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Abstract: This paper describes how intentional and unintentional radio emission from airplanes is

recorded with the Radio Neutrino Observatory Greenland (RNO-G). We characterize the received

signals and define a procedure to extract a clean set of impulsive signals. These signals are highly

suitable for instrument calibration, also for future experiments. A set of signals is used to probe the

timing precision of RNO-G in-situ, which is found to match expectations. We also discuss the impact

of these signals on the ability to detect neutrinos with RNO-G.
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1 Introduction

Airplanes are known to emit impulsive radio signals that are measured with experiments seeking

to detect radio emission from astrophysical sources or their messengers, e.g. [1–10]. While they

have the potential to spoil the main astrophysical purpose of the telescopes, they can also be used to

calibrate the instrument with respect to timing and absolute pointing. In particular for large arrays of

instruments in inaccessible areas, these signals provide calibration opportunities that are not easily

matched. While discussing the implications of airplane signals for neutrino searches, this paper

will focus on the calibration needs and opportunities of large arrays for the detection of the radio

emission stemming from neutrinos above 10
16 eV like the Radio Neutrino Observatory Greenland

(RNO-G) on the top of the ice sheet of Greenland.

1.1 RNO-G

RNO-G utilizes the radio transparent properties of polar ice [11] that allow to detect the faint radio

pulses that result from the deep-inelastic interactions of astrophysical neutrinos with nuclei near the

detector [12]. The radio signals are emitted on a cone in the forward direction and are mapped with

an array of antennas that are embedded in the ice. RNO-G is planned to consist of 35 stations on a
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Thus, well-located signals that illuminate (several) stations from afar are a relevant additional

calibration source. Recently, RNO-G has shown that solar radio flares can be used for antenna position

calibration [17]. However, these happen most likely during the current solar maximum and may not

occur frequently enough to calibrate all future stations. Furthermore, the solar signals are only partly

impulsive, which complicates finding matching signals across all antennas, and the Sun never rises

fully overhead in Greenland, which limits the coverage in zenith angles that can be probed with this

calibration approach. Alternatively, experiments have used balloons or drones that fly a predefined

calibration pattern over the array, e.g. [18–20]. With these dedicated drones, high-amplitude impulsive

signals are possible. However, drone calibration campaigns are expensive, take significant effort,

and are therefore typically only done once.

Consequently, airplanes flying over the array may be a very suitable calibration source, offering a

rich source at a well-known location in the far field at a broad range of angles with high-amplitude

impulsive signals. In particular, the location in Greenland is interesting, as several airline routes

connecting Europe with Asia and North America cross the country with a direct line of sight of

RNO-G, as shown in figure 1. Before being able to define a procedure to calibrate the antenna positions

and study the obtainable accuracy, it is necessary to characterize the airplane signals and select a set

for the purpose of calibration. This selection procedure is the subject of this article.

The suitability of the event set for calibration will be tested in two ways. We will cross-check

the positions of the LPDAs obtained by and differential GPS (dGPS) survey and by measuring the

timing accuracy of the RNO-G stations in situ, with the latter being a performance metric rather

than a calibration.

1.3 Aircraft identification and their signals

During flight, most airplanes broadcast information about their flight trajectory using Automatic

Dependent Surveillance-Broadcast (ADS-B) messages transmitted at 1090 MHz. These messages

contain the aircraft’s unique identifier and name, as well as the in-air position, orientation, speed,

and vertical ascend rates. The ADS-B messages are recorded with dedicated equipment at Summit

Station, ensuring that everything in the field of view is recorded. Publicly available databases of

ADS-B messages typically do not cover Greenland.

The position of each aircraft is determined via GPS or another GNSS and should hence be accurate

to a precision of a few meters. The ADS-B receiver at Summit Station logs the time at which messages

are received. The time and position data can hence be used to obtain the time-dependent trajectory for

calibration. However, for some flights the information transmitted via ADS-B is incomplete.

The ADS-B messages are not the only signals received from airplanes. Airplanes emit both

unintentional emission (RFI) from electrical devices such as the turbines, and intentional radio signals,

such as from radar altimeters. The typical set of transmitting antennas installed on airplanes is

summarized in figure 3. Depending on the type of aircraft, many different emission points are possible,

such as high-frequency antennas in the tail for plane-to-plane communication, radar altimeters at the

bottom of the aircraft, or emergency locators at various positions on the rump of the aircraft. Even

if their nominal transmission frequency is outside of the RNO-G band, they cannot be excluded as

sources for RNO-G, as intermodulation or resonances can make signals detectable in the RNO-G band.

