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1. Introduction
JUICE (Jupiter Icy Moons Explorer) is an ESA L-class mission (European Space Agency Large mission) that 
is planned to be launched in August or September 2022. After a cruise of almost nine years with four Earth 
flybys and one Venus flyby it should go into a Jovian orbit in summer 2031. During its tour around Jupiter 
the spacecraft will stay in the equatorial plane for most of the time except for the so-called Jupiter high 
latitude phase lasting for about one year. There will be several flybys of the icy moons Europa, Callisto, and 
Ganymede, and finally JUICE should go into a Ganymede orbit. The end of the nominal mission is planned 
for autumn 2035. The overarching goal of the JUICE mission is to study the emergence of habitable worlds 
around gas giants and to study the Jupiter system as an archetype for gas giants (Grasset et al., 2013). JUICE 
is a solar powered spacecraft, and its large solar array should deliver a power of about 760 Watts. The dry 
mass of the spacecraft will be around 2.2 tons, and with 2.9 tons of propellant the total mass will be larger 
than 5 tons. Its 2.4 m diameter high gain antenna will enable a data transmission rate of about 2.3 Gb/day.

The JUICE payload consists of 10 scientific instruments plus one experiment that uses the spacecraft com-
munication system with ground-based instruments. Four instruments belong to the remote sensing pack-
age, three to the geophysical package, and three to the so-called in-situ package. The Radio and Plasma 
Wave Investigation (RPWI) instrument formally belongs to the latter category. However, it is a versatile 

Abstract The reception properties of the Radio Wave Instrument (RWI) onboard JUICE (Jupiter 
Icy Moons Explorer) have been determined using numerical methods applied to a mesh-grid model 
of the spacecraft. The RWI is part of the RPWI (Radio and Plasma Wave Investigation) and consists of 
three perpendicular dipoles mounted on a long boom. We determined their effective lengths vectors and 
capacitive impedances of 8–9 pF. We also investigated the change in effective antenna angles as a function 
of solar panel rotation and calculated the directivity of the antennas at higher frequencies up to the 
maximum frequency of 45 MHz of the receiver. We found that the RWI dipoles can be used for direction-
finding with an accuracy of 𝐴𝐴 2◦ up to a frequency of 1.5 MHz. Additionally we calculated the influence of 
strong pulses from the JUICE active radar on RPWI and found that they should do no harm to its sensors 
and receivers.

Plain Language Summary In this paper we calculate the reception properties of the 
antennas of the Radio Wave Instrument (RWI) onboard the JUICE (Jupiter Icy Moons Explorer) 
spacecraft using numerical computer simulations. The RWI is part of the RPWI (Radio and Plasma Wave 
Investigation) and consists of three perpendicular dipoles mounted on a long boom. With this antenna 
system the scientists want to determine the intensity, the polarization, and the incoming radio wave 
direction of Jovian radio emissions. This can only be properly done when the reception properties of the 
antennas are well known, and for this necessary calibration we calculate the so-called effective length 
vector. It can describe the reception properties of an antenna, being constant (direction-independent) 
when the wavelength is large compared to the dimensions of the spacecraft. The antenna pattern of 
an RWI dipole has a toroidal shape like a donut at lower frequencies, but gets multiple lobes at higher 
frequencies. We also calculated the influence of the strong pulses from the JUICE active radar on the 
RPWI sensors and receivers and found that no harm should be done to them.
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instrument that can make both remote-sensing and in-situ measurements of radio and plasma waves, re-
spectively. It has three different kind of sensors, which are the three linear antennas of the Radio Wave 
Instrument (RWI), four Langmuir Probes, and a Search Coil Magnetometer (SCM). In summer 2019 RPWI 
was delivered to Airbus for integration on the spacecraft. It was mainly manufactured in Sweden with mul-
tiple hardware contributions from other countries like France, Poland, Czech Republic, and Japan. RPWI 
will cover the full frequency range of the Jovian radio spectrum from DC to 45 MHz comprising the QP 
(quasi-periodic) bursts, kilometric emissions (KOM), hectometric emission (HOM) and decametric radio 
emissions (DAM). Its goniopolarimetric capabilities will allow measuring the radio wave polarization, lo-
cating the radio sources and measuring their sizes, monitoring the magnetospheric activity, and inferring 
the plasma characteristics along the wave propagation path. Previous radio and plasma wave instruments 
of spacecraft at Jupiter did not have such capabilities (Voyagers, Galileo, Juno) or they performed only 
short flybys (Voyagers, Ulysses, Cassini). RPWI will encounter many different space plasma environments 
around Jupiter's icy moons and in Jupiter's magnetosphere. The environment of Ganymede is of particular 
interest for magnetospheric science, since Ganymede has an own intrinsic magnetic field and represents 
a mini-magnetosphere within Jupiter's large magnetosphere, where radio and plasma waves can also be 
detected. For this purpose, RPWI will use several different sensors and receivers.

