
Academic Editor: Paolo Tortora

Received: 20 December 2024

Revised: 10 January 2025

Accepted: 13 January 2025

Published: 16 January 2025

Citation: Cappuccio, P.; Sesta, A.; Di

Benedetto, M.; Durante, D.; De Filippis,

U.; di Stefano, I.; Iess, L.; Mackenzie,

R.; Godard, B. Analysis of Radio

Science Data from the KaT Instrument

of the 3GM Experiment During

JUICE’s Early Cruise Phase. Aerospace

2025, 12, 56. https://doi.org/

10.3390/aerospace12010056

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Analysis of Radio Science Data from the KaT Instrument of the
3GM Experiment During JUICE’s Early Cruise Phase
Paolo Cappuccio 1,*,† , Andrea Sesta 1 , Mauro Di Benedetto 1, Daniele Durante 1 , Umberto De Filippis 1,
Ivan di Stefano 1 , Luciano Iess 1 , Ruaraidh Mackenzie 2 and Bernard Godard 2

1 Department of Mechanical and Space Engineering, Sapienza University of Rome, Via Eudossiana 18,
00184 Rome, Italy; andrea.sesta@uniroma1.it (A.S.); mauro.dibenedetto@uniroma1.it (M.D.B.);
daniele.durante@uniroma1.it (D.D.); umberto.defilippis@uniroma1.it (U.D.F.);
ivan.distefano@uniroma1.it (I.d.S.); luciano.iess@uniroma1.it (L.I.)

2 European Space Operations Centre, Robert-Bosch-Str. 5, 64293 Darmstadt, Germany;
ruaraidh.mackenzie@esa.int (R.M.); bernard.godard@ext.esa.int (B.G.)

* Correspondence: paolo.cappuccio@uniroma1.it or paolo.cappuccio@ext.esa.int
† Current address: Aurora Technology for ESAC, Camino Bajo del Castillo s/n, 28692 Villanueva de la Cañada, Spain.

Abstract: The JUpiter Icy Moon Explorer (JUICE) mission, launched on 14 April 2023, aims
to explore Jupiter and its Galilean moons, with arrival in the Jovian system planned for
mid-2031. One of the scientific investigations is the Geodesy and Geophysics of Jupiter
and the Galilean Moons (3GM) radio science experiment, designed to study the interior
structures of Europa, Callisto, and Ganymede and the atmospheres of Jupiter and the
Galilean moons. The 3GM experiment employs a Ka-band Transponder (KaT) to enable
two-way coherent range and Doppler measurements used for the gravity experiment and
an Ultra Stable Oscillator (USO) for one-way downlink occultation experiments. This
paper analyzes KaT data collected at the ESA/ESTRACK ground station in Malargüe,
Argentina, during the Near-Earth Commissioning Phase (NECP) in May 2023 and the
first in-cruise payload checkout (PC01) in January 2024. The radiometric data were fitted
using both NASA’s Mission Analysis, Operations, and Navigation Toolkit Environment
(MONTE) and ESA’s General Orbit Determination and Optimization Toolkit (GODOT)
software. The comparison of the orbital solutions showed an excellent agreement. In
addition, the Doppler and range residuals allowed a preliminary assessment of the quality
of the radiometric measurements. During the NECP pass, the radio link data showed a
range-rate noise of 0.012 mm/s at 1000 s integration time, while the root mean square of
the range residuals sampled at 1 s was 8.4 mm. During the first payload checkout, the
signal power at the KaT input closely matched the value expected at Jupiter, due to a
specific ground station setup. This provided early indications of the 3GM’s performance
during the Jovian phase. In this test, the accuracy of range data at an integration time
of 1 s, particularly sensitive to the link signal-to-noise ratio, degraded to 13.6 cm, whilst
the range-rate accuracy turned out to be better than 0.003 mm/s at 1000 s, thanks to the
accurate tropospheric delay calibration system (TDCS) available at the Malargue station
(inactive during NECP).

