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The Radio Neutrino Observatory in Greenland (RNO-G) targets the detection of ultra-high energy
neutrinos by observing radio emissions from neutrino-induced particle showers in glacial ice. At
completion, RNO-G will consist of 35 autonomous antenna stations distributed over O(50 km2).
The physics program of this unique instrument requires excellent understanding of the detector
response, the geometry of the deployed antenna stations, and the electrical properties of the sur-
rounding glacial ice. This document provides an overview of the calibration techniques developed
to address these challenges and shows their application to the seven already-operational RNO-G
stations.
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1. Introduction

The Radio Neutrino Observatory in Greenland (RNO-G) is an autonomous-station radio array
currently under deployment near Summit Station, Greenland, targeting the detection of neutrinos
in the EeV energy range [1]. Each RNO-G station follows a triangular layout and is equipped with
24 antenna channels, including both a deep in-borehole (at up to 100 m depth) as well as a surface
component (cf. Figure 3a and Ref. [1]). At the time of writing, the array comprises seven stations
in science operation, with the deployment of a total of 35 stations firmly planned.

The RNO-G physics program requires calibration of the detector in two related, but non-
equivalent ways. First, the calibration of recorded data in order to remove nonidealities introduced
by the data acquisition system; and second, the calibration of the detector simulation model to ensure
that it faithfully represents the deployed instrument on a per-channel basis. Taken together, this
allows data from different detector stations (deployed with potentially different hardware revisions)
to be efficiently analyzed together, and ensures that the energy scale and direction information of
(neutrino) candidate events can be accurately reconstructed [2, 3].

This proceedings article gives an overview of the aspects of the RNO-G design requiring
calibration and summarizes the calibration strategies developed on the way to first physics. The
component-level calibration of the analog signal path is described in Section 2, while Section 3
covers the calibration of the station antenna geometry and the properties of the surrounding glacial
ice. The RNO-G calibration efforts have also previously been reported on in Ref. [4].

2. Signal Path Modeling and Calibration

The RNO-G science antennas are connected to the data acquisition system through a multi-
component analog signal path, which transports, amplifies, and conditions the weak radio-frequency
(RF) signal ahead of digitization, targeting the 80–650 MHz band [5]. Figure 1 illustrates the signal
path for a down-hole channel, consisting of a low-noise amplifier situated close to the antenna, an
RF-over-fiber link to the surface, and a secondary amplification stage followed by the digitizer.
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Figure 1: Schematic overview of the signal path for an RNO-G down-hole channel as relevant for calibration
purposes, consisting of a low-noise down-hole amplifier (IGLU) which is connected to a surface amplifier
(DRAB) through an RF-over-fiber link. Also shown is the digitizer board (RADIANT).

2.1 Signal Path Characterization

Before deployment, a specific combination of amplifiers and fibers is assigned to each antenna
channel and the full analog signal chain is assembled in the laboratory. Measurements of the
end-to-end scattering matrix are taken across the passband and recorded in a calibration database,
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from where they are retrieved on-demand and used to model the channel response in the simulation
framework NuRadioMC [6]. Of particular importance is the modeling of the total forward gain
and the total group delay, which are connected to the inferred (neutrino) energy scale and event
localization, respectively.

Scattering parameters of all active components and fibers are also measured separately, allowing
the simulated channel response to be kept up-to-date in the event a replacement of individual
components during (or following) deployment becomes necessary.

2.2 Digitizer Calibration

The RNO-G data acquisition system utilizes the LAB4D switched-capacitor array 12-bit analog-to-
digital converter [7] for each channel, housed on the RADIANT digitizer board [1]. The transfer
curve of each LAB4D unit can be measured in-situ in a fully-automated fashion to enforce the
linearity of the voltage scale for each channel and to monitor the temperature-dependence and
general stability of the deployed digitizer system.

For this purpose, the RADIANT board is equipped with a high-accuracy digital-to-analog
converter that injects a slow-ramping quasi-DC voltage into the LAB4D inputs. At present, digitizer
calibration data is taken approximately once per day; Figure 2a shows an example LAB4D transfer
curve obtained with this system.

