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Abstract. The knowledge of radar system properties is cru-
cial for judging radar performance and correctly interpret-
ing received raw and analysed data. The most critical part
of that is the radiation pattern, which is often very difficult
to measure for atmospheric/ionospheric sounding radars as
the beam pointing direction is often almost vertical. Another
fundamental aspect of multi-receiver radars is the accurate
knowledge of receiver phases, which are a prerequisite for
interferometry applications. Both topics present challenges
for large-aperture radars, and are especially difficult for those
operating in the lower high-frequency band. On 28 May 2024
the stratospheric balloon mission HELIX was launched with
its payload at the Esrange Space Center, which later flew
very close the Norwegian island Andgya. This drifting struc-
ture was seen on three co-located radar systems covering the
lowermost HF (3.17 MHz) and the lower VHF (32.55 and
53.5 MHz) region. The detected backscatter was used to per-
form active phase calibration of the VHF system, which al-
lowed the verification of the target positioning by interferom-
etry for all three radars. Furthermore, it enabled the general
confirmation of the two-way radiation pattern of all the sys-
tems.

1 Introduction

Radar calibration efforts are essential for the correct, reliable
and successful operation of radar systems and for the analy-
sis of the collected data. Some radar properties and calibra-
tion parameters of the system can be directly measured, oth-
ers can be inferred, while some even need to be assumed or

anticipated. This information is indispensable to gain knowl-
edge about the current status, its health and performance of
the radar system. Some of the desirable parameters allow the
comparison of radar experiments conducted with different
radar systems, e.g. volume reflectivity of certain atmospheric
radar targets (see e.g. Latteck et al., 2021). Furthermore, a re-
liable receiver phase calibration including the entire receiver
chain from the antennas to the digitizers is essential for in-
terferometric methods, e.g. Angle-of-Arrival estimations for
meteor radar observations (AOA, see e.g. Holdsworth et al.,
2004; Spargo, 2016) or for imaging techniques (Urco et al.,
2019).

Without a solid understanding of the components involved
in the system, the transmit radar beam could be widened or
positioned away from the anticipated direction. Equivalently,
for reception the phases for each receiver channel need to be
known and stable for proper combination or interferometric
use.

While for high-power VHF radars quite some options for
radar calibration including the antenna array are available
(see e.g. Mathews et al., 1988; Palmer et al., 1996; Chau
et al., 2008; Gao and Mathews, 2014), things get very dif-
ficult at lower frequencies (see e.g. From and Whitehead,
1984; Tsutsumi et al., 1999; Bernhardt et al., 2008). Suit-
able targets for high frequency radars (HF, 3-30 MHz), with
a size in the order of half of the wavelength and at sufficient
distance to measure in the far field, are basically limited to
horizontal (along Earth’s curvature) propagation. Larger con-
struction like buildings, communication or wind turbine tow-
ers etc. are suitable targets for even the lowermost end of the
HF range. Quite recently floating platforms have been also
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Figure 1. Map of the HELIX trajectory starting in Kiruna/Swe-
den traversing over Northern Norway and near the radar systems
on Andgya island. The dashed circles indicate the radars field of
view for 6 = 30° (MAARSY) and 6 = 60° (Saura and SIMONe) at
35 km altitude. Map sources: Esri, TomTom, Garmin, FAO, NOAA,
USGS.

used for calibration of HF radars (Wan et al., 2022). Sim-
ilarly for atmospheric sounders with horizontal pointing in
this frequency range echoes from E region layers may be uti-
lized (e.g. Ponomarenko et al., 2018). Using such targets with
highly directive vertical pointing radars won’t yield much in-
formation as the involved antenna arrays are insensitive in
these directions. For vertical mainbeam pointing radars ap-
plicable artificial targets are extremely rare and have been
only envisioned (Bernhardt et al., 2008).