We will not attempt to locate and disentangle all different types of emission as dedicated radio

telescopes are more suitable for that, e.g. [22]. Still, we will show that distinct signatures can be

– 4 –









2
0
2
5
 
J
I
N
S
T
 
2
0
 
P
1
1
0
1
5

where ℎsorted represents the values of the absolute Hilbert envelope re-arranged by increasing distance

from the maximum value. The impulsivity � (as first used in [24]) can thus be seen as a measure for

the area above the diagonal of the histogrammed cumulative re-arranged Hilbert-envelope. Strong

�, lines are identified and removed iteratively by fitting the dominant sine wave in the time domain

outside the signal pulse region up to a 3f-threshold above the average frequency spectrum after

cleaning. The thus removed frequencies are shown in figure 5 with a color-coding reaching from

black (highest significance) to invisible (no significance).

For the commercial airplanes strong CW signals at 123.45 MHz are seen when the Japan Airlines

(JAL) airplane are overhead, but are not visible for the All Nippon Airways (ANA) flight in-between.

This frequency is used for air-to-air communication between airplanes emitted from the VHF antenna.

High amplitude and impulsive events are also observed. The first flight is only partially contaminated

with the CW, leading to many more multi-station coincident events compared to the second aircraft.

The absolute number of triggers should be taken with a grain of salt, as the RNO-G trigger thresholds

are changed to operate at a constant trigger rate, which means that very strong airplane signals

temporarily “blind” the stations. Although the ANA aircraft does not cause multi-station coincident

triggers, the density of triggered events around 10:34 UTC in figure 5 does indicate that there is

still signal recorded by the RNO-G stations.

For the landing LC130 aircraft (figure 5, right) more multi-station coincidences are seen from the

rear of the aircraft compared to the front. In the second passage the aircraft is already too low for the

signals to trigger the shallow LPDAs. During the approach, three clear CW emission frequencies can be

identified — a strong signal at 122.8 MHz, which is the Common Traffic Advisory Frequency (CTAF)

typically used at airports without a tower, a weak signal at 137.8 MHz typically associated with commu-

nication satellites, and a walkie-talkie frequency at 151.6 MHz. A faint signal at 403 MHz, associated

with a weather balloon that is launched daily before noon and midnight is still discernible in the spectra.

3.2 Characterizing airplane signals

We can conclude from the flights shown above, that there is strong CW emission from aircraft

communication (air-to-air and air-to-ground) which can trigger the RNO-G stations. CW signals do

not cause multi-station coincidences within a small time window, because each station triggers on

the long CW signal at a random time, when it first locally crosses a threshold. By saturating the

trigger rate, these CW signals might even reduce the rate or multiplicity of multi-station coincidences.

Consequently, they are not useful for calibration studies and have to be removed from the data-set.

Unless the trigger rate is saturated, strong and impulsive events trigger the shallow antennas if

they are right above the stations, due to the trigger logic as discussed above. For large zenith angles

the sensitivity of the LPDAs is reduced. During the approach and after the passage close to the

station, the deep component is instead able to trigger thanks to the much lower threshold of the deep

phased array trigger. However, the signal in the deep antennas is attenuated by the ice compared to

the shallow antennas, such that the impulsivity and the maximum amplitudes are elevated but lower

than for the LPDAs. Also, due to the trigger logic, the first arriving trigger will be read-out, meaning

that in the current set-up the shallow trigger always supersedes a trigger from the deep antennas. For

future stations, it is planned to add additional physical delays to the LPDAs also to better facilitate the

recording of down-going cosmic ray signals. Such a set-up will allow for a more comprehensive study

of signal attenuation and relative amplitude calibration of all channels at the same time.

– 8 –
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(RSSI) of the broadcast ADS-B information. Rejecting all aircraft from which an ADS-B signal

is still received would lead to an unacceptable lifetime loss of 60%. The first RNO-G neutrino

search will therefore rely on the procedures defined here to identify signals from airplanes as known

backgrounds in position and time.

3.5 Airplanes as calibration source for antenna positions

The RNO-G Collaboration is working towards a global antenna positioning fit that will combine

information from in-ice pulsers, surface pulsing campaigns, and additional above-surface sources. In

the fit, antenna positions (x,y,z) are treated as free parameters. One additional nuisance parameter is

the signal travel time in the fiber. Although the fibers were calibrated in the lab prior to deployment, it

was found that freezing might affect signal travel times. The second nuisance parameter to be included

in the global fit is the index of refraction profile of the ice (three-part exponential [16] or fifth order

polynomial [26]). To fit a given antenna position, there is thus a total of 11 parameters: 3 from the

position, 1 from the fiber time delay, and up to 6 from the ice model. Currently, due to the lack of

constraint, only an overall scale for the ice model is allowed to float in the fit; the remaining parameters

are fixed. With three arrival time measurements from the local pulsers the system is hence constrained

only when the ice profile and the fiber time delay is known, which is not yet the case for RNO-G. Airplane

signals will therefore play a crucial role. The in-situ pulsers are part of the detector and therefore,

in general, cannot constrain an overall rotation of the station and only explore one particular pair of

angles. Furthermore, a calibration based on GPS signals cannot be used for antennas deep in the ice.