There are four Langmuir probes (LP) located at the tips of four ∼3  m long booms which will perform plas-
ma and three-dimensional electric field measurements. The LPs are connected to a 14-bit LP and MIME 
(Mutual IMpedance Experiment) transceiver for the reception and transmission of waves up to 1.5 MHz, 
and the whole subsystem is called Langmuir Probe Plasma Wave Instrument (LP-PWI). There is a SCM for 
magnetic field measurements from DC up to 20 kHz. There are the three dipole antennas of the RWI, which 
are connected to a 14-bit High Frequency receiver ranging from 80 kHz to 45 MHz. Both SCM and RWI 
antennas are mounted on the 10.6 m long magnetometer (MAG) boom. The RWI antenna triad is located 
∼8.5  m away from the foot point of the MAG boom on the spacecraft body. The RWI antennas are connected 
to pre-amplifiers, which are located very close to the foot points of the antennas. This is to avoid large base 
capacitances caused by long coax cables, since the main electronic box with the High Frequency receiver 
is located inside the spacecraft. The three antennas enable the determination of the electric field vector, 
Poynting flux, the wave polarization (Stokes parameters), and the incoming radio wave direction (Carozzi 
et al., 2000; Cecconi & Zarka, 2005; Ladreiter et al., 1995). Our calibration effort in this paper focuses on the 
three linear RWI dipoles of 2.5 m tip-to-tip length each.

The highly conducting spacecraft body is electromagnetically coupled to the antennas, and the antenna 
receiving properties strongly depend on the spacecraft shape. It is impossible to find an analytical solution 
of the surface current distribution in closed form, owing to the complex structure of the antennas-spacecraft 
system. Therefore, computer simulations and experimental methods are used to find the reception proper-
ties of the antennas. One of the experimental methods is called rheometry. It is based on an electrolytic tank 
measurement in which an electric field is applied to a scaled model immersed in water. Rheometry has been 
made for the radio antenna calibration of several spacecraft in the last 25 years, for example, Cassini (Ruck-
er et al., 1996), STEREO (Macher et al., 2007), Resonance (Sampl et al., 2012), or Juno (Sampl et al., 2016). 
First rheometry measurements with a gold-plated spacecraft model of JUICE have also been performed by 
us, but more measurements are still needed, and this will be reported in a future paper. Another experimen-
tal method of calibration investigates the reception properties of a scale model measured in an anechoic 
chamber, where the model is directly exposed to radiated electromagnetic waves. Finally, one can use natu-
ral radio emissions, like Auroral Kilometric Radiation at Earth or HOM at Jupiter, received by the antennas 
and receivers on the real spacecraft. From the received signals and the known source location and wave 
polarization of the emissions one can infer the antenna reception properties. This method is called in-flight 
calibration and has been done, e.g., for Cassini at Jupiter (Cecconi & Zarka, 2005; Vogl et al., 2004), Interball 
at Earth (Panchenko, 2004), and STEREO at Earth (Panchenko et al., 2014).

In general, the numerical simulations have provided largely consistent results with the experimental meth-
ods and the in-flight calibration. Numerical computer simulations were performed for many spacecraft, for 
example, Cassini (Fischer et al., 2001; Rief, 2013), Mars Express (Macher et al., 2006), STEREO (Macher 
et al., 2007; Oswald et al., 2006, 2009; Rucker et al., 2005), Resonance (Sampl et al., 2012, 2015), Solar Orbit-
er (Sampl et al., 2011), and Juno (Sampl et al., 2016). Numerical simulations are usually cheaper and more 



Radio Science

FISCHER ET AL.

10.1029/2021RS007309

3 of 23

flexible than experimental methods. No metallic “hardware” model needs to be constructed, and one can 
easily make modifications of the configuration and include rotatable parts in a virtual “software” model in 
the computer. Furthermore, one can include antenna base capacitances and calculate the antenna reception 
properties also at higher frequencies, whereas the method of rheometry is restricted to the so-called qua-
si-static frequencies, for which the wavelength is much larger than the dimension of the spacecraft.

In this paper we report the results from numerical computer simulations for the RWI antennas of the JUICE 
spacecraft. In Section 2 we will further go into the details of the numerical method and show the mathe-
matical definition of the so-called effective length vector, which is commonly used for the description of the 
antenna reception properties. In Section 3 our computer model of JUICE will be described in more detail, 
including the used coordinate system and the antenna naming convention. Section 4 will lay down the 
main results, and we will show the surface current distribution, the antenna impedances, and the effective 
lengths vectors for open and loaded ports at quasi-static frequencies. Furthermore, the influence of the solar 
panel rotation on the effective antenna's reception properties will be studied. Section 5 deals with the an-
tenna reception properties at higher frequencies up to 45 MHz, and we will show many antenna directivity 
patterns at various frequencies. In Section 6 we will use the numerical simulation to estimate the influence 
of electric field pulses from other instruments like the active radar of JUICE on the passive RPWI sensors. 
The final Section 7 will contain some discussion and conclusions.

