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IceTop is the surface air-shower array of the IceCube Neutrino Observatory measuring cosmic
rays in the PeV – EeV energy range. Additional detectors of scintillators and antennas are to be
deployed in the IceTop footprint as part of the Surface Array Enhancement. The scintillators aim
to reduce the energy threshold to access the sub-PeV regime and the antennas provide information
on mass-sensitive observables such as 𝑋𝑚𝑎𝑥 . Since early 2025, three stations, each comprising 3
antennas and 8 scintillators with an independent data acquisition system, are running in tandem
with the ice-Cherenkov tanks of IceTop. We present an overview of some results from a single
station. A first air-shower event candidate with all 9 antennas is presented. Additionally, with the
goal of calibrating the antennas with the galactic noise, the sidereal modulation of background
radio data is also evaluated.
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Surface radio measurements at the IceCube Neutrino Observatory

1. Introduction

The IceCube neutrino observatory is a km3 in-ice detector taking advantage of the vast amount
of clear ice located at the geographic South Pole to measure Cherenkov radiation from neutrino
interactions. At the surface of this observatory is the IceTop cosmic-ray detector which measures
PeV – EeV energy cosmic-ray induced air showers and also functions as a veto for the neutrino
observatory. As an addition to the ice-Cherenkov tanks of IceTop, which require regularly ac-
counting for snow accumulation, there are stations of elevated scintillators and antennas in order
to build the next generation of detectors for the Surface Array, termed the Surface Array Enhance-
ment. There are 3 stations at the South Pole that aim to serve as the baseline design for the future
IceCube-Gen2 Surface array [1]. The goal of these detectors is to reduce the energy threshold
of detection with scintillation detectors, increase mass-sensitive observables such as the depth of
the shower maximum with radio antennas and to provide an overall cross-calibration for IceTop
tanks. These detectors are powered and operated with a hybrid data acquisition, the TAXI [2]. A
newer data-acquisition board, ARGO is in development [3] to mitigate the issues that were found
with the TAXI (some components of which are no longer available for manufacture). We provide
an overview of all results that were obtained with a single prototype station and present the first
air-shower candidate events that were measured with all three stations that are currently at the South
Pole.

2. Data processing for a single station

The LPDA antennas of SKALA-v2 [4] at the South Pole measure in the 70 – 350 MHz regime.
The radio antennas of the single station in the year 2023 took data at a 1 GHz sampling rate, with
1µs long traces. After processing into the IceCube data format, the data is split into two types -
scintillator-triggered radio data and radio data with a fixed-rate trigger (FRT) for investigating the
background. Merged radio-scintillator events were used to find coincidences with IceTop within a 2
µs window. The data from the scintillators have already undergone reconstruction at this stage [5].
IceTop data is processed through the standard reconstruction pipeline, Laputop. The data is cleaned
for read-out artifacts from the data-acquisition. Then the inverted spectrum filter is applied to the
data, which uses the ratio of the median spectra to the measured average spectra during the time
period. A window of 31 MHz is used for calculating the median frequency spectra. This filter is
applied twice to the data to notch out any frequencies that are noise-dominated as can be observed
on the left panel of Fig. 1. The data is then filtered through a 100 – 250 MHz band-pass filter and
the electronics response is deconvolved. The data is upsampled by a factor of 8 such that the time
bins reduce to 0.125 ns. The signal-to-noise ratio is computed with the background data obtained
with the fixed-rate trigger and the value is set to reject 95% of background data per channel [6]. If
for every antenna of the single station, at least one channel has a signal above threshold, then the
radio waveforms undergo reconstruction. Using a plane wave fit, the directional reconstruction is
performed.

Reconstruction parameters from both detectors are compared and a cut is made on radio events
that deviate from the directional reconstruction of IceTop by more than 7◦. The difference in
distribution of directional reconstruction between these detectors can be seen on the right panel
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Figure 1: Left: The measured background frequency spectrum in antenna 1, channel 1 for the period from
January to March in 2023 can be seen in blue. The median spectrum during the same period can be seen in
green. The black dashed line shows the Cane galactic model [7] which explains the domination of galactic
background at the South Pole. Applying the filter one time (p=1) gives us a median filter (indicated in yellow
and offset by 5 dB for better visualization) and applying the filter twice (p=2), notches the frequency. The
final frequency filter is indicated in black in the subplot below. Figure taken from [8]. Right: Difference
in directional reconstruction parameters obtained from IceTop and radio antennas. A cut at 7◦ performed is
indicated in gray.
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Figure 2: Left: The distribution of radio events identified for a single station for the year 2023 (January -
November) in the local coordinate system with magnetic field indicated in red.. Right: The log10(S125/VEM)
of the event sample for a single station. The peak of the distribution is at log10(S125/VEM) ≈ 2.

of Fig. 1. The distribution of these events in zenith and azimuth angles is presented in the
left panel of Fig. 2. Most events are inclined owing to the geomagnetic field being nearly
vertical, but the scintillator-trigger also reduces the possibility of highly inclined showers being
detected. The log10(S125/VEM) is the energy proxy from IceTop and for nearly vertical showers, a
log10(S125/VEM) of 2 approximately corresponds to 100 PeV. For further details on the identification
of air showers in this dataset refer to Ref. [8].
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3. Denoising waveforms with Convolutional Neural Networks

A convolutional neural network was developed with the data taken by the prototype station of
the enhancement to identify and denoise radio data, the results of which were published in Ref. [9].
There were two main networks used:

• Classifier to classify an identified signal to be more likely a radio pulse from an air-shower.
A score system is used where a score of 1 indicates a signal and a score of 0 is background.

