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Figure 7. Left: Map of the planned RNO-G array at Summit Station; grid spacing is approximately 1 km.
Right: A single RNO-G station consists of three strings of antennas (Hpol and Vpol) plus surface antennas
(LPDAs), as well as three calibration pulsers located both deep in the ice and also at the surface. The string
containing the phased array trigger is designated as the power string, while the two additional strings are
designated as support strings.

neutrino properties. Building on these requirements, a station and array design as schematically
depicted in Fig. 7 was developed.

The design of RNO-G combines the experience gained with all prior in-ice radio neutrino
experiments, especially ARA [5] and ARIANNA [210], and also builds on lessons learned with
radio air shower arrays that have first demonstrated the experimental power of the radio detection
technique, e.g. [37, 38].

As outlined above, a location is needed with thick, homogeneous and cold ice to yield the
best experimental results. An additional requirement is the availability of a su�ciently developed
infrastructure to allow for installation, running and maintenance of the detector. While the instru-
mented stations can be fully autonomous, the amount of cargo and personnel needed for installation
requires accessibility by plane or large vehicle. The number of accessible research stations fit-
ting these requirements in either Antarctica or Greenland is limited. The host institutions of the
RNO-G collaboration members and their access to national infrastructure additionally excludes
some obvious candidate sites (Dome A, Dome C and Vostok in Antarctica, e.g.), leaving essentially
South Pole Station and Summit Station in Greenland. South Pole station already houses a premier
CMB instrument (the South Pole Telescope [211]), as well as the world’s largest neutrino telescope
(IceCube), which is in the process of installing the IceCube-Upgrade [212]. The logistical burden
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Figure 1. An area map of the planned ARA detector at South
Pole. The stations are indicated by the black circles. Red
filled circles denote the currently deployed stations.

a grid spacing of 2 km to nearly maximize the array’s
e↵ective area at neutrino energies of 1018 eV [24].

Each station comprises 16 measurement antennas, de-
ployed on strings in groups of 4 at the bottom of 200 m
deep holes. In the baseline design, these antennas form
a 20 m ⇥ 20 m ⇥ 20 m cube (Figure 2). This design is
in the process of being optimized based on analysis re-
sults from the first ARA stations and simulations. Each
hole contains two antennas of horizontal and two anten-
nas of vertical polarization, all recording data between
150 MHz and 850 MHz. Two separated polarizations are
chosen to be able to determine the polarization of the
incoming signal, which is important for neutrino recon-
struction. The antenna names are composed of the string
number as D#, their position on the string (T for top,
B for bottom) and their polarization (V for vertical, H
for horizontal).

The antennas are deployed at depths between 170 m
and 190 m to minimize the e↵ects of ray-tracing in the
ice. Due to the depth-dependence of the temperature and
density of the South Pole ice sheet, the index of refraction
changes with depth [25]. This e↵ect is strongest in the
top 200 m, starting from an index of 1.35 at the surface
and changing to a value of 1.78 for the deep ice at a depth
of roughly 200 m. As described in [24, 26], this causes
the path of radio rays to be bent downwards rendering
vertex reconstructions di�cult. Moreover, a shadowed
area is produced where signals cannot reach shallowly
deployed antennas, thus reducing e↵ective neutrino vol-
ume. Therefore, a deep deployment of the antennas is
favorable.

In addition to the receiver channels, 4 calibration
transmitter antennas are deployed on two extra strings,
D5 and D6. These pulsers can transmit transient signals
or continuous broadband noise for calibration of the sta-
tion timing, geometry, and signal e�ciency. Transient
emissions are tied to a GPS clock which allows separa-
tion of them from other recorded RF signals by timing.
The pulsers are positioned at a distance of approximately
40 m to the station core at a similar depth as the mea-
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Figure 2. The baseline design of an ARA station with a zoom
illustrating the string details and a view of the deployed an-
tennas of both polarization.

surement antennas. Each hole contains one antenna of
each polarization.
The antennas used in ARA are birdcage dipoles for the

vertical polarization (Vpol) and ferrite loaded quad-slot
antennas for the horizontal polarization (Hpol). Given
the drilled antenna holes with a diameter of only 15 cm,
the design of Hpol antennas with reasonable sensitiv-
ity down to 150 MHz is very challenging. Slotted cop-
per cylinders show reasonable low-frequency performance
with a voltage standing wave ratio below 3, for frequen-
cies above 300 MHz [24]. This can be further improved
by adding ferrite material in the cylinder core.
The signals recorded by the antennas are first filtered

by a bandpass and notch filter, to reject frequencies out
of band as well as narrow-band communications. After
filtering, signals are amplified by Low Noise Amplifiers
(LNAs) and transmitted analog to the surface through
fiber cables via optical Zonu links (Figure 3(a)). At
the surface, signals are filtered again, split and fed to
the trigger system as well as to the digitization system
(Figure 3(b)). A first calibration of the full signal chain
and antenna response after deployment in the ice can be
found in Section IID.
In the trigger system, the signal is processed by an

integrating tunnel diode, producing energy envelopes of
the incoming waveforms, which can be processed in the
trigger electronics mounted on the Triggering Daughter
board for ARA (TDA). On this board, the signal is read
into the digital electronics and logic, implemented in an
FPGA. This logic then determines whether the event sat-
isfies the trigger condition. This condition is currently a
simple multiplicity trigger, requiring signal on 3 out of
8 channels of one polarization. Investigations are being
performed to replace this with a smarter algorithm which
provides more e�cient background rejection and better
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We can simulate cosmic ray radio emission at deep in-ice antennas using FAERIE