2. Numerical Methods for Antenna Calibration
2.1. Calculation of Surface Currents and Effective Length Vectors

The reception properties of space-borne radio antennas are often described by the so-called “effective length 
vector” (Macher et al., 2007; Sinclair, 1950). This concept describes the far-field radiation or reception char-
acteristics, and usually the effective length vector does not coincide with the orientation and length of the 
corresponding mechanical antenna. It can be calculated by integrating the surface currents on the conduc-
tive spacecraft body and antennas in transmission mode. The antenna reciprocity theorem ensures that 
an antenna's radiation and reception pattern are identical in a linear medium. Large conducting objects 
in close vicinity of an antenna can alter its electric behavior significantly, especially when the antenna is 
driven as a monopole, but also dipoles can be influenced. Since the conducting spacecraft body perturbs the 
antenna pattern, the antenna accommodation crucially determines the reception properties. Assuming that 
the surface of the spacecraft is a perfect electric conductor, the method of moments (Harrington, 1968) can 
be used to find the current distribution on the spacecraft by solving the electrical field integral equation:

⃖⃖⃗� = − 1
4� ∫�

[

⃖⃖⃖⃗�� (⃖⃖⃗�′) ⋅
(

1
���

∇′∇′ − ���
)]

�(�⃗, ⃖⃖⃗�′)�� ′ (1)

where 𝐴𝐴 ⃖⃖⃖⃗𝐽𝐽𝑆𝑆  is the surface current of the patch-grid model at the position 𝐴𝐴 ⃖⃖⃗𝑟𝑟′ , 𝐴𝐴 𝐴𝐴(�⃗�𝑟𝑟 ⃖⃖⃗𝑟𝑟′) = exp(−𝑗𝑗𝑗𝑗𝑗𝑗)∕𝑗𝑗 with 
𝐴𝐴 𝐴𝐴 = |�⃗�𝑟 − ⃖⃖⃗𝑟𝑟′| is the scalar Green's function and 𝐴𝐴 ⃖⃖⃗𝐸𝐸 is the incident electric field. Furthermore, 𝐴𝐴 𝐴𝐴 =

√

−1 is the 
imaginary unit, 𝐴𝐴 𝐴𝐴 is the circular wave frequency, 𝐴𝐴 𝐴𝐴 is the magnitude of the wave vector, 𝐴𝐴 𝐴𝐴 is the magnetic 
permeability, 𝐴𝐴 𝐴𝐴 is the permittivity, and the integration is performed over the surface 𝐴𝐴 𝐴𝐴 . Here and in the fol-
lowing the dot 𝐴𝐴 ⋅ between two quantities means the product with summation over the adjacent indices, in 
particular a scalar product or a matrix multiplication. Knowledge of the surface currents allows the calcu-
lation of the effective length vector for each antenna. For a known current distribution, the effective length 
vector 𝐴𝐴 ⃖⃖⃖⃗ℎ𝑒𝑒 can be calculated with

⃖⃖⃖⃗ℎ𝑒𝑒 =
1
𝐼𝐼𝑎𝑎 ∫

⃖⃖⃖⃗𝐽𝐽𝑆𝑆 (⃖⃖⃗𝑟𝑟′)exp(𝑗𝑗 ⃖⃗𝑘𝑘 ⋅ ⃖⃖⃗𝑟𝑟′)𝑑𝑑𝑆𝑆 ′ (2)

in which the current density 𝐴𝐴 ⃖⃖⃖⃗𝐽𝐽𝑆𝑆  is integrated over the entire surface of the spacecraft. The current at the 
antenna terminal is denoted by 𝐴𝐴 𝐴𝐴𝑎𝑎 , and 𝐴𝐴 ⃖⃗𝑘𝑘 is the propagation vector of the received plane wave. If the vector 
potential 𝐴𝐴 ⃖⃖⃗𝐴𝐴(�⃗�𝑟) at an observation point 𝐴𝐴 �⃗�𝑟 in the far-field can be determined in transmission mode (antenna 
driven by current 𝐴𝐴 𝐴𝐴𝑎𝑎 ), 𝐴𝐴 ⃖⃖⃖⃗ℎ𝑒𝑒 can also be calculated by inversion of the following equation:

⃖⃖⃗𝐴𝐴(�⃗�𝑟) =
𝜇𝜇
4𝜋𝜋

exp(−𝑗𝑗 ⃖⃗𝑘𝑘 ⋅ �⃗�𝑟)
𝑟𝑟

𝐼𝐼𝑎𝑎⃖⃖⃖⃗ℎ𝑒𝑒 (3)
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Equation 2 shows that the effective length vector 𝐴𝐴 ⃖⃖⃖⃗ℎ𝑒𝑒 depends on the wave vector 𝐴𝐴 ⃖⃗𝑘𝑘 , which means that it de-
pends on the direction of the incoming radio wave as well as its wavelength. For the so-called “quasi-static” 
case Equation 2 simplifies considerably, since we can set 𝐴𝐴 exp(𝑗𝑗 ⃖⃗𝑘𝑘 ⋅ ⃖⃖⃗𝑟𝑟′) = 1 . This approximation is possible 
for 𝐴𝐴 |