• Denoiser to clean noisy traces to find the signal.

The input data array for the two networks consists of two polarizations per antenna sampled with
1000 bins samples, similar to the real data. The Classifier has 4 encoders while the Denoiser is an
autoencoder. To train the network, a signal generated using CoREAS [10] is convolved with the

Figure 3: The distribution of classifier scores to the denoised peak values in mV for radio data that was
triggered by a scintillator coincidence condition. Figure from [9].

measured background generated with the FRT. The cut made for scintillator-triggered radio events
using the outputs from the Classifier and Denoiser networks is shown in Fig. 3. This method helps
to identify showers that have a lower signal-to-noise ratio, which would not have been identified
with the reconstruction pipeline (mentioned in Section 2). Overall, a fivefold increase in the number
of events detected within a given time-period was observed, primarily at lower energies [9].

4. Galactic Noise Analysis

The South Pole is a unique location where the Galactic Center is continuously visible at a
zenith angle of 61 ◦. Galactic modulation of the background radio data measured by the SKALA
antennas [4] at the South Pole have been presented in earlier works [11, 12]. Traditionally, GPS
surveys are the standard method to obtain information on position and orientation of detectors.
The work presented in Ref. [13] uses the continuous radio emission from the galaxy as a novel
means to calibrate the antenna orientation at the South Pole. The background data using the
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FRT is cleaned, band-passed and processed, using the inverted spectrum filter, similar to the one
shown in the left panel of Fig. 1. The root-mean-square (RMS) value of the amplitudes in the
waveforms are calculated by considering 120 ns time windows, and the portion of the waveform
with the lowest RMS value within this window is considered. Additionally, a "2D RMS cut" is
performed by determining the outliers in RMS present in data per month. Then, the RMS values
of the waveforms for different azimuth angles of the galactic center obtained and the fit is shown in
Fig. 4. The function used is a quadrupole owing to the antenna structure with two arms for each
polarization. The fit function is given by,

𝐴.𝑠𝑖𝑛(2𝜋 𝑓 𝑥 + 𝜙) + 𝜇 (1)

where 𝜙, which is twice the value of the phase, provides the orientation of the antenna, A is the
amplitude and 𝜇 is the pedestal. The orientation obtained through this method is shown on the right

Figure 4: Left: The modulation of the galaxy measured over the month of January 2023 with the variation in
RMS of waveforms for different azimuth angles. Antenna orientation is determined by phase of the sinusoid
fit to the RMS and the function 1 is used. The gap in data is due to a gap in data-taking during a specific
period every day. Figure from [13]. Right: The obtained orientation of the two antenna arms using the
Galactic modulation over the course of the entire year of 2023. Both figures are from [13].

panel of Fig. 4 and is comparable to the GPS surveys, during specified periods of measurement.
This provides a proof-of-principle that the time variation of the radio background can be used to
track the alignment of antennas. As a next step, the analysis will be further refined to improve the
accuracy of such measurements of the antenna alignment.

5. Data from three deployed stations of the Surface Array Enhancement

In the field season of 2024-2025 at the South Pole, cabling, trenching and deployment of two
additional stations with 3 antennas and 8 scintillators per station, were successfully done [8, 14]. At

5



P
o

S
(

A
R

E
N

A
2

0
2

6
)

0
0

4
Surface radio measurements at the IceCube Neutrino Observatory

the time of deployment, all three stations were functional and taking data. Due to a potential data
acquisition maintenance issue one station is unresponsive since April 2026. Data processing for 3
stations comes with its own set of challenges. The data acquisition between these systems are almost
independent, except for a common timing synchronization unit, using the WhiteRabbit system [15].
As a first step, the radio-only reconstruction was performed with the data. Since the sample still
requires cross-verification with the other detectors in the system, we only identify event candidates
at this stage. The method of data processing remains mostly unchanged, but the sampling rate of
the data had changed from 1 GSa/s until November 2023 to 800 MSa/s since mid-December 2023.
We identify around 60 potential event candidates that are observed in all three stations from March
to October 2025. The time series of an identified event candidate with a clear radio signal in all 9
antennas is presented in Fig. 5.

Figure 5: The time series of a potential event candidate as seen by all 9 antennas of the Surface Array
Enhancement. A clear signal is visible in almost all channels except in station 2, channel 0, which was not
functional during the measurement period.

6. Summary and Outlook

Air showers were identified for the year 2023 with the antennas of the surface enhancement.
After cuts on directional reconstruction with respect to IceTop, the primary cosmic-ray detector of
IceCube, 233 events were identified. Ongoing efforts include determination of 𝑋𝑚𝑎𝑥 , the depth of
the shower maximum, for these events (a preliminary estimation was conducted in [16]). Machine
learning methods have been applied to increase the event statistics detected in previous years of
data, which enabled the detection of low signal-to-noise ratio events. The developed network will
potentially be used by other radio experiments such as POEMMA [17] to enable radio-only detection.
Galactic modulation for radio data over the course of a year has been evaluated to determine the
antenna alignment.In the next step, the modulation will be used to perform an amplitude calibration
of the antennas. Two additional stations were deployed in the field season of 2024-2025, which led
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to 9 antennas simultaneously taking measurements at the South Pole. The first event candidates
were measured and an example candidate was presented.
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