(S. Chiche et al., 
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Figure 2: East-West component of the electric field simulated with FAERIE for the in-air (left) and in-ice (right) component of cosmic ray radio
emission for a proton-induced shower with primary energy E = 1017.5 eV and zenith angle ✓ = 34�. Antennas are located at a depth of 100 m and
placed at various radial distances from the shower core.

motivates the need for the development of faster simu-
lations, while not losing too much on accuracy.

3.3. Shower input parameters

For our library, we simulated, using QGSJETII-04
as hadronic model, 24 proton showers with parameters
given in Table 1. We used the default GEANT config-
uration of the FAERIE installation which includes the
following physics lists [14, 36]: G4EmStandardPhysics,
G4DecayPhysics and G4RadioactiveDecayPhysics. We
considered three primary particle energies generated in
logarithmic scale in the range [1016.5 � 1017.5] eV. This
range was chosen as showers with energies equal or be-
low E = 1016 eV will hardly trigger the detector and as
the statistics of showers with energies equal or above
E = 1018 eV is too low to contribute significantly to
cosmic ray detections. Though at ultra-high energy
the cosmic ray composition is expected to be mainly
heavy [37], we simulated only proton primaries as their
larger shower-to-shower fluctuations should provide us
with results that encompass the typical signals expected
for heavier primaries such as iron. This choice was
also motivated by the fact that a few test iron simula-
tions run with FAERIE does not show significant di↵er-
ences with analogous proton simulations. At first or-

Energy [eV] 1016.5; 1017; 1017.5

Zenith [°] 0; 20; 28; 34; 39; 43; 47; 50
Depth [m] 0; 60; 100

Table 1: Primary energy, zenith bins and depths of the FAERIE simu-
lation set.

der, cosmic ray radio emission should scale with the
cosine of the shower zenith angle, hence zenith angles
were generated uniformly in cos ✓ between ✓ = 0� and
✓ = 50�. We did not simulate more inclined showers
since (1) no in-ice component of cosmic ray emission
is expected for very inclined showers as they fully de-
velop in-air (see Section 11), and (2) FAERIE currently
relies on a flat-Earth description, an assumption that
breaks when considering very inclined showers which
can propagate in the atmosphere for hundreds of kilo-
meters. The simulation library was designed for a typ-
ical Greenland in-ice detector such as RNO-G, hence
the magnetic field was set to the one of Summit Sta-
tion, Greenland, where RNO-G is located, with ampli-
tude Bx = 7.7 µT, Bz = �54.1 µT. This magnetic field
being near-vertical, we considered only one azimuth an-
gle for our library of events (' = 0�, shower propagating
towards the magnetic North) as we assume that the ra-
dio emission does not vary significantly with the shower
azimuth angle (apart from a rotation and a shift of the ra-
dio footprints). All our simulations were run with a rel-
ative thinning of 10�4, a value chosen to achieve a com-
promise between the precision of the simulations and
the computation time. Although this value is relatively
high, comparisons with a few showers simulated with a
thinning of 10�5 show very similar features. Neverthe-
less, such a thinning may still lead to a slight overesti-
mation of the uncertainties related to shower-to-shower
fluctuations. All the results shown in this study are fil-
tered in the 50 � 1000 MHz band to match the realistic
range of observed signals.

4

FAERIE-simulated cosmic ray library

Monte-Carlo simulations are extremely expensive… we need a fast and precise alternative
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Erad = K × f(ℰp) × f(θ) × f(φ) × f(Z)
Radiation energy: 
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 Scaling with the shower direction Simon Chiche (IIHE)

Bgeo α

⃗E geo ∝ ⃗F L = qvB sin α & Eair
rad ∝ E2

geo

Eair
rad ∝ sin2 α

(We neglect in-air charge excess)

Geomagnetic angle

Schroeder (2017)

Geomagnetic mechanism: 
 Transverse current emission
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 Scaling with the air density Simon Chiche (IIHE)
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ρxmax = f(E, θ, Z)

Air density
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 Scaling with the air density Simon Chiche (IIHE)

Eair
rad/(ℰp × sin α)2 ∝ ρ−2

ρxmax = f(E, θ, Z)

Air density
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 Scaling with the air density Simon Chiche (IIHE)

Eair
rad/(ℰp × sin α)2 ∝ ρ−2

ρxmax = f(E, θ, Z)

Air density

(Clipping/surface effects 
 will be further modeled)

Clipping effectsCharge-excess mechanism
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 In-ice emission dependencies Simon Chiche (IIHE)

Eice
rad ∝ (Eground

part )2

The in-ice radio emission should scale 
 with the ground particle energy  

of the in-ice shower core

Xmax
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 Ground particle energy scaling Simon Chiche (IIHE)