(a) (b)

Figure 2: (a) Example transfer curve of the LAB4D digitizer as measured by the on-board calibration
system. (b) Refractive index profile of the glacial ice near Summit Station, as obtained from ice core density
measurements (references given in the Figure). The dashed black curve is a fit of a three-stage exponential
function, and the vertical gray area indicates the approximate depth of the RNO-G down-hole antennas.
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3. Station Geometry Calibration and Ice Modeling

To be able to reconstruct (neutrino) candidate events from the recorded time-domain antenna
signals, the positions of the science antennas in a deployed RNO-G station and the depth profile of
the refractive index of the ice surrounding the station must be accurately known.

This poses significant challenges for the down-hole antennas, whose locations cannot directly
be surveyed with GPS, but for which only measurements of the borehole location on the surface
are available. Similarly, the refractive-index depth profile is accessible indirectly through ice core
density measurements (cf. Section 3.1), and the electrodynamic properties of the bulk ice can be
captured by radioglaciological methods [4, 8, 9].

To reduce uncertainties, these “prior” measurements of antenna positions and refractive index
profile are subsequently updated through timing-based corrections (cf. Sections 3.2 and 3.3).

3.1 Ice Refractive Index

Figure 2b shows the dependence of the depth profile 𝑛(𝑧) of the refractive index of the glacial ice
near Summit Station, as inferred from measurements of the local density profile 𝜌(𝑧) near Summit
Station through the relation

𝑛(𝑧) = 1 + 𝑐0 · 𝜌(𝑧), (1)

where 𝑐0 = 0.845 cm3g−1 [10]. Below a depth of around 20 m, the refractive index is well-described
by a three-stage piecewise-exponential profile, as expected from a three-phase glaciological densi-
fication model [11].

3.2 In-Situ Position Calibration

Each RNO-G station is equipped with three calibration pulsers (cf. Figure 3a) at well-defined loca-
tions relative to the science antennas. The calibration pulsers emit impulsive signals (cf. Figure 3b),
whose arrival time differences between pairs of science antennas provide sensitivity to the station
geometry and the refractive index profile.

To extract these constraints, a maximum-likelihood fit is performed to the calibration pulser
timing dataset, into which the positions of the three RNO-G antenna strings and the antenna depths
along each string are introduced as free parameters. The refractive index profile is modeled as
a three-stage piecewise-exponential function as obtained from the ice core density measurements
explained in Section 3.1. The shape of the 𝑛(𝑧)-profile is kept fixed in the fit, but a depth-
independent multiplicative scale factor is introduced as additional free parameter to adjust the value
of the dimensionful constant 𝑐0 relative to its literature value in Eq. 1.

Figure 4 shows the resulting best-fit antenna positions for RNO-G station 11. The corrections
to the string positions are of the order of 0.5 m, with the relative vertical spacing of the antennas on
the same string remaining very stable throughout. Uncertainties on the postfit string positions are in
the range 0.3–0.4 m. The constant 𝑐0 in Eq. 1 is adjusted by around 1 ‰, with a postfit uncertainty
in a similar range.

3.3 Additional Position Calibration Sources

Some deformations of the station geometry cannot be constrained by the in-situ position calibration
alone. In particular, the absolute position of the station and its orientation relative to the ice
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Figure 3: (a) Schematic view of an RNO-G station with the three in-situ calibration pulsers shown in yellow.
(b) Signals observed in the topmost three antennas (at depths of 40 m, 60 m, and 80 m) on the Power String
in response to a pulse emitted by the calibration pulser on Helper String 2.
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Figure 4: Positions of the down-hole antennas in RNO-G station 11 based on GPS survey and depth
measurements (“prefit”), and after corrections from the in-situ calibration have been applied (“postfit”). The
prefit–postfit difference is scaled by 10× for visualization purposes.
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surface remain unconstrained. Additional calibration data is available from station-external radio
sources that can impose independent constraints on the station geometry and/or reduce the impact
of systematic uncertainties on the calibration. Two complementary calibration sources are briefly
described below. Work is presently ongoing to include these data into a global position calibration
fit.

3.3.1 Opportunistic Radio Sources: Air Planes and Solar Flares

Impulsive signals from solar flares [12] or airplane radar altimeters [13] have been reliably identified
in RNO-G data. Both signals originate from point radio sources whose positions are independently
known, and thus form potentially very valuable calibration sources. Work is currently underway to
integrate these data into the array-wide calibration fit.