As a fortunate coincidence on 28 May 2024 a stratospheric
balloon was traveling near the island of Andgya in Northern
Norway, where three atmospheric radar systems are operated
spanning from nearly 3 to 53.5 MHz frequency (see a map in
Fig. 1). This stratospheric balloon and its payload, mission
named HELIX (The High Energy Light Isotope eXperiment
program of direct cosmic-ray studies; HELIX Collaboration
et al., 2023; StratoCat, 2023), was launched at the Esrange
Space Center near Kiruna/Sweden (67.88°N, 21.12°E) and
turned out to be a very useful radar calibration target. Given
the rather remote radar location even airplanes of sufficient
size do not likely fly anywhere near the radar main beam
pointing at largest possible altitudes. Furthermore, the rela-
tively high velocity might be a challenge for especially the
3 MHz radar as the typical experiment settings are optimized
for targets at much greater distance and comparably less rel-
ative velocities.

In the following the earlier calibration efforts for the three
radar systems involved in this study are summarized. Subse-
quently we will describe the analysis and applied methods for
this radar calibration knowing the HELIX’s GNSS trajectory.
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Figure 2. Sketch of the MAARSY main antenna array, red sections
and corresponding numbers mark some of the subarrays connected
to receiver channel for the utilized experiment.

We will discuss the results and finish with the conclusions of
these calibration efforts.

2 Radar descriptions and previous calibrations
2.1 MAARSY - previous calibration experiments

The Middle Atmosphere Alomar Radar System (MAARSY)
is a versatile high-power-large-aperture VHF radar, operated
at 53.5MHz, and built to conduct horizontally and verti-
cally resolved measurements in the mesosphere, lower strato-
sphere and troposphere (Latteck et al., 2012). Given its arc-
tic location (69.30° N, 16.04° E) MAARSY’s main scientific
objectives are radar echoes from the polar mesosphere at 50—
90 km altitude (see e.g. Latteck et al., 2021), although meteor
studies (see e.g. Schult et al., 2021; Huyghebaert et al., 2025)
and measurements in the troposphere and lower stratosphere
(see e.g. Ghosh et al., 2024) are also carried out.

The radar is composed of an array of 433 antennas
each connected to an individual transceiver module, comple-
mented by in total 49 auxiliary receive-only antennas at the
circumference of the main array (see Fig. 2).

The receiving system consist of 16 channels, which can
be connected to either the total main array or various subar-
rays inside or outside the main array through a selection and
combining unit.

For MAARSY various experiments have been conducted
during the initial years of the system to calibrate the receiving
and transmitting part of the system. These experiments in-
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cluded hardware measurements of the coaxial antenna cables
in amplitude and phase, injecting reference signals into the
receiver to measure linearity and phase (Latteck et al., 2008).
Furthermore, passive experiments were conducted employ-
ing radio astronomy methods to verify the beam pointing and
beam width (Renkwitz et al., 2012, 2013).

Additional information about the transmit and receive pat-
tern were gained with active radar experiments analyzing the
backscatter of a sounding rocket payload and the locations of
meteor head echoes (Renkwitz et al., 2015, 2017).

The MAARSY receiver phase calibration using the galac-
tic radio source Cassiopeia A has been performed frequently
(Chau et al., 2014) and since a few years it’s derived every
day, when the radio source drifts through the oblique beam
(¢ = 180°, 6 = 10.5°) of the standard atmospheric monitor-
ing experiment. Other active experiments exploiting reflec-
tions off the moon and satellites turned out to have too large
uncertainties.

The limitations of these experiments are, that the passive
radio astronomy experiments basically can only conducted
for southern directions due to the polar location of the radar.
The active experiment are either rarely done towards only
one major direction (sounding rocket trajectory) and for the
meteor head echoes only the vertical beam pointing has been
used.