Keywords: orbit determination; radio science; planetary science

1. Introduction
The JUICE mission was launched on 14 April 2023 from the Kourou spaceport, located

in French Guyana. The spacecraft is currently in its interplanetary cruise, comprising
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three Earth flybys and one Venus flyby, en route to the Jovian system. The Jupiter Orbit
Insertion (JOI) will occur in July 2031, and it will be followed by a Ganymede flyby, assisting
in the propellant consumption reduction needed for the capture maneuver. The scientific
phase of the mission envisages a 3.5-year tour in the Jovian system comprising a series of
flybys of the Galilean moons Europa, Callisto, and Ganymede. At the end of the tour in
2034, JUICE will enter into orbit around Ganymede, initially in a Ganymede Elliptical Orbit
(GEO) with a pericenter of 200 km and an apocenter of 10000 km, followed by a Ganymede
Circular Orbit at approximately 500 km of altitude (GCO500). Thanks to the propellant
saved by launching in the optimal window, the residual ∆V could be used to restore a
GCO phase at 200 km of altitude (GCO200), a phase that was initially included within the
mission baseline and then canceled due to a partial redesign of the original tour.

The JUICE mission includes 11 scientific investigations aimed at characterizing the
structure and environment of Jupiter and its Galilean moons [1]. One of the key inves-
tigations is the 3GM radio science experiment, which focuses on probing the interior
structure and ionosphere [2,3] of the Galilean moons and the atmosphere and ionosphere
of Jupiter [4] by exploiting radio links at X- and Ka-band through two completely sepa-
rated and independent units, namely the Ka-band transponder (KaT) and an ultra-stable
oscillator (USO).

This paper focuses on the analysis of KaT data acquired during the near-Earth commis-
sioning phase and the first payload checkout (PC01). Our goal is to assess the preliminary
in-flight performances of the two-way coherent Ka/Ka radio link during these early mis-
sion phases. We evaluate the compensation of tropospheric effects using global navigation
satellite system (GNSS) calibration files [5] and the tropospheric delay calibration system
(TDCS), a state-of-the-art water vapor radiometer [6,7].

Additionally, we aim to validate the orbit determination setup to ensure its accuracy
and reliability. To achieve this, we perform a detailed evaluation using two established
software codes: NASA’s MONTE [8] and ESA’s GODOT (https://godot.io.esa.int/godotpy
accessed on 10 January 2025). By comparing the results generated by MONTE and GODOT,
we aim to identify any discrepancies and assess the performance and precision of our
implementation. This comparative analysis will help us understand the strengths and
limitations of our orbit determination setups.

This paper is organized as follows: in Section 2 we present the 3GM experiment and
the observation campaigns. Section 3 outlines the orbit determination setup. Section 4
presents the results of our analysis, and in Section 5 we offer preliminary conclusions.

2. 3GM Experiment
The 3GM experiment science goals pertain to the geodesy and geophysics of the

Galilean satellites [9–11] and atmospheric science [4]. The USO is used to generate a
stable reference signal for one-way downlink occultation experiments at both X and Ka
bands. The KaT is used for gravity measurements, providing precise two-way coherent
range and Doppler (range-rate) data at Ka-band. Additionally, data from a high-accuracy
accelerometer (HAA) [12] will be used to mitigate the disturbance effect of propellant
sloshing on the orbit reconstruction, especially during flybys.

The main scientific objectives of the 3GM gravity experiment are:

• The determination of Ganymede’s gravity field, at least to degree and order 30.
• The measurement of Ganymede complex tidal Love number with an accuracy better

than 0.001 at the orbital frequency.
• The measurement of selected tidal Love numbers associated with inter-satellite tides.
• The measurement of Ganymede rotational state.

https://godot.io.esa.int/godotpy
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• Determination of Callisto’s tidal Love number k2 with an absolute uncertainty better
than 0.06.

• The measurement of Callisto’s gravity field at least to degree and order 3 (with an
accuracy for J3 better than 4 × 10−8).

• The determination of Europa’s unconstrained J2 and C22 gravity coefficients with 1–2%
relative uncertainties.

• The improvement of the ephemerides of the Galilean moons [13].