⃖⃗𝑘𝑘 ⋅ ⃖⃖⃗𝑟𝑟′| ≪ 1 , which implies radio waves with a long wavelength compared to the size of the spacecraft. 
As long as the wavelength is much larger than the spacecraft dimensions (i.e., case of short antennas), the 
effective length vector is a real constant vector (with an insignificant imaginary part) pointing into the di-
rection of the minimum gain in the antenna reception pattern. In our case with spacecraft dimensions of a 
few meters this is mostly fulfilled at frequencies below 𝐴𝐴 ∼ 1 MHz, which is called the “quasi-static” frequency 
range. Above this range the effective length vector is a complex quantity which depends on the frequency 
and on the direction of the incoming radio wave as Equation 2 shows. The open-circuit voltages 𝐴𝐴 𝐴𝐴𝑖𝑖 at each 
antenna 𝐴𝐴 𝐴𝐴 can be expressed as

𝑉𝑉𝑖𝑖 = ⃖⃖⃗ℎ𝑖𝑖 ⋅ ⃖⃖⃗𝐸𝐸 (4)

where 𝐴𝐴 ⃖⃖⃗ℎ𝑖𝑖 is an effective antenna length vector, 𝐴𝐴 ⃖⃖⃗𝐸𝐸 is the electric wave vector of the incoming wave and 𝐴𝐴 𝐴𝐴 de-
notes the antenna. Each 𝐴𝐴 ⃖⃖⃗ℎ𝑖𝑖 vector can be represented by Cartesian coordinates 𝐴𝐴 ⃖⃖⃗ℎ𝑖𝑖 = (ℎ𝑖𝑖𝑖𝑖𝑖𝑖 ℎ𝑖𝑖𝑖𝑖𝑖𝑖 ℎ𝑖𝑖𝑖𝑖𝑖) or by the 
spherical coordinates of antenna length 𝐴𝐴 𝐴𝑖𝑖 , colatitude 𝐴𝐴 𝐴𝐴𝑖𝑖 , and azimuth 𝐴𝐴 𝐴𝐴𝑖𝑖 . The effective length vector of the 
antenna represents the electrically effective direction and length of each antenna, in contrast to the physical 
(mechanical) antenna.

2.2. Transfer Matrix Representation of Antenna Systems

For the effective length vector one needs to distinguish between open and loaded ports. The so-called open 
port effective length vector represents the reception properties of the bare antenna system. It does not take 
the loads into account which have a large influence on the measured voltages. The loads are composed of re-
ceiver input impedances, cable capacitances, and eventual capacitances of the mounting zones. The mount-
ing capacitances are to be included in the loads if the mountings are not represented in the model. Since 
the operational frequency we are interested in is very low, the load is practically capacitive, and we call it 
“base capacitance.” Generally, the loads at the ports can be represented by a local impedance matrix 𝐴𝐴 𝐙𝐙𝐋𝐋 . The 
effect of loaded ports on the so-called transfer matrix 𝐴𝐴 𝐓𝐓 is given by (Macher, 2008, 2012; Macher et al., 2007)

𝐓𝐓 = (𝟏𝟏 + 𝐙𝐙𝐀𝐀 ⋅ 𝐙𝐙−1
𝐋𝐋 )−1 ⋅ 𝐓𝐓𝐨𝐨 = (𝟏𝟏 + 𝐂𝐂−1

𝐀𝐀 ⋅ 𝐂𝐂𝐋𝐋)
−1

⋅ 𝐓𝐓𝐨𝐨 (5)

where 𝐴𝐴 𝐙𝐙𝐀𝐀 and 𝐴𝐴 𝐂𝐂𝐀𝐀 are the antenna impedance and capacitance matrices, and 𝐴𝐴 𝐓𝐓𝐨𝐨 is the open port transfer ma-
trix which contains the open port effective length vectors as rows. Note that the bold print in the previous 
equation represents matrices, and 𝐴𝐴 𝟏𝟏 is the identity matrix. The second equality is valid in the quasi-static 
frequency range in which the antenna and load impedances are mainly capacitive with a resistivity close to 
zero. The load capacitance matrix 𝐴𝐴 𝐂𝐂𝐋𝐋 contains the base capacitances in its main diagonal, and the off-diag-
onal elements are the mutual capacitances, which are practically zero. Mutual capacitances can be present 
in the antenna capacitance 𝐴𝐴 𝐂𝐂𝐀𝐀 , but they are typically two orders of magnitude smaller than the capacitance 
values of the main diagonal. In the case of the three RWI antennas, the open port effective transfer matrix 