2.2 SIMONe Norway — previous calibrations

SIMONe Norway is a multi-static coded continuous wave
meteor radar network operating at 32.55 MHz and as a wide
field of view instrument it’s covering about 500 km radius
from its center. On the transmit site six 2-element crossed
yagi antennas emit individual orthogonal codes, while only
one of the eight receiving sites of the network use a five
antenna interferometer of 3-element crossed yagi antennas.
The receiving sites used in this study (near Stg and Saura)
are single-antenna site, which means that the transmitters are
used to derive angle-of-departure estimates to determine the
target positions. These estimates require accurate knowledge
of the relative phases of the transmitted signals. More details
are provided in Huyghebaert et al. (2022).

The phase calibration of SIMONe interferometers, in this
case the transmitting site, follows the empirical approach of
Chau and Clahsen (2019). This method derives the relative
phase offsets directly from specular meteor echo data by ap-
plying beamforming and least-squares fitting to the complex
spatial coherences of selected echoes. It first performs a rela-
tive calibration using suitable meteor events and then refines
the absolute phases through optimization constrained by the
expected angular and altitude distributions of specular me-
teor echoes.
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Figure 3. Sketch of the Saura radar antenna array, marked antennas
are connected to individual receiver channels used for interferomet-
ric AoA solutions.

2.3 Saura - previous calibrations

The Saura partial reflection radar (PRR) is operated at
3.17MHz and thus is sensible to gradients in the electron
density allowing partial reflection from the lowermost part
of the ionosphere (Singer et al., 2008). With its rather large
antenna array (Fig. 3) and individual transceiver modules per
antenna Doppler Beam Steering experiments are conducted.
These measurements are mostly meant for deriving horizon-
tal and vertical winds and the vertical electron density profile
utilizing both magneto-ionic polarisations (Renkwitz et al.,
2018, 2023).

A calibration of that radar is basically limited to a few
hardware measurements, specifically for the range and phase
of the individual receiver channel by injecting a known sig-
nal into the antenna ports. These tests revealed no significant
phase offset for the current Saura receiving system. There-
fore the larger uncertainty lies with the coaxial cables and
the antennas.

The phases of the coaxial cable cannot be measured eas-
ily as they are connected to each dipole antenna feed at
about 10 m above ground. However, they have been phased
matched when the radar was installed in 2002. One good in-
dication of proper functionality, except atmospheric radar re-
turns, are measurements of s21 parameter with a network an-
alyzer between adjacent antennas. With that an isolation of
approximately —35 dB for directly neighboring antennas and
about another 10 dB to the second next were found, which in-
dicates a generally good condition. At the same time a mean
phase offset of 96.3° was measurable for adjacent antennas
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across the array, which corresponds quite nicely to the free-
space assumption

Ve = 360° — dyp /A - 360° = 93.7° )

where . represents the coupling phase, dsp, and A the spac-
ing distance of the antennas and the wavelength, both in
unit m. Deviations below 10° could be found and are used
as reference for future comparisons. The simulation of the
antenna coupling by using e.g. Numerical Electromagnetics
Code (NEC) or other appropriate tools is certainly useful,
but even without this relative information is gained given the
very regular arrangement of the antenna array.

For a presumably reliable phase calibration of the receiv-
ing system we, however, applied an empirical and iterative
process using interferometric AoA-positions to solve the 2
ambiguity resulting from the widely spaced antenna array
(980 m each axis, equivalent to almost 10.5 A). For that, we
assume that the derived median AoA-positions of the iono-
spheric return for a period of e.g. one month do not vary
much. Thus, for the vertical beam pointing experiment the
corresponding AoA-position should be found for any combi-
nations of the receiving antennas at zenith. For the four off-
vertical positions, symmetric AoA-positions near the nomi-
nal beam pointing directions need to be found. The statistical
locations of the scattering D region structures are shown in
Fig. 3 of Renkwitz et al. (2018). Starting with e.g. the small-
est triangle (receiver 3, 8, 9) for the largest unambiguous
angular coverage, receiver phases are optimized for the ex-
pected positions. Iteratively, the other possible receiver com-
binations are used to optimize their phases.

