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Radio detection of ultra-high-energy neutrinos

A neutrino interaction in polar ice produces a particle shower and a nanosecond

Askaryan radio pulse detectable over kilometer-scale distances.

Sparse radio arrays instrument large ice volumes, but their sensitivity near threshold

depends mainly on the trigger.

In remote, power-limited stations, waveform classification must run locally.
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Figure 1: Sketch of Askaryan radiation in ice. The dimensions are shown for a typical case at
the South Pole.

obviously preferred compared for example to air which is a thousand times thinner and would
require a thousand times larger volume to yield the same number of neutrino interactions.

When a high-energy neutrino interacts in the ice it creates a cascade of millions of secondary
particles which is often referred to as particle shower. These showers consist almost exclusively
of photons, electrons and positrons. Comparing the neutrino energy of interest of around 1018 eV
with the rest mass energy of an electron or positron of 511 keV reveals that about a trillion of
electrons-positron pairs could be created if all kinetic energy of the neutrino is transferred into
the creation of new particles, i.e., the particle shower.

1.1.2 Radio emission from in-ice showers

When a particle shower develops in a dielectric medium, such as ice, it develops a charge asym-
metry. As the cascade develops, the number of electrons increasingly exceeds the number of
positrons. This time-varying negative charge excess generates coherent radiation in the radio
frequency range. The radiation is typically referred to as charge-excess radiation or Askaryan
radiation as it was postulated by Gurgen Askaryan in 1962 [4].

The Askaryan radiation exhibits a characteristic feature of being emitted on a cone around
the shower direction as illustrated in Fig. 1. The shower propagates with the vacuum speed-
of-light c0 whereas the radio signal propagates at a slower speed-of-light of c0/n where the
index-of-refraction of deep ice is n = 1.78. This leads to constructive interference of all emission

3

Figure 1. Askaryan radio emission in polar ice and representative antenna geometries. Adapted from

Barwick and Glaser [1].

ARIANNA: compact shallow stations with near-surface LPDAs.

RNO-G: hybrid stations with surface LPDAs and ∼100 m-deep borehole antennas.

IceCube-Gen2: larger South Pole array combining shallow and deep station components.

Why previous Hi-Lo threshold triggers hit a thermal-noise wall

Legacy trigger use a bipolar Hi–Lo crossing within ∼5 ns, followed by a 2-of-4
coincidence within ∼30 ns. (however also implemented on FPGAs as a backup option)

Historical operating point: Vth ≈ 4VRMS, with a global rate of 10−3–10−2 Hz. Lowering
every ∼0.13VRMS raises the thermal-noise rate by a factor of 10.
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Fig. 13: Example trigger calibration for a single threshold showing trigger rate 
as a function of pulse height. The curve after calibration shows the variation in 
thresholds dropping by a factor of 3.6 to a sigma of 3.8 mV.  

B. Trigger rate control. 
The ATWD has pattern-matching trigger capabilities that 

aids in trigger rate control [25]. Up to 72 patterns can be 
loaded into each chip. Each pattern may be a combination of 
input signal conditions, namely H – the signal must be above a 
high threshold, L – the signal must be below a separate low 
threshold, N – neither above nor below (i.e., between the two 
threshold levels), or X – don’t care (does not veto triggers 
regardless of the signal level). Each pattern consists of 8 such 
conditions, representing 8 consecutive samples. A trigger 
pattern of HXXXLXXX, for example, looks for a bipolar signal 
in which a pair of high and low comparator values are about 2 
ns apart (at 1.92 GHz, each sample is 0.52 ns apart).  

ARIANNA further employs a second-level trigger that can 
require a coincidence between a combination of individual 
channel’s triggers, with a programmable level of majority 
imposed (i.e., 1 or any 2, 3 or all 4 channels coincident within 
a certain time period). The combination of bipolar trigger 
patterns, programmable trigger thresholds, and second-level 
trigger majority logic can flexibly control trigger rates over 
many orders of magnitude. Furthermore, an advantage of a 
bipolar trigger over a simple unipolar threshold is that the 
former tends to stabilize trigger rates even when drifts, e.g., of 
the signal baseline, are occurring.  

Figure 14 shows laboratory tests of the trigger rate vs. 
threshold while comparing two different patterns, plus in-situ 
measurements from the prototype HRA data. The threshold is 
expressed in terms of the amplifier noise sigma. The lines 
represent theoretical estimates of the expected rates. The 
“Single High Only” points denote trigger rates when a pattern 
of HXXXXXXX is used. This pattern will trigger on any over-
threshold sample and is one of the most liberal patterns that 
can be used. The “H+L” patterns trigger on any signal that 
passes both the high and a low thresholds over a span of time 
ranging (technically) from 1.56-3.65 ns, i.e., the same range 
depicted in Fig. 13. This set of patterns is considerably more 
restrictive than the single threshold case yet more realistic for 
neutrino signatures. The resulting trigger rate drops by over 5 
orders of magnitude for the same threshold values.  
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Fig. 14: Laboratory and in-situ measurements of trigger thresholds vs. trigger 
rates. The “Single High” laboratory measurements represent trigger rates for 
any crossing above a high threshold. The “H+L Patterns” represent laboratory 
measurements for a H and L trigger combination coincident within 4 ns. The 
“Station A, C and G” data points were from measurements made from three 
different stations, remotely collected during 2014 using the same “H+L 
Patterns” trigger criteria.  
 

The in-situ measurements are from field data collected after 
two calibrations made during remote operation in early 2014. 
These calibrations and measurements were made with the 
same 5-pattern trigger criteria used in the “H+L” laboratory 
measurements. Note that all of the data shown in Fig. 17 are 
also using a “majority-2” criteria, namely that at least 2 
channels must pass the individual channel’s trigger criteria 
within a set period of time (in this case, ~64 ns).  