The ability to meet or even exceed these requirements relies on the accuracy of the
3GM radiometric data, the ability to compensate for the effect of the propellant sloshing
by means of the HAA, the tour design, and the operational constraints of the spacecraft.
Current experiment simulations indicate not only that the scientific requirements will be
met, but most of them will also be exceeded [9,10,14,15]. Additionally, 3GM may perform
superior solar conjunctions experiments during the cruise phase to verify the general
relativity prediction of the time delay induced on the radio link by the solar gravity [16,17].

2.1. Radio Tracking System and Links

The KaT is used to establish a two-way coherent link with a ground station, en-
abling both Doppler shift measurements and pseudo-noise (PN) ranging measurements at
24.35 mega chips per second (Mcps) [18] in Ka-band (uplink ≈ 34.56 GHz − downlink ≈
32.27 GHz). The KaT is equipped with an internal Solid-State Power Amplifier (SSPA) that
provides a radio frequency output power of 1.9 W. For telecommanding and telemetry, the
radio system includes a deep space transponder (DST), which can receive uplink signals
at X-band (≈7.18 GHz) and retransmitting phase-coherent downlink signals both at X-
(≈8.44 GHz) and Ka-band (≈32.06 GHz). These links support Doppler and PN range
at 3 Mcps. The X- and Ka-band downlink signals are amplified by two traveling wave
tube amplifiers (TWTA), providing an output power of 52 and 27 W, respectively. The
onboard radio tracking system also includes a 2.54 m high-gain antenna (HGA) and a
0.56 m steerable medium-gain antenna (MGA). Both antennas support the five possible
links (referred to as the “full multifrequency link”), which enable near-complete cancelation
of plasma noise [19]. The JUICE state-of-the-art radio tracking system is similar to the
one already in use on BepiColombo [20]. This system has demonstrated the capability
to achieve two-way Doppler measurements with an accuracy of 0.003 mm/s at 1000 s of
integration time [21] and two-way range measurements with a jitter of ~4.5 cm at all solar
elongation angles [6].

2.2. Observation Campaigns

As of June 2024, the 3GM KaT operated during two short observation campaigns: the
Near-Earth Commission Phase and the first payload checkout. Both observation campaigns
were supported by the ESA ESTRACK deep-space antenna 3 (DSA-3), located in Malargüe,
Argentina. Up to now, it is the only ESA station capable of transmitting at Ka-band to
support a full multifrequency link. For these test campaigns, the uplink frequency has
been kept constant for the whole duration of each of the two passes. The onboard MGA
was used during these campaigns because in this phase of the mission the HGA acts as a
thermal shield to avoid overheating of the spacecraft due to the large solar flux experienced
in the early phases of the mission (compared to the one that will be experienced at Jupiter).

The KaT NECP test was performed from 22 May 2023 at 22:22 UTC to 23 May 2023 at
3:04 UTC, for a duration of about 4 h and 42 min. The round-trip light time between the
Earth and the JUICE spacecraft was ~62 s, corresponding to a relative distance of 0.06 AU,
while the spacecraft distance from the Sun was 1.05 AU. The test campaign was carried
out during an interactive session comprising several real-time functional checks to verify
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the status and operability of the instrument after launch. All tests were successful, and the
instrument operated nominally. After the functional checkout sequence, the KaT locked
the carrier signal from 22 May 2023 at 23:53 UTC to 23 May 2023 at 02:21 UTC. The ranging
modulation on the uplink signal started a few minutes later, and it was acquired on the KaT
from 23 May 2023 at 00:07 UTC to 02:15 UTC. Furthermore, the X/X and X/Ka links were
also activated to establish a full multifrequency link between 00:57 UTC and 2:05 UTC.

The second observation campaign was performed on 24 January 2024 from 07:33 to
9:07 UTC, as part of the first cruise payload checkout. The Earth-spacecraft round-trip
light time was ~260 s, corresponding to a relative distance of 0.26 AU, while JUICE was at
0.91 AU from the Sun. Differently from NECP, the KaT autonomously executed a series of
functional tests by means of a command sequence pre-loaded on the onboard computer
and then acquired Ka/Ka Doppler data from 7:57 to 9:03 UTC and PN range data from 8:11
to 9:00 UTC. In this case, it was not possible to operate the full multifrequency link due to
power limitations on the spacecraft.