A limitation of this method is, that phases are only derived
for the antennas that are connected to the receivers and with
that eight out of 31, while the first channel is connected to
the hardware combined array of 29 antennas. Thus, all other
antennas would need to be connected to the receivers for a
sufficient amount of time, even though these would not be
specifically useful for the scientific mission.

3 Experiments and data analysis

The detected echo power of MAARSY for vertical beam
pointing employing the entire antenna array for transmit and
receive during six hours around the HELIX passage are de-
picted in Fig. 4. The received echoes from HELIX are fa-
vorably placed in between the maximum range (basically the
height) of the lower stratosphere and the lower ranges of the
Polar Mesosphere Summer Echoes (PMSE).

The radar typically conducts experiments with a limited
number of beam pointing directions to maintain a good tem-
poral resolution. Outside a dedicated campaign, typical ex-
periments are conducted with vertical beam pointing for the
mesosphere or a five beam pointing direction scanning mode,
simultaneously monitoring from the troposphere to the meso-
sphere.

Atmos. Meas. Tech., 19, 1825-1835, 2026
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Figure 4. Echo strength recorded by MAARSY on 28 May 2024.
The trail of HELIX is clearly visible between 30 and 60 km range
below a polar mesospheric summer echo at 88 km altitude and
above the tropospheric echoes.

For this study the five beam scanning experiment is ex-
ploited in order to maximize the chances matching the trans-
mit beam main and sidelobes to the HELIX trajectory.

3.1 Receiver phase calibration of MAARSY knowing
the position of the scattering target

Even though MAARSY is regularly calibrated by galactic
noise sources, predominantly the supernova remnant Cas-
siopeia A, we aimed for applying the same concept on the
HELIX balloon. The passive receiving system phase calibra-
tion of MAARSY has been described in Chau et al. (2014)
and is typically performed for the culmination at ¢ = 180°
and 6 = 10.5°. For our resolution this source can be treated
as a point target at infinity distance and for a given time it
is located at the directions cosines 6, and 6. The expected
phase difference at two antennas i and j is

$ij =27 /A (Axij0x + Ayij0y 4+ Az6;) + Ajj ()

where Ax, Ay, Az represent the antenna spacings and A the
wavelength, both in m, and Aij is the phase offset.

Since a few years this beam pointing direction for Cas-
siopeia A is probed by a standard monitoring experiment and
thus allows a daily median calibration phase. Knowing the
position of the source, in this case the reflecting target, per
time, we calculate the corresponding phases of the antenna
array subarrays connected to the individual receiver chan-
nel (Eq. 2). Comparing the simulated and measured phase
offsets between subarrays enables the derivation of initially
unknown phases, such as those of the internal system and
antenna contributions.

For this active phase calibration with HELIX the time of
its passage through the main beam and for vertical pointing
direction was used to avoid ambiguities of phase wraps re-
sulting into fringes and radiation pattern induced signal-to-
noise ratio reduction. The comparison of the passive phase
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Figure 5. Derived MAARSY receiver phases for two indepen-
dent experiments, multi-month estimates using Cassiopeia A radio
source (blue) and from backscatter of HELIX flyover (red). Broken
lines represent the corresponding standard deviation.

calibration using Cassiopeia A and the active HELIX cali-
bration is shown in Fig. 5 for all 16 receiver channel.

3.2 AoA comparison with trajectory — Saura

In this section we present the derived target positions for
the Saura PRR applying the assumed receiver phases. These
phases have been empirically estimated by measurements of
the antenna array and coaxial cable network and statistical
Ao0A positions.