𝐴𝐴 𝐓𝐓𝐨𝐨 can be written in the following way

𝐓𝐓𝐨𝐨 =
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 (6)

with U, V, W as the names of the antennas and x, y, z as the respective Cartesian coordinate. The su-
perscript “o” refers to the open port. The 3 × 3 transfer matrix 𝐴𝐴 𝐓𝐓 is related to the column voltage vector 
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𝐴𝐴 ⃖⃖⃗𝑉𝑉 = (𝑉𝑉𝑈𝑈 , 𝑉𝑉𝑉𝑉 , 𝑉𝑉𝑊𝑊 ) (voltages at U, V, W dipole) and the electric field column vector 𝐴𝐴 ⃖⃖⃗𝐸𝐸 = (𝐸𝐸𝑥𝑥, 𝐸𝐸𝑦𝑦, 𝐸𝐸𝑧𝑧) via the 
well-known equation (Macher et al., 2007)

− ⃖⃖⃗𝑉𝑉 = 𝐓𝐓 ⋅ ⃖⃖⃗𝐸𝐸𝐸 (7)

We applied the computational electromagnetic software FEKO (FEldberechnung für Körper mit belieb-
iger Oberfläche; German expression for calculation of fields for bodies with arbitrary surfaces), which is a 
highly sophisticated commercial antenna simulation tool based on the solution of the electric field integral 
equation. The current distribution on the antenna-spacecraft system was calculated with the Method of 
Moments in double precision by FEKO. Then it was used to retrieve antenna properties such as radiation 
patterns, effective antenna vectors using Equation 2, and antenna impedances. For the latter calculations 
we utilized our in-house MATLAB antenna toolbox library developed at the Space Research Institute of the 
Austrian Academy of Sciences.

2.3. The Usage of a Calibrated Antenna System

With a calibrated antenna system of three antennas it is possible to retrieve the intensity, polarization, 
and incoming wave direction of a radio wave. These quantities are physically described by the four Stokes 
parameters S, Q, U, V (see, e.g., Kraus, 1966 or Carozzi et al., 2000) and by two angles of incidence, that is, 
by a total of six quantities. The basic Equations 4 or 7 relate the output voltages at the antennas to the elec-
tric field 𝐴𝐴 ⃖⃖⃗𝐸𝐸 of the incoming radio wave, and they are obviously related by the effective antenna vectors or 
transfer matrix, which we determine in this paper. The receiver measures quantities such as 𝐴𝐴 ⟨𝑉𝑉𝑛𝑛𝑉𝑉 ∗

𝑘𝑘 ⟩ , which 
are the time-averaged correlations between the voltages at antennas 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 . The RWI receiver will be able 
to measure nine different quantities, which are the three auto-correlations (𝐴𝐴 ⟨𝑉𝑉𝑈𝑈𝑉𝑉 ∗

𝑈𝑈 ⟩ , 𝐴𝐴 ⟨𝑉𝑉𝑉𝑉 𝑉𝑉 ∗
𝑉𝑉 ⟩ , 𝐴𝐴 ⟨𝑉𝑉𝑊𝑊 𝑉𝑉 ∗

𝑊𝑊 ⟩ ), the 
three real parts of the cross-correlations (𝐴𝐴 ℜ(⟨𝑉𝑉𝑈𝑈𝑉𝑉 ∗

𝑉𝑉 ⟩) , 𝐴𝐴 ℜ(⟨𝑉𝑉𝑈𝑈𝑉𝑉 ∗
𝑊𝑊 ⟩) , 𝐴𝐴 ℜ(⟨𝑉𝑉𝑉𝑉 𝑉𝑉 ∗

𝑊𝑊 ⟩) ), and the three imaginary 
parts of the cross-correlations (𝐴𝐴 ℑ(⟨𝑉𝑉𝑈𝑈𝑉𝑉 ∗

𝑉𝑉 ⟩) , 𝐴𝐴 ℑ(⟨𝑉𝑉𝑈𝑈𝑉𝑉 ∗
𝑊𝑊 ⟩) , 𝐴𝐴 ℑ(⟨𝑉𝑉𝑉𝑉 𝑉𝑉 ∗

𝑊𝑊 ⟩) ). These nine measured quantities pro-
vide an overdetermined equation system for the determination of the mentioned six unknowns, a solution 
of which can be obtained by appropriate least squares fits. To further improve the accuracy and condition of 
the equation system, observations under different antenna/spacecraft orientations with regard to the source 
positions are evaluated. How this can be achieved in detail is described by Ladreiter et  al.  (1995), Vogl 
et al. (2004), and Cecconi and Zarka (2005). The last two references contain more specific information on 
the application to Cassini RPWS (Radio and Plasma Wave Science instrument). The articles also emphasize 
that without accurate knowledge of the antenna reception properties it is not possible to reliably determine 
intensity, polarization, and incidence direction of observed radio waves from the recorded signals.