During both campaigns, before the acquisition of the uplink carrier, the unit repeated
three self-calibration tests to measure the internal group delay, important in the process-
ing of the data by the orbit determination codes. The average group delay was about
702.22 ns during NECP and 701.63 ns during the payload checkout. These measurements
are perfectly in line with ground tests performed at the relevant temperature, showing
peak to peak variations below 0.04 ns.

The following Table 1 summarizes the main characteristics of the dataset analyzed in
this work.

Table 1. Main features of the two 3GM observation campaigns.

Campaign Test
Duration Link Tropospheric

Calibration
Earth-JUICE

Distance
Sun-JUICE

Distance
Round Trip
Light Time

NECP 125 min Ka/Ka, X/X,
X/Ka GNSS 0.06 AU 1.05 AU 62 s

PC01 65 min Ka/Ka TDCS and
GNSS 0.26 AU 0.91 AU 260 s

3. Orbit Determination Setup
The orbit determination process is used to obtain an estimate of the spacecraft’s

dynamical evolution based on the analysis of observable quantities. In this work the
measured quantities are range and range-rate (Doppler) measurements generated at the
ground station. The orbit determination software is based on three main building blocks:
the dynamical propagator, the observational model, and the estimation filter.

The dynamical propagator offers the mathematical framework for integrating the
spacecraft’s trajectory, including the dynamical model and the integrator. The observational
model supplies the mathematical formulation to replicate the observable quantities. The
estimation filter adjusts the parameters of both the dynamical and observational models to
minimize the discrepancies between the observed and computed quantities. The following
orbit determination setup has been implemented both in the NASA’s MONTE (version
149) [8] and the ESA’s GODOT flight dynamics software (version 1.7).

3.1. Dynamical Model

The dynamical model includes the accelerations exerted by the Sun, Earth, Moon,
Mercury, Venus, and the barycenter of all planetary systems [22]. In this work we considered
only the point mass model of the celestial objects in a relativistic framework, without
considering aspherical gravity models because of the large distance from any celestial
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object. As planetary ephemerides, we considered the JPL de440 [22]. The acceleration from
the asteroids of the main belt was also neglected.

The only non-gravitational acceleration considered is the one induced by the solar
radiation pressure [23]. The overall spacecraft shape is modeled considering two plates of
43.5 m2 each (to represent the two large solar panels), a 5.1 m2 plate to model the HGA,
and an additional 7.8 m2 plate to model the spacecraft bus. Since the fixed HGA lies on
one side of the spacecraft bus, and during the two data acquisition campaigns the HGA
was Sun-pointed (to act as a thermal shield), the spacecraft bus, effectively illuminated by
the Sun, was only 2.7 m2. The attitude of the spacecraft surfaces has been retrieved from
the official JUICE mission kernels [24]. The mass of the spacecraft was obtained by flight
dynamics team estimates, and it was 5991.6 kg during the NECP and 5600.6 kg during the
payload checkout.

According to the manufacturers, the spacecraft surfaces considered in our model have
a null specular reflective thermo-optical coefficient, while the reflective diffusive coefficients
Cd are reported in Table 2.

Table 2. Spacecraft shape element considered in the solar radiation pressure mode, according to data
provided by the manufacturers. Accordingly, the specular reflective coefficients for all surfaces are
assumed to be zero.

