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Radio emissions of extensive air showers can be observed with the AugerPrime radio detector (RD)
at the Pierre Auger Observatory. As part of the AugerPrime upgrade, RD has been installed on 1660
water-Cherenkov detectors over an area of roughly 3000 km2 and consists of dual-polarized Short
Aperiodic Loaded Loop Antennas (SALLA). To achieve high measurement precision, the SALLA
must be well calibrated, which requires the antenna response pattern to be well known. Here,
we introduce a direction-dependent relative calibration using a well-defined biconical antenna
mounted to a drone. The drone-based setup provides active stabilization and precise aiming
using a gimbal. Additionally, the position of the drone is tracked using differential GPS with a
precision of up to 1 cm. This setup allows us to precisely extract the antenna response pattern
for any arrival direction. Building on the experience of a previous campaign, a second in-situ
calibration campaign of the RD was carried out in March/April 2026 with an improved setup and
procedure. A novel approach based on Information Field Theory is implemented to reconstruct
the full antenna response pattern across all arrival directions and frequencies from a set of sparse
measurements. First results of the full antenna response pattern are presented.
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1. Introduction

The Pierre Auger Observatory is a cosmic ray observatory located in Mendoza, Argentina [1]. It
makes use of a hybrid multi-detection principle combining a surface detector array (SD) consisting
of 1660 water-Cherenkov detectors (WCD) with 27 optical fluorescence telescopes (FD). Recently,
the observatory underwent an upgrade. Part of this so-called AugerPrime upgrade is the addition
of a radio detector (RD) to each WCD. The RD consists of a dual-polarized short aperiodic loaded
loop antenna (SALLA), with one arm aligned along the North-South (NS) direction and the other
perpendicular along the East-West (EW) direction. The antennas measure signals in the 30 – 80 MHz
frequency band with a sampling rate of 250 MHz. Fig. 1 shows a model of an upgraded SD station.
In addition to the RD, a scintillator (SSD) is mounted on top of the WCD.

Figure 1: Conceptual illustration of an upgraded SD station. Figure adapted from [2].

The RD needs to be well calibrated to ensure high-precision measurements. The size of the detector
makes conventional calibration techniques, e.g., measurements in anechoic chambers [3], very
difficult. Thus, a different calibration strategy has to be employed.
In this contribution, an in-situ relative calibration of the RD is presented, based on transmission
measurements with a drone. In Sec. 2, this calibration strategy is described in more detail, and
the setup needed for such measurements is introduced. The calibration measurements, along with
the dominant corrections and sources of uncertainties, are presented in Sec. 3. Finally, the relative
calibration of the full phase space is presented in Sec. 4 using a Bayesian reconstruction framework.

2. Strategy & Setup

The calibration of the RD is split into two parts: the absolute galactic calibration and the relative
calibration. The absolute galactic calibration aims to determine a frequency-dependent calibration
coefficient for each individual RD using the galactic radio background as a reference signal [4, 5],
thereby defining the absolute scale of the antenna response. The relative calibration is used to
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determine the direction-dependent response, also called the antenna pattern, using a reference
antenna with a known emission pattern. Combining the two methods provides a full-system
calibration of the RD. This contribution describes the relative calibration.

Figure 2: The DJI Matrice M600 Pro together with the calibration equipment mid-flight.

The antenna pattern is characterized by the Vector Effective Length (VEL) ®𝐻, relating an incoming
electric field ®𝐸 to the voltage 𝑈 induced at the antenna. In the frequency domain and in spherical
coordinates, it is defined as

U =

(
𝐻𝜃

𝐻𝜙

)
·
(
E𝜃

E𝜙

)
, (1)

where 𝜃 is the meridional component and 𝜙 is the horizontal component. Here, the magnitude of
each component is determined using transmission measurements. The transmission source consists
of the reference spectrum generator RSG1000 [6], the amplifier ZFL-2500VH+ [7], and the UBAA
9114 Balun with a BBOC 9217 biconical antenna [8]. The RSG1000 generates a comb spectrum
with narrow frequency peaks spaced by 5 MHz and allows us to probe eleven frequencies between
30 – 80 MHz simultaneously. The generated signal is then linearly polarized along the biconical
antenna’s axis, aligned with its physical orientation. The transmission source is characterized by the
power arriving at the transmission antenna, 𝑃t, and the absolute gain of the transmission antenna,
𝐺abs,t. While 𝑃t can be measured in the lab, 𝐺abs,t is taken from the manufacturer’s data sheet.
Viewed from the RD, the transmission source is placed at an arrival direction (Θ,Φ) at a far-field
distance 𝑅 using the DJI M600 Pro [9]. The drone can achieve a flight time of ≈ 15 min with the
payload, enabling measurement of ≈ 50 distinct arrival directions, depending on the chosen flight
path. Furthermore, it records telemetry data using different sensors, e.g., a barometer, a compass, a
gyroscope, and its built-in GPS. The transmission source is housed in the Ronin MX camera gimbal
[10] mounted underneath the drone, which additionally allows for stabilization and precise aiming
of the transmission antenna. Inside the gimbal, the antenna can be rotated by 90◦ between flights
to switch between horizontal and meridional polarization. By measuring the received power 𝑃r,𝑘
at the RD read-out, we can determine the magnitude of the two components 𝑘 = 𝜙, 𝜃, using

|𝐻𝑘 (Φ,Θ, 𝑓 ) | =
√︂

4𝜋𝑍R
𝑍0

𝑅

√︄
𝑃r,𝑘 (Φ,Θ, 𝑓 )
𝑃𝑡 ( 𝑓 )𝐺abs,t( 𝑓 )