Given this complexity of the full station calibration procedure, it does not make sense to only

use airplane signals for a calibration. We have thus chosen to show here the power of the airplane

signals by investigating the positions of the three shallow LPDAs, where it can be assumed that

they are at the same depth and ice properties can be ignored. Furthermore, they are connected via

coaxial cables and their position is accessible by a differential GPS survey (dGPS) with a resolution

of 10 cm, dominated by systematic uncertainties.

If one compares figure 6 and figure 7, it is clear that the LPDA signals show more features and

are longer in contrast to the Vpol signals, which provides an issue in precisely defining the pulse start.

Also, due to the arrangement (three different antenna rotations) and the direction dependent antenna

pattern, the waveforms for the same signal look different in each antenna, which adds to the complexity

of determining the precise time difference between channels. We therefore resort to tracking the

evolution of the relative time shift of the pulses in the waveforms between channels with time. This

is done as follows: for each antenna, we identify segments (in time) with events belonging to the

same event class. For illustration purposes, we first demonstrate the procedure for just one segment in

figure 8. In each segment, we align all events and store the time shifts needed to align traces. These

relative time shifts between channels are then compared to the expected time shift calculated from

the plane position at the time of the events. Due to the uncertainty in pulse start time, we have to

leave a constant offset per segment as free parameter, which reduces the precision at which we can

calibrate the LPDA positions. In the deep antennas, such a parameter will not be needed, since the

signals are short and impulsive see figure 6, and thus have a clear start time.

Several methods of aligning the waveforms were attempted (e.g. cross correlation with an average

template, maximum cross correlation out of the last 5 well-matching events) and all yield slowly

evolving drifts between the methods of O(1 ns), which is the systematic uncertainty of this approach.

– 11 –
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Impulsive events from airplanes might be useful in calibrating the antenna orientation by tracking

and comparing the signal strength of different antennas over time. Qualitatively, the effect of antenna

orientation and reflection at the ice surface was evident in the arcs of mis-reconstructed events in

figure 10 (right), where the antennas with tines oriented orthogonal to the aircraft track did not see

a strong pulse at large distances. With only two pulses, this led to an under-constrained fit of the

direction that appear as arcs in the plot.

Figure 12 shows the waveforms observed in one LPDA aligned by matching the high-pass filtered

traces via cross-correlation, as it was also used for the position calibration in section 3.5 to obtain time

differences. The figure also shows the corresponding frequency spectrum and the reconstructed zenith

angle of the aircraft. Assuming that the emitted pulse-shape is the same as a function of time, it is

evident that the received pulse changes as a function of zenith angle as the aircraft passes by the station.

Other LPDA channels in the same and other stations show a comparable evolution in time. The results

of the simple plane-wave fit and the second arch illustrate that the changing pulse shape (as a function

of arrival direction) has to be accounted for to avoid mis-reconstructions. We attribute this slow

change of the observed pulse shape to the change in sensitivity of the antenna, which means that the

correct modeling of the antenna pattern should be possible using this data. It is known that the antenna

pattern of the receiving LPDAs changes as a function of orientation, which may allow to determine

the accurate positioning or at least constrain the modeling of the antenna response. A complication

when constraining the antenna pattern of the RNO-G LPDAs in-situ is the unknown characteristics of

the emitter, which puts the study of the antenna orientation beyond the scope of this paper.

6 Conclusion and outlook

As we have shown in this paper, airplanes emit various impulsive radio signals along their flight

paths that are recorded with RNO-G. On their own, the often highly impulsive signals constitute a

background to neutrino searches with RNO-G. By recording the transmitted airplane positions at

Summit Station, it is ensured that these backgrounds can be properly vetoed.

The critical impulsiveness of the signals, however, also makes them a very suitable calibration

signal for radio neutrino arrays. We have shown that using airplane signals alone the positions of

the shallow LPDAs can be calibrated to a precision of half a meter, almost rivaling differential GPS

surveys with no additional field work needed. The signals selected in this analysis will be used in

a forthcoming comprehensive instrument calibration for RNO-G that solves for the precise antenna

positions, residual instrumental delays, and the ice profile at the same time. Aircraft signals will also

allow us to repeat the calibration each year and monitor the instrument performance over time. The

presented data-set already allowed us to probe the realized timing resolution of RNO-G, which shows

a spread of 270 ns, which matches expectations due to the drift of the local oscillator.

Beyond RNO-G, there are plans for an even larger radio neutrino array at the South Pole as part

of IceCube-Gen2 [27]. The calibration effort for such an instrument scales with size, if relying on

drones or surveying campaigns. Also, using solar flares for calibration (see [17]) will be challenging

due to the low angle of the Sun above the horizon at the South Pole. Airplanes provide a useful

alternative here. Unfortunately, there are no commercial plane routes close to South Pole that one

could use the emission of, as it is possible in Greenland. However, similarly to Summit Station, during

the Antarctic Summer, LC130s (and other smaller planes like Baslers or Twin Otters) fly in and out

of the Amundsen-Scott South Pole station. As shown in figure 13, the observed approach routes
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