Surface Element Effective Area Cd

Solar panel (x2) 43.5 m2 0.19
HGA 5.1 m2 0.86
Bus 2.7 m2 0.48

3.2. Observational Model

The range and range-rate observables are modeled based on the formulation given
in [25,26]. The Earth rotational model is based on the International Earth Rotation and
Reference Systems Service (IERS) described by the IERS convention 2010 [27]. Both in
MONTE and GODOT, the implementation of the Earth rotational model is based on
the SOFA (Software Routines from the IAU SOFA Collection were used. Copyright ©
International Astronomical Union Standards of Fundamental Astronomy (http://www.
iausofa.org accessed on 15 May 2024)) routines. The Earth orientation parameters have been
retrieved from the IERS official release (https://datacenter.iers.org/data/json/finals2000A.
all.json accessed on 15 May 2024). Specifically, the International Astronomical Union (IAU)
2006 precession model has been adopted together with the nutation model IAU 2000A [28].
The initial station position has been obtained from the most recent ESA estimation campaign
(in 2022). In the modeling of the station location, we considered the Earth’s solid tides, the
plate motion, and the Lorentz transformations [26,29].

To compensate for the delay induced by Earth’s troposphere, GNSS calibration files
have been used for the first campaign, while for the second campaign, the TDCS was in use.
The latter relies on a water vapor radiometer that can provide very accurate atmospheric
calibrations, as demonstrated by the analysis of Gaia [7] and BepiColombo data [6].

3.3. Filter Setup and Estimated Parameters

To improve the spacecraft’s initial state and model parameters, a weighted least
squares batch filter with a priori information is used to minimize the difference between the
observed and modeled observable quantities. The differential corrections to the estimated
parameters are [30]:

δx̂k =
(

HT
kWkHk + Pk

−1
)−1

(HT
kWkδŷk + Pk

−1
δxk) (1)

http://www.iausofa.org
http://www.iausofa.org
https://datacenter.iers.org/data/json/finals2000A.all.json
https://datacenter.iers.org/data/json/finals2000A.all.json
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where x is the unknown n-dimensional vector of the parameters to be estimated and δx̂
is the vector of differential corrections. H is the p × n design matrix, with p number
of observables, containing the partial derivatives of the observables with respect to the
estimated parameters. δx and Pk represent, respectively, the a priori estimate deviation
and covariance of x. δy is the vector of residuals, i.e., the vector of differences between
observed and computed observables, and W the corresponding weighting matrix. The

n × n matrix Pk =
(

HT
kWkHk + Pk

−1
)−1

represents the covariance matrix of the estimated
parameters. Due to the non-linearity of the problem, the linearization process inherent
in Equation (1) must be iterated (k indicates the iteration number) until convergence is
reached. MONTE and GODOT use the square root information filter (SRIF) algorithm for
computational reasons.

The JUICE dynamical model adopted in the analysis of the two tests is quite simple.
The list of estimated parameters includes only the spacecraft state (position and velocity) at
the reference time, the station coordinates, and a scale factor for the solar radiation pressure
acceleration. We gave ample margin to the a priori covariance matrix of the spacecraft state
(100 km and 1 m/s for each component of the position and velocity), basically leaving the
a priori spacecraft state unconstrained. The a priori uncertainty in the knowledge of the
station location has been set to 10 cm for each axis of a X-Y-Z orthogonal reference system,
as per ESA navigation office indications. The a priori uncertainty for the scale factor on the
solar radiation pressure has been set to 0.05, corresponding to 3.4 · 10−9 m/s2 in terms of
acceleration error. The list of estimated parameters together with their nominal value and a
priori uncertainty is reported in the following Table 3.

Table 3. List of estimated parameters and corresponding a priori uncertainties.

Parameter Nominal Value A Priori Uncertainty

JUICE position and velocity From SPICE kernels [24] 100 km and 1 m/s per component
Station location From ESA database 10 cm per component