, (2)
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with the received signal being polarized in the direction of 𝑘 [11]. 𝑍R is the impedance at the
read-out and 𝑍0 is the impedance of free space. A picture of the drone setup during a flight is
shown in Fig. 2. To decrease the uncertainty resulting from the conventional built-in GPS, we
deploy a differential GPS (DGPS) setup, consisting of a rover system mounted to the drone and a
base station placed at a known position on the ground. The setup consists of a u-blox GPS antenna
[12] with a Seagull logging and communication system [13] for both base station and rover. This
leads to a relative position accuracy between base station and drone of up to 1 cm. The relative
position between the base station and the RD is measured using a separate handheld DGPS, using
a Reach RS3 [14], with its base station placed at a known location at an FD site. Combining these
relative position measurements, the position of the drone relative to the RD is estimated to have an
accuracy of 15 cm. To efficiently sample as many arrival directions as possible, we make use of
pre-programmed flight paths. The flight path is defined by waypoints, to which the drone flies, and
a point of interest toward which the drone is supposed to be oriented at all times. The waypoints
are arranged in a dome shape around the RD. The drone stops at each waypoint to ensure stability
of the gimbal.

3. In-situ Calibration Measurements

In March/April 2026, a three-week-long in-situ calibration campaign was conducted using the
strategy and setup described in Sec. 2. A total of 54 flights were performed with a total flight time
of over 12 hours. Of these, 36 flights were performed at an RD. In this contribution, we show
preliminary results for these flights. In the following, the dominant corrections and uncertainties of
the calibration measurements are discussed.

3.1 Corrections

In Eq. 2, the gain of the transmission antenna 𝐺abs,t is assumed to only depend on the frequency.
This assumption only holds for constant alignment between the RD and the transmission antenna.
A misalignment changes the gain and can also alter the polarization of the received signal. Addi-
tionally, a conductive structure around the antenna, like the drone body and gimbal, influences the
gain pattern of the transmission antenna. A simulation of the transmission antenna, including the
whole structure of the drone setup, has been performed using EZNEC Pro/4+ [16]. The simulation
is repeated for multiple pitch angles of the gimbal. An example of a simulation with a pitch angle
of 0◦ and the misalignment for an example flight is shown in Fig. 3. A quality cut on the total
misalignment of < 15◦ is applied. The misalignment and influence of the drone body lead to
corrections of up to 4%. The change in the polarization due to misalignment cannot be applied
directly, since the measured data includes a mix of both polarizations. Therefore, the polarization
correction has to be incorporated into the inference model discussed in Sec. 4. Further corrections
include position shifts and the background subtraction and amount to, on average, less than 1%.
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Figure 3: Left: The simulated transmission antenna gain, including the full calibration setup. Figure created
in 4NEC2 [15]. Right: The vertical and horizontal misalignment for flights with vertical polarization. The
red cross marks perfect alignment at (0, 0).

3.2 Uncertainties

Table 1: Overview of systematic and statistical uncertainties of the VEL |𝐻𝜃 | for the example data point
Θ = 60◦, Φ = 0◦, 𝑓 = 55 MHz in the East-West channel.

source of uncertainty systematic / % statistical / %

flight-dependent uncertainties 2.9 3.0
DGPS position < 0.1 < 0.1
transmitting antenna position shift < 0.1 < 0.1
transmitting antenna misalignment & body influence 0.2 < 0.1
RSG1000 output power 2.9 2.0
background noise 0.2 2.2

global uncertainties 5.8 –
transmitting antenna gain 5.8 –

all 6.5 3.0

A preliminary overview of the measurement uncertainties for an example data point of |𝐻𝜃 | in EW
at ( 𝑓 = 55 MHz, Θ = 60◦, Φ = 0◦) is shown in Tab. 1. The total uncertainty is dominated by the
transmission source, with a 5.8% systematic uncertainty stemming from the transmitting antenna
gain. The signal generator introduces a systematic uncertainty of 2.9% due to temperature drifts and
a statistical uncertainty of 2.0% due to its signal stability. For the background subtraction, a method
based on the Rice distribution is employed, similar to [17]. Its statistical uncertainty amounts to
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2.2% for the example data point. Further uncertainties arising from the position accuracy, position
shifts, and the misalignment and body influence account for less than 1%. The total uncertainty for
the example data point is 6.5% (syst.) and 3.0% (stat.).