The stability of the trigger under changing environmental 
conditions is also important. The ability to trigger on 
coincidences of High and Low thresholds has demonstrated 
significant gains in trigger stability across a wide range of 
temperatures. For example, a baseline drift due to a 
temperature change (e.g., due to the temperature coefficient of 
a voltage regulator) may cause the High threshold to increase 
in trigger frequency, while the Low threshold would decrease, 
countering each other and substantially moderating any net 
change in trigger rates.  

Figure 15 shows trigger rates in a laboratory test of 
temperature stability. Two sets of data are shown, one with a 
High threshold only, and one with an equivalent High and 
Low coincidence required (over the space of 4 ns). For a 
single threshold (i.e., High only), a change such as a baseline 
drift of just a few mV will cause a significant change in trigger 
rates, and indeed the figure shows about two orders of 
magnitude change over approximately 15 degrees C, with at 
least another two orders of magnitude projected down to -30C 
(measurements were rate-limited to ~10 Hz, higher than 
expected in-situ rates). By contrast, using an equivalent High 
and Low coincidence results in about one order of magnitude 
change in trigger rates over the entire expected temperature 
range once buried in the snow of 0 to -30 C.  

 

Figure 2. ARIANNA (Hi-Lo) trigger rate versus threshold. Hi–Lo patterns suppress thermal fluctuations,

but the rate still rises steeply at lower thresholds. Around 1.8 × 108 s−1 raw thermal crossings at ∼ 2VRMS.

Adapted from Barwick et al. [2].

Our approach: continuous AI (CNN) inference, using information discarded by threshold

logic, pushing to ∼2VRMS regime from ∼4VRMS.
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Figure 3. A typical readout chain. Continuous waveform chunks are dispatched to parallel FPGA

inference lanes. Replication of a compact CNN core enables sustained multi-GSa/s processing.

The CNN is the only trigger, every waveform chunk is classified continuously.

Each input chunk contains four antenna channels and 256 time samples. Chunks are

assigned round-robin to parallel CNN lanes.

Each lane returns a scalar score. A final threshold comparison makes the decision.
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Figure 4. From a quantized Keras model to a reusable CNN core on FPGAs. The generated baseline is

retained as a start point while the streaming dataflow is optimized for throughput.

Optimize the RTL dataflow, not the network semantics. The baseline is refactored to

remove unnecessary serialization and exploit pair-level parallelism.

Metric Per-CNN-core result % of FPGA

Input waveform chunk 4 channels × 256 samples × 12 bits —

Inference interval per chunk 177 cycles = 885 ns at 200 MHz —

Timing at 200 MHz +2.152 ns WNS, timing met comfortably —

LUT logic 4,829 2.2%
SRL shift registers 1,093 1.1%
Flip-flops 2,953 0.7%
DSP slices 7 0.4%
Block RAM 2 × RAMB18 0.2%

Table 1. Out-of-context implementation result for one optimized CNN core on a Xilinx Kintex

UltraScale+ XCKU5P FPGA. One lane classifies a 4-channel, 256-sample waveform chunk every 177 clock

cycles. Further optimization is ongoing.

ä This implementation demonstrates the feasibility of real-time full-bandAI (CNN) pro-

cessing on FPGAs, while leaving considerable room to scale both CNN capacity and lane

parallelization.

Multi-GSa/s inference opens the low-SNR regime

2.0–2.4
GSa/s/ch

projected inference

capacity

1.0–1.6
GSa/s/ch
typical ADC

streaming range

4VRMS → 2VRMS
equivalent threshold

vs.

conventional Hi-Lo trigger

By exploiting waveform shape, this trigger can retain weak signal-like impulses that

amplitude-only logic rejects. The implementation results demonstrate sufficient hard-

ware headroom for an effective threshold near 2VRMS.
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Figure 5. Left: Lowering the effective threshold toward 2VRMS yields a projected 5–10× detection-rate

gain at Eν ∼ 1016–1017 eV. Adapted from Glaser et al. [3]. Right: CNN score cuts trade signal efficiency

against thermal-noise rejection. At ∼ 10 Hz trigger rate, the current compact CNN retains ∼ 95.4% of

signal-like events. Further optimization is expected to improve this operating point.

ä First-ever low-power real-time FPGA implementation of full-band CNN triggering

for high-energy physics:

5–10× higher projected detection rate near threshold the largest gain occurs at

Eν ∼ 1016–1017 eV, where weak Askaryan pulses are most easily lost.

0.9 W simulated dynamic FPGA power well within the 5 W power requirement.

Performance successfully reaches optimistic goal

Note that this is far from the ultimate performance; with the demonstrated feasibility of de-

ploying larger CNNs and further optimization, the performance is expected to improve further.

Outlook: toward a field-ready radio trigger

The present AI (CNN) trigger is a pathfinder, not the endpoint. Its sub-watt dynamic

power consumption and high throughput leave enough headroom to move beyond this

compact CNN: larger or different models, more parallel CNN cores, and detector-level

optimization are all realistic next steps.

The immediate goal is optimization toward deployment. With the main improvement

paths now identified, we will refine the trigger, install and test it with realistic input

streams, followed by live operation in the lab and eventually in the field.

The remaining throughput and power headroom also leave room for more capable net-

works. Amature version of this technology is expected to be applied in ARIANNA, RNO-

G, and future IceCube-Gen2, improving the sensitivity of high-energy neutrino searches

near threshold.

Additional Notes: They are derived from generated neutrino-like waveforms and archival data collected with ARIANNA and

earlier radio-detector systems; they are not yet an in-ice measurement of the new continuous FPGA trigger. Live testing and

deployment will take place in the near future.
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