We applied the estimated phases to solve for multiple si-
multaneous targets using the MUSIC algorithm (Schmidt,
1986). Given the partly large baselines, multiple AoA solu-
tions are possible due to unknown number of phase wraps
(2 ambiguity). As the position of the balloon is known by
the GNSS track, we restrict the AoA solutions around the
known position at the time. The estimated AoA positions of
HELIX are shown in Fig. 6 depicted in directional cosines
of spherical coordinates for both polarisations used by Saura
and the superimposed GNSS track. The same AoA positions
and HELIX GNSS track are shown in Fig. 7, but shown
in color-coded altitude over latitude and longitude. The de-
rived AoA positions within 6 < 60° match the GNSS track
quite nicely, however the estimated altitudes partly differ by
500 m, which is actually below the range resolution of the
radar experiment. The 60° zenith angle field of view are cir-
cumscribed by the maximum possible range to the target as
above 80 km range the ionospheric echoes superseded.

3.3 AoA comparison with trajectory - MAARSY

In the case of MAARSY, both plain AoA solutions with only
three subarray groups as well as MUSIC have been tested
with a different number of receiver channel. In the simplest
case, receivers 10, 11 and 16 (see Fig. 2) are assigned to
the closely spaced subarrays B-06, C-02 and B-08, respec-
tively, to estimate positions as these offer the largest angular
unambiguity. Here we only solved for one dominant posi-
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Figure 7. Trajectory of HELIX (dots) superimposed by derived
AoA positions for Saura using MUSIC (O and X symbols for cor-
responding magneto-ionic mode), color-coded are the altitudes for
both.

tion for each experiment runtime of 48 s. The found positions
agreed well to the HELIX trajectory, however, by this test we
only verified the plausibility of these three estimated receiver
phases. AoA positions using all eight equivalent subarrays
(channel 9-16) at once without considering 27 ambiguities
results into alias positions within the unambiguous angular
ranges. Without any previous knowledge one needs to test
various possible phase wraps for each subarray to find the
most likely AoA position based on the phase residuals.
Another efficient method to solve for multi channel AoA
positions is MUSIC as we have applied it already to the
Saura PRR data for the same purpose. We tested MUSIC us-
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Figure 8. Trajectory of HELIX converted to spherical coordinates at
MAARSY location superimposed by the derived MUSIC positions
using eight hexagon-shaped subarray groups.

ing seven of the larger subarray groups (A-F, M) as well as
the eight smallest subarray groups and using the 15 receiver
channel altogether. The latter turned out to show the largest
errors in the estimated positions, which we attribute to the re-
dundancy and mutual dependency of quite some of the small-
est subarrays from the larger patches, as they are actually a
part of it. Furthermore the quite different beamwidths of 31°
instead of 11° and the corresponding nulls in the subarray
pattern will have an impact. The derived locations of HELIX
using MUSIC with eight groups of seven antennas each are
depicted in Fig. 8, with color-coded range to both the HELIX
trajectory and the estimated positions.

3.4 AoA comparison with trajectory — SIMONe
Norway

In principle the SIMONe system represents an all-sky instru-
ment as basically individual antennas with little directivity
are used for the transmission site. This configuration offers
a large angular field of view, which is also visible in the de-
tected HELIX radar echoes and thus AoA positions covering
a distance of up to 100 km into southeastern direction dur-
ing its approach. The derived HELIX locations for Stg over-
laid with the GNSS positions are depicted in Fig. 9, where
the positions are obtained using an approach similar to the
beamforming and nonlinear least-squares method applied in
the specular meteor analysis described by Chau and Clahsen
(2019). In this case, however, the cross-spectra between the
antennas are used instead of the complex spatial coherences.

This field of view is supported by the open fjord waters
in that direction in contrast to the 45 km towards northwest,
where at the transmit site for this direction the lower eleva-
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Figure 9. Trajectory of HELIX over geographical coordinates su-
perimposed by the derived AoA positions for the SIMONe Norway
Andenes-Stg link. Both radar sites are indicated.

tion angles are blocked by hills with a peak height of about
400 ma.s.lL.