4. Antenna Pattern Reconstruction

The measured data are sparsely distributed in frequency 𝑓 and in arrival direction (Θ,Φ). In
addition, it is affected by a mixing of the two polarization channels that needs to be disentangled. In
this section, a Bayesian reconstruction framework is presented that aims to reconstruct a continuous
antenna pattern over the full phase space ( 𝑓 × Θ × Φ) and both polarizations. This framework
is applied to the calibration measurements, and first results of a reconstructed antenna pattern are
presented.

4.1 Bayesian Reconstruction Framework

The framework utilizes geometric variational inference (geoVI) [18] implemented in the Python
package NIFTy [19]. This inference algorithm addresses the inverse problem

𝑃r,𝑘 =
𝑍0

4𝜋𝑍R
𝑃𝑡𝐺abs,t

|𝐻̃𝑘 |2
𝑅2 + 𝑛, (3)

derived from Eq. 2, where 𝑛 is the Gaussian noise of the recorded data and |𝐻̃𝑘 | is the effective
antenna pattern due to polarization mixing. The mixing can be described with a rotation of ®𝐻 by
the polarization mixing angle 𝜌: (

𝐻̃𝜃

𝐻̃𝜙

)
=

(
cos 𝜌 − sin 𝜌

sin 𝜌 cos 𝜌

)
·
(
𝐻𝜃

𝐻𝜙

)
(4)

The reconstruction algorithm samples from prior distributions using a so-called generator. The
generator models the underlying signal field |𝐻𝑘 | and is constructed using the following equation:

|𝐻gen
𝑘

| = ln
(
1 + exp

[
𝐶𝐹 ( 𝑓 ,Θ,Φ) + 𝑠( 𝑓 ) |𝐻sim

𝑘 |
] )

. (5)

The softplus function ln (1 + 𝑒𝑥) ensures a strictly positive generated antenna pattern. An addi-
tive correction 𝐶𝐹 on the scaled simulated pattern 𝑠( 𝑓 ) |𝐻sim

𝑘
| is generated. The additive term

𝐶𝐹 ( 𝑓 ,Θ,Φ) is a three-dimensional correlated field that enables non-parametric modeling of high-
dimensional fields [20]. The scaling parameter 𝑠( 𝑓 ) is only frequency-dependent and follows a
Gaussian prior. The generated antenna pattern is compared with the measured data using Eq. 3. A
likelihood quantifies their agreement within the measurement uncertainties. The algorithm com-
bines this likelihood with the prior distributions to iteratively approximate the posterior distribution.
A more detailed explanation can be found in [18].

4.2 First Results

First results of a reconstructed antenna pattern are shown in Fig. 4 for both polarizations and for
a fixed azimuth angle and frequency. The simulated pattern, shown with a blue line, is produced
with 4NEC2 [15] and has been used in previous studies [21, 22]. In this contribution, the absolute
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Figure 4: Left: The reconstructed antenna pattern of |𝐻𝜃 | of the EW channel for Φ = 270◦ and 𝑓 = 55 MHz.
Right: The reconstructed antenna pattern of |𝐻𝜙 | of the EW channel for Φ = 180◦ and 𝑓 = 55 MHz. The
blue line indicates the simulated antenna pattern. The orange line and red band show the mean and standard
deviation of the reconstructed posterior distribution, respectively. The black symbols show the measured
data, with the total flight-dependent uncertainties indicated by the error bars.

calibration is replaced with a frequency-dependent normalization of the reconstructed pattern to
the simulated pattern. The normalization is done simultaneously for both polarizations. The mean
and the standard deviation of the reconstructed posterior distribution are shown with an orange line
and red error band. The measured data are shown in black. The uncertainty on each data point
is obtained by adding the flight-dependent systematic and statistical uncertainties in quadrature.
Both contributions are modeled as Gaussian and uncorrelated between measurements. The global
uncertainty is not included in the reconstruction, as it is absorbed by the normalization. The
resulting reconstructed uncertainty for the region of the example data point in Sec. 3 is 1.6%.
The uncertainty is likely underestimated due to the assumption that the systematic uncertainties
are uncorrelated and Gaussian. Differences in the shape between the reconstructed and simulated
antenna pattern are subject to further investigation.

5. Conclusion

An in-situ calibration campaign of the AugerPrime radio detector has been performed in March/April
2026. For the calibration, a drone-based setup has been developed, which allows us to efficiently
sample a large number of arrival directions and frequencies. A preliminary reconstruction of the
continuous antenna pattern based on the sparse calibration measurements has been presented. The
reconstruction is based on a Bayesian framework and allows us to disentangle the polarization
mixing present in the data. The preliminary estimated uncertainty of the reconstructed antenna
pattern is 1.6% in the example region.
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