3.3.2 Diffuse Radio Sources: Thermal Noise

The RNO-G detector is embedded in the diffuse field of thermal electromagnetic radiation emitted
by the surrounding ice. Contrary to noise generated by amplifiers and resistive elements in the
readout chain, this environmental thermal noise is correlated between different channels, with the
degree of correlation depending on the spatial separation of the corresponding antennas.

It is a surprising consequence of fluctuational electrodynamics [14] that this correlation pattern
can be used to measure the absolute signal travel time as well as the relative cable delay for any pair
of receiving antennas. This extraction happens in an entirely passive way, i.e. no pulsing antenna is
necessary.

Specifically, the quantity of interest is the per-event cross-correlation of the noise voltage
signals 𝑉𝐴(𝑡) and 𝑉𝐵 (𝑡) that appears at the feeds of antennas 𝐴 and 𝐵, averaged over the available
dataset,

⟨𝐶𝐴𝐵 (Δ𝑡)⟩ := ⟨𝑉𝐴(𝑡) ★𝑉𝐵 (𝑡)⟩ =
1
𝑁

𝑁∑︁
𝑖=1

𝑉𝐴,𝑖 (𝑡) ★𝑉𝐵,𝑖 (𝑡), (2)

where★denotes cross-correlation and the dataset is taken to consist of 𝑁 noise events. The averaged
cross-correlator ⟨𝐶𝐴𝐵 (Δ𝑡)⟩ can be shown to depend on the impulse response𝐺𝐴𝐵 (𝑡), i.e. the voltage
signal that is observable at the feed of antenna 𝐵 if a Dirac-delta like current is injected into antenna
𝐴,

⟨𝐶𝐴𝐵 (Δ𝑡)⟩ ∼ 𝑘𝐵𝑇 F −1 [Re𝐺𝐴𝐵 (𝜔)] . (3)

In this relation, F −1 denotes the inverse Fourier transform, 𝑘𝐵 is the Boltzmann constant, and
𝑇 is the absolute temperature of the ice. In particular, this shows that ⟨𝐶𝐴𝐵⟩ is symmetric,
𝐶𝐴𝐵 (Δ𝑡) = 𝐶𝐴𝐵 (−Δ𝑡), and if the absolute signal travel time between antennas 𝐴 and 𝐵 is 𝑡𝐴𝐵,
Eq. 3 predicts that significant correlation exists for Δ𝑡1,2 = ±𝑡𝐴𝐵. If fiber group delays 𝑡𝐹

𝐴
and 𝑡𝐹

𝐵

are included, maximum-correlation is instead attained at Δ𝑡1,2 = (±𝑡𝐴𝐵) +
(
𝑡𝐹
𝐴
− 𝑡𝐹

𝐵

)
.

Conversely, calculating the averaged correlator according to Eq. 2 based on the available noise
dataset and identifying Δ𝑡1,2 allows the absolute propagation time 𝑡𝐴𝐵 and the relative cable delay
𝑡𝐹
𝐴
− 𝑡𝐹

𝐵
to be identified in-situ. Figure 5 shows an example of this technique applied to RNO-G

station 11, yielding propagation times and relative cable delays consistent with expectations.
As the deployed RNO-G stations continue to integrate (noise) data, this technique has the

potential to become an increasingly powerful complement to the in-situ calibration pulser dataset.
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Figure 5: Averaged cross-correlation of thermal noise data (black) between the bottommost antennas on the
Power String (CH0) and Helper String 2 (CH23) on RNO-G station 11. The prediction for ⟨𝐶𝐴𝐵⟩ according
to Eq. 3 is shown in orange, and the purple line is the contribution from the calibration pulser on Helper String
2, which, although not actively pulsing, acts as a point-like noise source. The normalization of the respective
components have been determined through a fit to the observed correlator. The averaging is performed over
𝑁 ≈ 500 · 103 events.

4. Conclusions and Outlook

A diverse suite of calibration techniques has been developed to build the detailed understanding of
the RNO-G instrument that is required to fully exploit its science potential. This includes protocols
for the laboratory characterization of all detector channels as well as methods to determine the
geometry of each deployed antenna station and study the properties of the surrounding glacial ice.

These strategies, and the technical and simulation infrastructure supporting them, have been
designed to scale to the full 35-station array, preparing the ground for efficient array-wide data
analysis as detector deployment is set to continue during the upcoming field campaigns.
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