3. The Model of JUICE
3.1. Description of JUICE Model and Its Coordinate System

The numerical simulations of the JUICE/RWI antennas are based on a patch grid model of the whole 
spacecraft including the most essential features. We used a very detailed CAD model of the spacecraft which 
we obtained from Airbus. This original CAD model consisted of a great amount of details which were not 
necessary for our simulations. Increasing the level of details represented in the model improves the results 
up to a maximum degree of accuracy. However, a further refinement would introduce numerical rounding 
errors which outweigh the gained model accuracy. Also, very complex models need extremely long calcula-
tion times. Therefore we have built a reduced model where many fine structures have been either removed 
or simplified. Additionally, all internal parts below the conductive surface are irrelevant for the calculations 
and were removed as well. The spacecraft surface was assumed to be a perfect electrical conductor, as using 
highly conductive surface materials where possible was the standard technique applied to JUICE to avoid 
arcing and other negative effects of spacecraft charging. The surrounding medium was assumed to be vac-
uum. The RWI antenna signals are processed by the high frequency receiver only above the frequency of 
80 kHz, which is high above the plasma frequency in most regions of the Jovian magnetosphere (Gurnett 
et al., 1981). Just near the Galilean icy moons the electron plasma frequency is expected to rise to a few 
hundred kHz.
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Our model was prepared with the CAD program Solid Edge, and it was imported as Parasolid file into the 
so-called CADFEKO tool, which is used to construct a mesh model for FEKO. The final mesh model con-
sisted of about 25,000 triangles, and it can be seen in Figure 1.The spacecraft structures which are most 
important with regard to the antenna properties are the central spacecraft body, the HGA (High Gain An-
tenna), the MGA (Medium Gain Antenna), the large solar panels (SP), the Langmuir probes LP-PWI1-LP-
PWI4, the radar antenna, and the magnetometer (MAG) boom with the RWI antenna triad. The origin of 
the used Cartesian coordinate system is located at the bottom of the central spacecraft body, and in Figure 1 
the x, y, and z axes are drawn in blue, green, and red color, respectively. The positive x-axis points opposite 
to the HGA direction, the y-axis direction is along the SP (with the negative side where the MGA is located), 
and the z-axis completes the orthogonal, right-handed triad. Each position or vector can also be described 
in spherical coordinates with 𝐴𝐴 𝐴𝐴 as the co-latitude, 𝐴𝐴 𝐴𝐴 as the azimuth, and 𝐴𝐴 𝐴𝐴 as the radius.

The central spacecraft body is roughly a cuboid with sizes of 2.6 × 2.2 × 3.6 m in x, y, and z direction, re-
spectively. The HGA dish has a diameter of ∼2.4  m and is pointing into the −x direction. The MGA dish has 
a diameter of ∼0.5  m, and it is looking into the same direction as the HGA. It is mounted on a ∼1.4  m long 
boom in −y direction with a foot point on the upper deck of the central body. In the model the SP consists 
of 2 wings with 5 rectangles on each side with a size of about 2.5 × 3.5 m. This gives a total area of ∼87.5 

𝐴𝐴 m2 . We note that the initial size of the SP was larger, about 2.5 × 4.0 m for each of the 10 sub-panels. There 
are four spherical LP with a diameter of 10 cm each, and each of them is located on a ∼3.2  m long boom. 
The booms are mounted on the central spacecraft body, and in Figure 1 they can be seen as gray lines, with 
three of them sticking out in a tilted way from the +x side of the central body. The fourth one has its foot 
point close to the HGA on the −x side, and this one is a bit shorter, just ∼3.0  m long. The radar antenna of 
the RIME instrument (Radar for Icy Moons Exploration) is a dipole situated at the upper deck of the central 
body and oriented along the x-direction. Its tip-to-tip length is 16 m. Finally, the MAG boom was modeled 
as a 10.6 m long boom with a diameter of 8 cm. It is located parallel to the xz-plane at y = −0.83 m, and it 
has an angle of 𝐴𝐴 141◦ with respect to the +z direction.

3.2. The RWI Antennas and Their Naming Convention

The RWI antenna triad is located at a distance of ∼8.5  m from the foot point of the MAG boom. The left 
panel of Figure 2 shows a photo of the real RWI antenna system, in which the three dipoles are mounted 
on top of a cubic box which contains the pre-amplifiers (hidden below a multi-layer insulation). The RWI 
system is displayed in stowed configuration with the antennas rolled up on storage reels. The antennas are 
named U, V, and W in such a way that U+, V+, and W+ form a right-handed system. The positive dipole 
arms (U+, V+, W+) are directed towards the side of the interface plate with the MAG boom below the cu-
bic pre-amplifier box. The three dipole antennas are perpendicular to each other, and the tip-to-tip length 

Figure 1. Mesh model of the Jupiter Icy Moons Explorer spacecraft used for numerical computer simulation with 
main spacecraft parts being annotated.
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of each dipole is 2.5 m. The antennas were built from beryllium copper tape springs, and after deployment 
they have the form of a tube with a diameter of 1 cm. The right panel of Figure 2 shows how the RWI anten-
na system has been modeled in our JUICE spacecraft model, and the names of the antennas are annotated. 
The other box on the left side behind the RWI (this is the direction towards the spacecraft body) is the SCM 
of the RPWI instrument. The antenna feeds are located at the central points of each antenna, right above the 
pre-amplifier box. So the dipoles are center-fed, and each dipole arm has a length of 1.25 m. The MAG boom 
has a cylindrical shape with a diameter of 8 cm, and the circular cross-section of this cylinder is turned into 
an octagonal cross-section in the mesh model.

