal for real-time applications. The
ADCs offer the high dynamic range, spectral flatness, long-term stability, and low cross-talk over
their entire bandwidth [7]. By integrating these components, RFSoC reduces latency and eliminates
the need for numerous external analog parts. An example of an RFSoC board is the 4x2 RFSoC
academic board by Real Digital, as shown in Figure 4. The RFSoC 4x2 board is a high-performance
computing system optimized for sampling signals at up to 5 GSPS (Giga Samples Per Second) and
generating signals at up to 9.85 GSPS [8]. We are currently using this board at the University of
Nebraska–Lincoln to test new trigger concepts.

RFSoC devices are exceptionally adaptable and programmable, offering a broad range of
customization options. They comewith development tools that simplify advanced signal processing
techniques.

In neutrino detection experiments like ARA, RFSoC enhances the accuracy and efficiency of
signal detection. The Askaryan effect produces radio pulses lasting only a few nanoseconds as
high-energy neutrinos interact with dielectric media, requiring rapid data processing to capture
these brief signals amid noise. RFSoC’s advanced data converters and digital signal processing
capabilities enable real-time analysis and filtering, improving the signal-to-noise ratio for a more
detailed examination of such fleeting radio signals.

By noise reduction and signal analysis, RFSoC technology is expected to enable us to collect
larger samples of neutrino events. The upgraded DAQ board will offer enhanced computational
processing capabilities. We plan to explore and implement new triggering strategies to lower the
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detection threshold and increase the effective volume per station, thereby boostingARA’s sensitivity,
further solidifying ARA’s position as a premier detector in the radio frequency domain.

Figure 5 illustrates the preliminary design of the RFSoC implementation for ARA-Next. The
recorded signals are first passed through bandpass filters to eliminate unwanted frequencies. In the
actual implementation, the RFSoC board is equipped with 8 ADC inputs, but since there are 16 total
channels in a station, the number of input waveforms is reduced from 16 to 8. To achieve this, a
local oscillator is used to upconvert the frequency band of one channel and combine it with another.
These mixed signals are then fed into the 8 ADCs. Inside the ADCs, the original frequency bands
are separated using bandpass or lowpass filters, and the remaining spectrum is downconverted using
the same local oscillator set to a negative frequency. The signals from all 16 channels are then
subjected to different trigger conditions. Depending on the type of trigger, signals that meet the
criteria are tagged and sent to the data collection center.

4. New Complex Trigger Strategies for ARA-Next

The success of the phased array trigger in improving detection efficiency and lowering analysis
thresholds [9] has demonstrated the potential for advanced trigger strategies in neutrino detection.
This success encourages us to explore and implement unique trigger ideas within traditional ARA
stations. By testing diverse trigger concepts, we aim to enhance signal processing and analysis
capabilities, leading to improved detection performance and a deeper understanding of background
events. We are exploring several new trigger concepts to test for ARA-Next as follow:

• Trigger with 3 hits across all 16 channels (no longer limited to HPols or VPols)
ARAhas observed that signals from aVPol source several kilometers away sometimes register
anomalously higher power on HPol channels, possibly due to biaxial birefringence affecting
the signals’ polarization [10]. Studies on birefringent asymmetries in South Pole ice suggest
that these asymmetries could help estimate the range to interaction points in in-ice neutrino
interactions [11]. Additionally, radio emissions from neutrino interactions may not be purely
vertically polarized, potentially triggering either polarization antenna. Considering these
factors, we plan to optimize the trigger system to detect three hits across the 16 available
channels, regardless of polarization.

• Tag Events with a Physical Time Sequence of Hits
The new strategy will involve tagging events based on a physical time sequence of hits to
ensure that the recorded data aligns with expected physical behavior. By analyzing the timing
of detected hits per channel, the system will more effectively differentiate authentic signals
from random noise/pulse generated by the hardware. This approach will filter out the most
common thermal background events at the trigger stage, thereby improving the reliability and
quality of the collected data and prioritizing events with coherent time sequences to enhance
the quality of scientific observations.

• Waveforms of Variable Length
The new Data Acquisition (DAQ) system will be designed to record waveforms of varying
lengths, offering increased flexibility for capturing different signal types. This feature will
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support improved data collection by accommodating diverse signal durations and enhancing
the overall data analysis process. It will also enable fine-tuning of the trigger to detect
specific signatures, such as the "double-bang" from tau neutrinos, thus improving our ability
to identify and study these rare events.

• Utilizing Multi-Messenger Astronomy
ARA’s integration into multi-messenger astronomy will significantly broaden its observa-
tional scope by enabling the cross-referencing of data from various cosmic probes. This
collaborative approach allows ARA to either inform other detectors about potential neutrino
events or receive alerts from them, tagging certain events as coincident for further analysis.
By aligning its findings with other astrophysical experiments, ARA can refine its detection
methods, offering a more comprehensive understanding of transient cosmic phenomena. This
synergy will contribute to deeper insights into ultra-high-energy particle accelerators in the
distant universe.

• Tag or Reject Anthropogenic Events
Effectively tagging and rejecting anthropogenic events is crucial for maintaining the accuracy
of scientific data. This process involves filtering out signals like multiple pulses within a
brief time frame, as shown in Figure 6, as well as prolonged radio pulses, often referred to
as "fish-tails," which suggest human-made sources rather than natural origins. By rejecting
anthropogenic events, we ensure that only genuine astrophysical signals are preserved for
analysis.

Figure 6: An example of anthropogenic event. Figure 7: Cosmic ray pulse template.

• Tag events with possible cosmic ray pulses
We intend to develop a trigger specifically designed to identify cosmic ray pulses by incor-
porating directional reconstruction at the trigger level. If the reconstructed direction points
towards the ice surface, we will then perform template matching using existing cosmic ray
event templates. An example of cosmic ray pulse template is shown in Figure 7. These
templates provide a reference for the unique waveform patterns associated with cosmic ray
interactions, enabling us to accurately recognize these high-energy events. This approach
will improve our ability to detect and study cosmic ray events, ensuring that the identified
waveforms correspond to known cosmic ray signatures.
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Figure 8: Double pulse event: The left plot displays the ray-tracing solution with direct (blue) and reflected
(red) paths. The right plot shows the recorded two pulses on an ARA VPol antenna.

• Tag Events with Double Pulses (n out of N Channels with Double Pulses)

In the event of a neutrino interaction in deep ice, we expect one signal to travel directly to the
antennas and another to reflect off the surface or refract and return through the ice, resulting
in two distinct pulses. We plan to develop a trigger specifically designed to identify and tag
such double-pulse events. This trigger will enhance our ability to detect and study significant
astrophysical signals by focusing on the unique characteristics of these occurrences. An
example of a double-pulse event is shown in Figure 8; it is one of the events recorded on an
ARA channel during the South Pole Ice Core Experiment [12, 13].

5. Conclusion

In this proceeding, we have discussed various innovative trigger concepts for the near-future
upgrade of the ARA experiment (ARA-Next). As we move forward, we are actively testing and
refining these ideas to assess their viability. The incorporation of RFSoC technology will be pivotal
in implementing these triggers, enabling a more flexible and sophisticated approach. Our final
decision on which triggers to adopt will be guided by their effectiveness and compatibility with
ARA’s objectives. Under ideal conditions, the ARA community plans to replace the DAQ system
with the upgraded version during the 2025-2026 pole season for at least two out of the five stations.
This will not only enhance our detection capabilities but also position our new DAQ system as one
of the most advanced in the radio neutrino community.
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