Solar radiation pressure scale factor 1.0 0.05

4. Results
4.1. Orbit Determination Software Comparison

In this section we compare the results obtained with the two orbit determination
codes, focusing on the NECP test. Although the short duration of the data arc does not
allow an exhaustive assessment of the deviations in the reconstructed orbits, nonetheless
it provides a first, preliminary comparison between orbital solutions from the two orbit
determination codes in an operational environment [31]. Figure 1 represents the difference
between the JUICE position and velocity, relative to the Sun in the ICRF frame, obtained
using the GODOT and MONTE orbit propagators before any corrections are applied by
their respective orbital filters. The difference in the spacecraft state is at the submillimeter
level for the position and below nanometer per second for the velocity. This comparison
underlines that the implemented dynamical models and integrators in the two codes
provide almost identical results. By extending the integration time, we demonstrated that
over a 5-day period, the positional divergence remained below 3 mm, while the velocity
divergence was under 4 nm/s.
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Figure 1. JUICE state vector comparison between MONTE and GODOT orbit determination software
in terms of position (top) and velocity (bottom) with respect to the Sun as a function of the epoch.
The blue, red, and green lines represent, respectively, the x, y, and z components in the ICRF
reference frame.

The left panel of Figure 2 shows the difference between computed range and Doppler
measurements generated by the two codes on the trajectory propagated starting from
the same initial conditions. Doppler residuals are flat, but there is an average offset of
~1.2 µm/s mainly related to the ITRF implementation, corresponding to a slightly different
station position in the inertial reference frame that causes a compatible drift in the difference
of 2-way range computed observables. By using a longer time span, it has been verified
that the peak-to-peak variation in two codes is quasi-periodic and smaller than 3 cm. The
right panel of Figure 2 shows the difference between the computed observables obtained
with the two setups after the last iteration of the estimation process, when convergence
is reached. The distribution of Doppler residuals is quite similar in both plots, but the
fitting procedure reduced the offset to 0.045 µm/s, a value compatible with a range residual
difference below one millimeter. The standard deviation (STD) at 1s of integration time is
at the level of 0.025 mm/s, but it strongly reduces at higher integration time following a
linear dependence with time (e.g., below 0.5 µm/s at 60 s) showing a thermal noise-like
behavior, see Section 4.2.

Table 4 compares the two filter solutions by showing the differences in each estimated
parameter along with their associated uncertainties. All deviations fall within the 1-σ
uncertainty level. The average ratio of deviations to uncertainties is 0.06%, indicating a
high degree of statistical compatibility between the solutions. The estimated parameter
reconstructed uncertainties reported in Table 4 differ by less than 0.04% between the two
setups. As expected, the filter is less sensitive to spacecraft displacement along the Z
axis, as this axis is nearly orthogonal to the spacecraft-Earth line of sight. Due to the
short duration of the radio tracking data, the filter is not very sensitive to small deviations
in the station location or to solar radiation pressure acceleration. These effects do not
have sufficient time to generate significant signatures over the short duration of the radio
tracking pass. The parameters of both the dynamical and observation models were included
in the analysis to validate the robustness of the estimation process. Statistically compatible
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results were obtained, even when only the dynamical model parameters were estimated.
We repeated the same analysis for the first payload checkout test campaign, obtaining the
same qualitative results.
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Figure 2. Range (top) and Doppler (bottom) pass-through residuals difference @ 1s for the Ka/Ka
link during the near-Earth commissioning phase between MONTE and GODOT models. The left
panels show the difference in the computed observables on the trajectory propagated from the a
priori initial condition; the right panels show the difference in computed observables at the end of
the orbit determination procedure.

Table 4. Comparison of estimated parameters between the MONTE and GODOT setups at
convergence. The asterisk indicates that the formal uncertainties do not change from their a
priori value.