Equivalent results with even a bit less scatter were also
derived for the SIMONe receiver located at Saura, near the
Saura PRR radar site. For the other locations of the network
the coverage was partly significantly reduced, caused by less
favoured locations, namely reduced field of view, ambient
noise and being at more remote locations and thus also hav-
ing a significantly different incident angle to HELIX than the
transmitter site.

3.5 Comparison of simulated radiation pattern and
detected echo power

In this section we aim to compare the simulated radiation pat-
tern of the radar with the detected echo power for individual
beam pointing directions.

In the case of Saura, HELIX was drifting through the
dominant sidelobes, which are caused by the sparsely pop-
ulated Mills-cross antenna array configuration (see Fig. 3).
The transmission radiation pattern is calculated purely on the
geometry, specifically the antenna locations and thus the ar-
ray factor, and assuming a cos3(0) pattern for the individ-
ual dipoles. Note, the antenna dipoles are mounted above a
typically rather watery soil and this assumption might still
be too tentative. To estimate the variability of the received
echo power for a single receiver and thus antenna, the super-
position of the transmission pattern and another dipole pat-
tern is used to calculate the required two-way intensities (see
Fig. 10). The detected as well as the simulated intensities for
the five beam pointing directions over time are depicted in
Fig. 11. Note, the shown detected power represents the me-
dian of the receiver channels that have been used previously
for the direction finding interferometry for each experiment
runtime of 220s, basically still representing a single dipole
on reception.

The same methodology of comparing the detected echo
power with the simulated radiation pattern was also used for
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Figure 10. Simulated two-way radiation pattern of Saura with beam
pointing to southeastern position superimposed with the HELIX tra-
jectory.
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Figure 11. Detected power along for the individual beam pointing
directions of Saura and nominal range to HELIX (upper panel) and
the predicted power from the simulated radiation pattern.

MAARSY. For this radar system multiple options exist as
MAARSY receiver channels are typically connected to dif-
ferent sizes of patches (subarrays) distributed within or out-
side the main antenna array. Here, we present the results for
subarrays of 49 antennas (called anemone), which are formed
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Figure 12. MAARSY two-way vertical beam pointing radiation
pattern using the entire antenna array on transmission and a 49 an-
tenna subarray on reception. The red track represents the HELIX
trajectory.

out of seven hexagon-shaped groups with each seven anten-
nas that represent the smallest available subarrays.

The simulated vertical beam pointing radiation pattern for
MAARSY using the entire antenna array (433 elements) for
transmission and a 49 element subarray on reception is de-
picted in Fig. 12. For this simulation we again calculate the
array factor based on the array geometry and approximate the
pattern of the individual array element by a cos(#)* pattern
to maintain a realistic suppression off boresight pointing (—3
and —10dB at 38 and 65°, respectively).

Contrary to the situation for Saura, HELIX was actually
passing through MAARSY’s mainbeam lobe as well as basi-
cally all concentric sidelobes. This symmetry is also visible
for the simulated and detected power in Fig. 13 for the verti-
cal beam pointing.

Complementary, the results for the entire main antenna ar-
ray and for the smallest subarray of seven antennas on recep-
tion are shown in the Appendix (Figs. Al and A2).

4 Discussion

The MAARSY receiver phases derived from the active HE-
LIX experiment partly differ from those of the regularly con-
ducted passive experiment (Fig. 5). The largest deviation are
in the order of 0.25 rad, e.g. for receiver number 7. The esti-
mated values from the active experiment are, however, within
the statistical uncertainty of the passive experiment. Note,
the phases of the passive experiment are typically averaged
for weeks or even months to reduce the uncertainty. A larger
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Figure 13. Equivalent to Fig. 11, comparison of detected power at
MAARSY 49 element array (top) and the predicted power from the
simulated radiation pattern.

variability of phase estimates is regularly seen for the passive
CasA calibrations with standard deviation of up to 35° even
for multiple consecutive days. This spread was interpreted as
being caused by both internal and external effects. Internal
effects might be individual misbehaving, e.g. not properly
initialized or synchronized, receiver modules, which might
occur for individual or multiple modules for one experiment
run. External effects for the observed phase variability origin
from ionospheric effects like scintillations or from changes
of the antenna array properties. The antenna array properties
may be modified by weather, covering parts of the antenna
array elements and the soil by water, snow and ice. These
variations will also affect the coupling of the antennas and
thus the phase center of the subarrays forming the receiver
channel.