Table 1 gives the exact location of the antennas and the MAG boom in the spacecraft coordinate system. The 
first numbers represents the Cartesian coordinates x, y, z of the tips of the positive dipole arms (U+, V+, 
W+), and the second numbers are the coordinates of the negative dipole arm tips (U−, V−, W−). Addition-
ally, each antenna vector is also given in spherical coordinates, and the orientation of the antenna vector 
is defined as pointing from the negative dipole arm towards the positive one. For the MAG boom the first 
numbers of the Cartesian coordinates are those from the base, and the second numbers are the coordinates 
of the boom's tip, and the vector points from the base to the tip. One can see in Table 1 that the z coordinates 
of the positive tips of U+ and W+ are larger than the z coordinates of the negative dipole arm tips of U− and 
W−. This was one reason to call those dipole arms the positive ones since they are pointing towards the +z 
direction. However, this is not the case for the V-dipole.

Figure 2. The left panel shows the real Radio Wave Instrument (RWI) flight model in stowed configuration. The three dipoles are rolled up, and the names of 
the dipole arms are indicated. The positive arms U+, V+, W+ point towards the side of the interface plate with the MAG boom at the bottom. The right panel 
shows a detailed view of the RWI antenna system in our Jupiter Icy Moons Explorer mesh model. The dipoles are orthogonal to each other and have their 
central feeding points right above the cubic pre-amplifier box.

Antenna name

Cartesian coordinates Spherical coordinates

X [m] Y [m] Z [m] 𝐴𝐴 𝐴 [m]𝐴𝐴 𝐴𝐴 [deg]𝐴𝐴 𝐴𝐴 [deg]

U + U− [7.703, 5.525] [−1.340, −0.456] [−6.146, −7.022] 2.5 69.6 −22.1

V + V− [7.189, 6.134] [0.269, −1.979] [−6.834, −6.481] 2.5 98.1 64.9

W + W− [6.254, 6.914] [−0.474, −1.149] [−5.456, −7.780] 2.5 22.1 134.4

Boom [1.317, 7.988] [−0.830, −0.830] [0.172, −8.066] 10.6 141.0 0.0

Note. The First Column Gives the Name of the Antenna or the Boom. Columns 2–4 give the Cartesian coordinates of 
the tips of U+, V+, W+ followed by the tips of U−, V−, W−. Columns 5–7 give the spherical coordinates (length 𝐴𝐴 𝐴 , 
colatitude 𝐴𝐴 𝐴𝐴 , azimuth 𝐴𝐴 𝐴𝐴 ) of each dipole or the boom. For the MAG boom the Cartesian coordinates go from the base 
to the tip point.

Table 1 
Radio Wave Instrument Antenna Positions and MAG Boom in the Spacecraft Coordinate Frame
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3.3. Development of the RWI Antenna System

To perform radio wave direction-finding (goniopolarimetry) it is required that measurements of auto- and 
cross-correlations are done for at least three antennas. The three antennas should not have three co-planar 
effective length vectors, and it is required that the angular separation of the three effective antenna length 
vectors is large, that is, angles larger than 𝐴𝐴 70◦ are preferred. If that is not the case and effective antenna 
vectors are not sufficiently spatially separated, the accuracy of radio wave direction-finding is deteriorated 
(Cecconi & Zarka, 2005). Radio wave direction-finding, polarization and intensity measurements are major 
scientific objectives of RPWI within the JUICE mission. They all require a calibrated antenna system.

Before we start with the presentation of the calibration results in the next section, we give a short overview 
how the JUICE RWI antenna system was developed in recent years. The initial RWI baseline configuration 
was different, and it had three short RWI monopole antennas mounted on the large spacecraft body. Using 
numerical computer simulations it was found that such a configuration (three short monopole antennas on 
a large spacecraft) leads to an insufficient angular separation between the three effective lengths vectors, 
which would degrade the quality of the scientific data (Fischer et al., 2017). Hence, the baseline configura-
tion was changed to three dipoles mounted on the magnetometer boom.

Here we only mention briefly that we did several numerical simulations with the aim to find the orientation 
of the RWI dipoles on the MAG boom with the optimal reception properties. Our models with the three 
dipoles on the boom were also varied in many ways (e.g., attitude of antenna triad, position of feed points, 
distance of dipoles to boom, boom length and diameter, antenna diameter) to get a physical understanding 
which parameters mostly influence the directions and lengths of the effective length vectors. It turned out 
that the exact position of the feed point with respect to the boom is a crucial parameter, where little changes 
can lead to large changes in the antenna characteristics. As mentioned above, it is required that all three ef-
fective length vectors of the dipoles should not get too short and should have a sufficient angular separation 
(𝐴𝐴 𝐴 70◦ and 𝐴𝐴 𝐴 110◦ ) from each other.