Parameter Difference Between Estimated
Values Formal Uncertainty

Spacecraft initial position [km]
X 0.006
Y 0.003
Z 0.079

7.6
1.9
82.7

Spacecraft initial velocity [mm/s]
X 0.055
Y 0.017
Z 0.010

24
164
542

Station location [mm]
X 0.001
Y 0.002

Z 5 × 10−8

100 *
100 *
100 *

Solar radiation pressure scale factor 10−6 0.05 *

4.2. Data Quality

The range and range-rate residuals of the NECP pass are shown in Figure 3. The
standard deviation of the range-rate @ 1s of integration time is 0.191 mm/s. The noise
on the Doppler dataset is almost a factor of 2 higher than expected because the TDCS
calibrations were not available during the test. In addition, no rain or hail was detected
at the station site, but winds up to 8 m/s were recorded at the time of the experiment. As
noticed with BepiColombo data [21], the wind at the station can significantly impact the
overall Doppler noise, contributing up to 50% of the error budget. The range residuals show
a smaller standard deviation (8.4 mm) with respect to the one expected during the science
phase at Jupiter (see Section 2). This is due to the fact that the range jitter is dominated by
thermal noise; thus with a higher signal to noise ratio [18], it is expected to achieve a lower
noise. The visible signatures in the range residuals are probably due to small uncalibrated
atmospheric effects at the level of a few millimeters.
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Figure 3. Range (top) and range-rate (bottom) residuals @ 1s for the Ka/Ka link during the near-Earth
commissioning phase.

During the NECP operations, Doppler and range measurements obtained from the
telecommunication link were also recorded. The Doppler noise @ 1s of integration time is
0.233 mm/s and 0.252 mm/s for the X/X and X/Ka link, respectively. The nearly equal
value of the residuals is due to the dominance of thermal noise at 1 s and by the small
path delay due to charged particles (a consequence of the small distance of the spacecraft).
The X/X link range residuals show a jitter noise at a level of 18.6 cm, while the X/Ka
link residuals have an overall standard deviation of 9.35 cm, as reported in Figure 4. This
difference is due to the different settings in the DST telemetry for X- and Ka-band. Notably,
the X/Ka residuals display two distinct regions with different noise levels. Before 23 May
2023 01:07 UTC the noise is at the level of 6.2 cm, while after that it increases to 9.6 cm. This
can be explained by the activation of the telemetry modulation on the X/Ka link after 1:07
UTC, which reduces the power available to the ranging channel.
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Figure 4. Range residuals @1s in the X/Ka link during the near-Earth commissioning phase. The
standard deviation of the residuals for the first 10 min is about 6.2 cm, while the standard deviation
for the remaining part is 9.6 cm. The lower noise is due to the absence of the telemetry modulation
during the first 10 min.



Aerospace 2025, 12, 56 10 of 14

Not surprisingly, the plasma-free Doppler and range observables [15,16] did not
provide significant improvement for the same reasons indicated above in the comparison of
the X/X and X/Ka residuals. The range-rate performance is in line with the performance of
the Ka/Ka link, while the range standard deviation increased from 0.84 to 1.5 cm because
of the higher thermal noise added on the plasma-free observables by the X/X and X/Ka
link [19,32].

The Ka/Ka data from the first payload checkout show a significantly larger noise
at 1s in both Doppler and range measurements. In particular, the range-rate noise at 1s
integration time increased to 0.343 mm/s and to 13.6 cm for range (see Figure 5 for a plot
of the Allan deviation of the Doppler measurements). Further investigations conducted
by ESA and 3GM teams concluded that the radio frequency power level was caused by a
specific setting used at DSA-3 during the test. This setting caused the antenna to operate
at the edge of the main lobe of its antenna pattern, resulting in a power loss of more than
20 dB. Noteworthy, this signal level is representative of the power level [33] that can be
expected at Jupiter, providing initial hints of the attainable KaT measurement performances
during the nominal science phase.
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Figure 5. Range (top) and range-rate (bottom) residuals @1s for the Ka/Ka link during the first
payload checkout.

The left panel of Figure 6 presents the autocorrelation function of the Ka/Ka Doppler
residuals for the NECP, in red, and the PC01, in cyan. The red line shows a clear peak at
the round-trip light time (62 s, see Table 1), suggesting that a large local noise at the station
dominates the noise budget [34,35]. This local noise could be due to wet tropospheric path
delay variations or to antenna mechanical noise, possibly caused by wind gusts. Note
that during NECP tropospheric delay calibrations from TDCS were not available. At a
time-lag of 1s, the cyan line instead shows a large negative peak with a value close to −0.5,
as expected in the case of a large thermal noise [36]. The right panel of Figure 6 shows the
power spectral density (PSD) computed using the Welch method [37] with a 1024-sample
window. This technique reduces noise in the PSD estimation while preserving its main
characteristics. Coherently with the autocorrelation function (left panel of Figure 6), the
PSD (red curve) shows a clear periodic behavior with zeros at odd multiples of f = 1