Seeing a much reduced variability of estimated phases for
HELIX suggests that the internal effects are less important
than external ionospheric effects as for the HELIX experi-
ment no ionospheric wave propagation was involved.

The derived AoA MUSIC positions of the Saura PRR
matched nicely the HELIX GNSS track of both polarisations,
up to off-vertical angles of about 55° (Fig. 6). An equiva-
lently good agreement was visible for the derived altitudes
with errors less than the radar range resolution (Fig. 7). Be-
yond the zenith angle of 55° (69°N, 17.5°E; ~ 62km dis-
tance for the approach) the estimates deviate substantially.
This is caused by the angular attenuation given by the radia-
tion pattern, but more importantly the presence of the lower
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ionosphere. Partial reflection echoes start to be seen from
about 60 km altitude and thus mask the rather faint oblique
HELIX signal by that time.

For MAARSY, the derived MUSIC positions of HELIX
seem to scatter around the nominal GNSS track (Fig. 8) for
locations near the main beam pointing direction but also
within the sidelobes. The shown results origins from us-
ing eight hexagon-shaped groups (each seven antennas) dis-
tributed over the array. In principle the same behavior was
also found for using seven large subarrays of each 49 anten-
nas representing the majority of the antennas array, however,
here the reduced beam width limited the angular visibility
of the HELIX echoes. Already the most simplest interferom-
etry attempt, using only three nearby small subarrays have
shown the same variability. At this point we speculate that
the observed variability of the AoA positions is caused by
the angular dependency of radar cross-section and the super-
position of the many individual scattering structures of HE-
LIX, the balloon coated with radar reflective sheet, the mul-
tiform payload and the harness between both. Note the radar
wavelength of 5.6 m that roughly matches the size of the pay-
load structure and the rather nicely shaped balloon of about
10° m? volume. Nevertheless most of the derived AoA posi-
tions match well to the GNSS track confirming the previous
phase calibration.

For SIMONe we focussed on two receiving locations,
which have shown the best coverage of HELIX because of
their favorable locations near the transmitter site and free
line-of-sight to most of the trajectory. For both locations
nearly 150km coverage of the HELIX track was achieved
and have been compared to the GNSS track (Fig. 9). The
derived altitudes deviate to the GNSS track by less than the
range resolution of the radar system, while the best match
was found near the mid-point of the field of view. Besides
that, a minor clockwise rotation of the derived positions
(& 1°) is discernible, which might be caused by a possible
imperfection of the known transmit antenna locations.

In summary of the previously discussed results we were
able to derive reasonably accurate AoA positions for all three
radar systems. Some of the observed inaccuracies were sur-
prisingly found for the VHF radar, but for this wavelength
HELIX certainly does not represent an ideal calibration tar-
get given its dimensions and multiform shape. To ascertain
the correct detection of HELIX, giving its strong backscatter
and thus the presence of clearly visible code sidelobes along
the range sampling, we also compared the detected range
with the calculated range to the GNSS positions. The largest
range deviation to the calculated range to the GNSS track are
equivalent to the range resolution and a median deviation of
only 2m was found (Fig. 14), which demonstrates a proper
range calibration and detection of the target.