?Epart
ground(ℰp, θ, φ)

 Epart
ground(ℰp, θ, φ) ∝ ℰp × exp(−Dxmax/λ)

: characteristic attenuation lengthλ = 1800 m
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 In-ice radiation energy scaling Simon Chiche (IIHE)

Eice
rad ∝ ℰ2

p × exp(−2Dxmax/λ)
Dxmax(ℰp, θ, Z)
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 Generating cosmic ray templates Simon Chiche (IIHE)

Eair
rad = Kℰ2

pρ−2
air sin2 α

Eice
rad = K′￼ℰ2

p exp(−2Dxmax/λ)

Eair/ice
rad (ℰtarget

p , θtarget, φtarget) = Eair/ice
rad (ℰref

p , θref, φref) × 𝒮air/ice

Figure 2: East-West component of the electric field simulated with FAERIE for the in-air (left) and in-ice (right) component of cosmic ray radio
emission for a proton-induced shower with primary energy E = 1017.5 eV and zenith angle ✓ = 34�. Antennas are located at a depth of 100 m and
placed at various radial distances from the shower core.

motivates the need for the development of faster simu-
lations, while not losing too much on accuracy.

3.3. Shower input parameters

For our library, we simulated, using QGSJETII-04
as hadronic model, 24 proton showers with parameters
given in Table 1. We used the default GEANT config-
uration of the FAERIE installation which includes the
following physics lists [14, 36]: G4EmStandardPhysics,
G4DecayPhysics and G4RadioactiveDecayPhysics. We
considered three primary particle energies generated in
logarithmic scale in the range [1016.5 � 1017.5] eV. This
range was chosen as showers with energies equal or be-
low E = 1016 eV will hardly trigger the detector and as
the statistics of showers with energies equal or above
E = 1018 eV is too low to contribute significantly to
cosmic ray detections. Though at ultra-high energy
the cosmic ray composition is expected to be mainly
heavy [37], we simulated only proton primaries as their
larger shower-to-shower fluctuations should provide us
with results that encompass the typical signals expected
for heavier primaries such as iron. This choice was
also motivated by the fact that a few test iron simula-
tions run with FAERIE does not show significant di↵er-
ences with analogous proton simulations. At first or-

Energy [eV] 1016.5; 1017; 1017.5

Zenith [°] 0; 20; 28; 34; 39; 43; 47; 50
Depth [m] 0; 60; 100

Table 1: Primary energy, zenith bins and depths of the FAERIE simu-
lation set.

der, cosmic ray radio emission should scale with the
cosine of the shower zenith angle, hence zenith angles
were generated uniformly in cos ✓ between ✓ = 0� and
✓ = 50�. We did not simulate more inclined showers
since (1) no in-ice component of cosmic ray emission
is expected for very inclined showers as they fully de-
velop in-air (see Section 11), and (2) FAERIE currently
relies on a flat-Earth description, an assumption that
breaks when considering very inclined showers which
can propagate in the atmosphere for hundreds of kilo-
meters. The simulation library was designed for a typ-
ical Greenland in-ice detector such as RNO-G, hence
the magnetic field was set to the one of Summit Sta-
tion, Greenland, where RNO-G is located, with ampli-
tude Bx = 7.7 µT, Bz = �54.1 µT. This magnetic field
being near-vertical, we considered only one azimuth an-
gle for our library of events (' = 0�, shower propagating
towards the magnetic North) as we assume that the ra-
dio emission does not vary significantly with the shower
azimuth angle (apart from a rotation and a shift of the ra-
dio footprints). All our simulations were run with a rel-
ative thinning of 10�4, a value chosen to achieve a com-
promise between the precision of the simulations and
the computation time. Although this value is relatively
high, comparisons with a few showers simulated with a
thinning of 10�5 show very similar features. Neverthe-
less, such a thinning may still lead to a slight overesti-
mation of the uncertainties related to shower-to-shower
fluctuations. All the results shown in this study are fil-
tered in the 50 � 1000 MHz band to match the realistic
range of observed signals.

4

We can use scaling relations to generate new events

Will be tested against an independent test library

Reference library
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 Mass composition with in-ice radio detectors (preliminary) Simon Chiche (IIHE)

The combination of in-air and in-ice emission could potentially give a handle towards mass composition reconstruction

Eair
rad ∝ ρ−2 Increases with atomic mass

Eice
rad ∝ exp(−Dxmax/λ) Decreases with atomic mass

The ratio  should be sensitive to the cosmic ray mass compositionEair
rad/Eice

rad

We are currently investigating the 
discriminating power of this observable for 

different configurations

E = 1016.5 eV, θ = 0∘
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Summary Simon Chiche (IIHE)

Eair
rad = Kℰ2

pρ−2
air sin2 α

Eice
rad = K′￼ℰ2

p exp(−2Dxmax/λ)

We have parametrized in-ice radio emission from cosmic ray particle cascades using FAERIE simulations

• We can start generating cosmic ray events and estimate cosmic ray event rates using this parametrization

• The accuracy of the method will be further tested and improved