2·RTLT ,
as expected for local noises at the ground station [34]. The data collected during PC01
exhibit a marked thermal noise, shown by a PSD increasing with a power law ≈ f 2 for
frequencies higher than 0.05 Hz [38].
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Figure 6. Autocorrelation function (left) and power spectral density (right) of Doppler residuals for
the Ka/Ka link during the near-Earth commissioning phase, in red, and the first payload checkout, in
cyan. The NECP residuals show a significant autocorrelation at the round-trip light time, meaning
that the local noise at the station is the dominant noise source.

Figure 7 reports the overlapping Allan deviation (ADEV) [38] of Doppler residuals
collected during both observation campaigns. The X/X, X/Ka and Ka/Ka link during
the NECP, reported in orange, brown, and red, respectively, show very similar behavior.
The spacecraft was very close to the Earth, and the interplanetary plasma noise did not
significantly affect the noise budget. This is confirmed also by looking at the ADEV of the
plasma-free observable [19], reported with a yellow dotted line. In this campaign, local
noises at the ground station degrade the quality of the Doppler data. This is also confirmed
by the knee in the ADEV curve at an integration time close to the round-trip light time [35].
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Figure 7. Overlapping Allan deviation of the relative frequency shift residuals.

During the second observation campaign, only Ka/Ka data were collected, and we
can notice a clear difference between the Ka/Ka link calibrated by GNSS data (blue line)
and the Ka/Ka link data calibrated with the TDCS (cyan line). For timescales τ below 20 s
the two curves are identical, and the dominant noise source is thermal noise, consistent
with σ ∝ τ−1 [38]. For τ > 20 s the effect of the removal of tropospheric noise is clearly
detectable. We can also notice that the knee at the round-trip light time of 260 s disappears
if TDCS calibrations are used, suggesting that tropospheric water vapor effects are strongly
reduced. The TDCS provided an improvement in the ADEV of the Doppler residuals by a
factor of 5.8 at 400 s and a factor of 2 at 1000 s of integration time.
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5. Conclusions
In this work we analyzed the first KaT radiometric data collected by the ESA/ESTRACK

DSA-3 station located in Malargüe, Argentina, during the first mission tests of the
JUICE/3GM investigation. The KaT was operated during the NECP and the first payload
checkout in May 2023 and January 2024, respectively. The range and Doppler measurements
were analyzed using NASA’s MONTE and ESA’s GODOT orbit determination software.
We demonstrated that starting from the same dynamical model, the difference between
the spacecraft trajectories computed with the two integrators is below the millimeter level.
We noticed that the error associated with the observational model is at the level of a few
centimeters for range measurements and 0.025 mm/s for range-rate at 1 s. These values are
compatible with the use of different numerical realizations of the ITRF adopted by the two
codes. The differential error on the computed observables significantly decreases at higher
integration times, following a power law that is inversely proportional to time. We also
demonstrated that at convergence the two orbit determination solutions are in very good
agreement and largely statistically compatible.

The 3GM radio link performance during NECP passes achieved a range measurement
precision of 8.4 mm at 1 s integration time and a range-rate precision of 0.012 mm/s at
1000 s. The X/X and X/Ka telecommunication links showed similar performances in terms
of Doppler noise, while the range data showed a standard deviation of 18.6 and 9.35 cm,
respectively. We also demonstrated the full implementation of the multifrequency radio
link configuration, although, as expected, the plasma-free observables did not lower the
noise level because of the small plasma content in the signal’s path.

Data acquired during the first payload checkout could benefit from the tropospheric
delay calibration system (inactive during NECP). The calibrated range-rate residuals at-
tained a noise lower than 0.003 mm/s at 1000 s while the noise standard deviation of range
measurement was 13.6 cm. The power levels during this checkout closely matched those
expected at Jupiter, indicating promising performance of the 3GM experiment during the
Jovian phase.
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