Subsequently we aimed for comparing the assumed radia-
tion pattern of Saura and MAARSY with the detected echo
power. Here we found an overall good agreement in the gen-
eral evolution of the detected echo power and the simulated
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Figure 14. MAARSY detected range vs. calculated range from the
interpolated HELIX trajectory (upper panel) and the resulting dif-
ferential range.

intensities (Figs. 11, 13). The timing of the relative enhance-
ments of the detected power for the individual beam point-
ing directions when HELIX was crossing the side or even
main lobes are very pronounced. This is particularly obvious
for the major Saura sidelobes angularly spread beyond 45°
zenith angle (Fig. 10). A detailed one-to-one comparison of
the individual simulated sidelobes however show quite some
variability, but it’s not been the aim of this study to achieve
a full sphere calibration of the radar. For this we would need
to model the antenna arrays much more accurately includ-
ing the actual antenna properties, soil conditions etc. and the
mutual coupling between the antennas, whereas we only cal-
culated the array factor based on the antenna center locations
and assumed the radiation pattern of the individual anten-
nas. The total dynamic of simulated and detected power dif-
fer most for Saura, where, on the one hand, the watery soil
might have a much larger impact on the antenna radiation
pattern than expected, and on the other hand, the angular de-
pendence on the radar cross-section of HELIX for this low
frequency might be quite substantial.

5 Conclusions and outlook

In this study, we present the calibration of three different
co-located atmospheric radar systems covering the frequency
range of 3 to 53.5 MHz by observing a stratospheric balloon
and its payload. While for the VHF radar various calibration
targets and methods are applicable, but especially for the ver-
tical pointing 3.17 MHz Saura system the options are very
limited, given its low frequency and thus required target size
and distance. A favorable situation appeared when a strato-
spheric balloon and its payload fortuitously drifted near the
radar locations. Given the proximity, and especially the size,
of the balloon and the payload a sufficient signal-to-noise ra-
tio (SNR) was also detected with Saura.

https://doi.org/10.5194/amt-19-1825-2026

We thus exploited the datasets of these radars to solve for
Ao0A positions and by that confirmed the correct receiver
phases and performance of the radars. For most cases the de-
rived AoA positions were nicely matching the GNSS track,
however, the largest deviations were found either for low
SNR scenarios, but also for MAARSY near the main beam
and first sidelobe. A solid explanation for the latter could
not be found, but we speculate that the individual multiform
structures of the HELIX setup (balloon, payload and harness)
introduced competitive superimposing signals.

The main findings of the experiment are:

— Verification of earlier estimated or derived receiver
phases by tracking HELIX for all three radars.

— Detections of HELIX are according to the two-way ra-
diation patterns of the individual radars.

— Accordingly a maximum AoA coverage by SIMONe
(60 =72.2°, ~150km), Saura (§ =56.1°, ~120km)
and MAARSY (6 =22.3°, ~#40km) was accom-
plished.

— Observed deviations of the derived altitudes of the AoA
positions were typically within the range resolution of
the radars.

— For SIMONe a clockwise rotation of ~ 1° in the AoA
positons was found, likely attributed to inaccuracy in
the known transmit antenna locations.

— Active phase calibration experiment with MAARSY
confirmed the receiving phases previously derived from
passive experiments as well as proper transmit beam-
forming.

— A comparison of simulated backscatter intensities and
detected radar echoes for Saura and MAARSY was per-
formed to confirm the general radiation pattern, and
more specifically, the distribution and intensity of the
main and side lobes.

Considering the raised speculations about the VHF scat-
tering at the multiform of HELIX more advanced methods
such as imaging should help to eventually separate individ-
ual targets.

Since the HELIX mission, there have been seen at least
two more balloon missions within the visibility of the radars,
but they were practically at too large distances to be a suit-
able calibration target. Knowing about comparable missions
in the future and having access to their live GNSS locations
would enable one to set up specific experiments to steer the
radar beam into favourable nearby positions. For example,
this could be used for a symmetric drift scan.

Atmos. Meas. Tech., 19, 1825-1835, 2026
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Figure Al. Equivalent to Fig. 13, but for MAARSY two-way 433
element array.
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Figure A2. Equivalent to Fig. 13, but for using MAARSY’s 7 ele-
ment subarrays.
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