After these test calculations we ran ∼37, 000 numerical simulations of a simplified, small model with dif-
ferent antenna attitudes in a systematic way (with a genetic algorithm) to find the optimum configuration 
with the best antenna reception properties. To save calculation time, the simplified model consisted of only 
∼1300 triangles, and was far less detailed as the model shown in Figure 1. In this process the RWI antenna 
system was modeled as constructed (and shown in Figure 2) with three orthogonal antennas placed on the 
cubic pre-amplifier box. Five different parameters were varied in this optimization process, namely three 
angles describing the orientation of the whole RWI antenna triad, and two distances, namely the vertical 
and lateral shift of the whole RWI antenna system with respect to the MAG boom. The optimization cri-
teria were to come close to orthogonality also for the three effective antenna vectors, to achieve maxima 
in effective lengths, and to avoid antennas pointing close to the +z-direction, because this is the direction 
into which most instruments are pointing and therefore should often also be the direction of incidence of 
Jovian radio emissions. The result of this optimization process are the dipole positions given in Table 1. For 
this configuration the orthogonal RWI antenna triad as displayed on the left side in Figure 2 could not be 
mounted directly onto the MAG boom, so it was necessary to include an orientation bracket between the 
MAG boom and the plate at the bottom of the cubic pre-amplifier box.

4. Calibration Results for Open and Loaded Ports
4.1. Current Distribution, Antenna Capacitance, and Transfer Matrix for Open and Loaded 
Ports

Figure 3 shows the current distribution on the surface of JUICE for a quasi-static frequency of 300 kHz, 
which was calculated for an excitation of 1 Volt using the program package FEKO. The upper plot shows 
small line current densities of around −180 dB A 𝐴𝐴 m−1 (1 nA 𝐴𝐴 m−1 ) on the outer SP and parts of the spacecraft 
body, and around −120 dB A 𝐴𝐴 m−1 (1 𝐴𝐴 𝐴𝐴 A 𝐴𝐴 m−1 ) on parts of the spacecraft and the MAG boom. Around the 
excitation zone, which is the V-dipole in this case, the densities are even higher than −60 dB A 𝐴𝐴 m−1 (1 mA 

𝐴𝐴 m−1 ) as the lower panel of Figure 3 shows.
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Figure 3. Surface currents (dB A 𝐴𝐴 m−1 ) for the JUICE-RWI model with dipole V driven with 1 Volt at 300 kHz. The color scale goes over six orders of magnitude 
from −60 to −180 dB A 𝐴𝐴 m−1 , which corresponds to 𝐴𝐴 10−3  A 𝐴𝐴 m−1 to 𝐴𝐴 10−9  A 𝐴𝐴 m−1 .
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The knowledge of the voltage and current at the antenna port can be used to calculate the antenna im-
pedance, which practically is only capacitive in the quasi-static frequency case (Macher et al., 2007). The 
antenna capacitance matrix at 300 kHz was calculated to be

𝐂𝐂𝐀𝐀[�� ] =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

8.259 −0.034 −0.046

−0.032 8.249 0.081

−0.044 0.084 8.665

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

 (8)

It can be seen that the self-capacitances on the main diagonal are around 8–9 pF, whereas the mutual capac-
itances are a factor of ∼100 smaller. The antenna capacitance for a cylindrical dipole arm can be estimated 
with the following formula (Jackson, 1975):

𝐶𝐶𝑎𝑎 =
2𝜋𝜋𝜋𝜋0𝑙𝑙𝑎𝑎

[ln( 𝑙𝑙𝑎𝑎
𝑎𝑎
) − 1] (9)

with 𝐴𝐴 𝐴𝐴𝑎𝑎 as the length of one dipole arm, 𝐴𝐴 𝐴𝐴 as the antenna radius, and 𝐴𝐴 𝐴𝐴0 as the permittivity of free space. Using 
the geometrical values for one RWI dipole arm (𝐴𝐴 𝐴𝐴𝑎𝑎 = 1.25  m and 𝐴𝐴 𝐴𝐴 = 0.5  cm) we obtain 𝐴𝐴 𝐴𝐴𝑎𝑎 ∼ 15.4  pF as the 
capacitance of one dipole arm (monopole) versus infinity. Since the full dipole can be represented as the 
two capacitances of each dipole arm in series, the antenna capacitance of the dipole is indeed half of the 
capacitance of the monopole arm, that is, for the RWI dipole we have 𝐴𝐴 𝐴𝐴𝐴𝐴 = 𝐴𝐴𝑎𝑎∕2 ∼ 7.7  pF. It can be seen that 
this estimation is just a bit smaller than our calculated result around 8–9 pF. The reason for this is that the 
estimate ignores the stray capacitance associated with the electric field in the gap between the terminals of 
the antenna, which induces charge separation in the conducting parts of the mounting structure, leading to 
additional charging of the dipole arms.

We now give the results for the effective length vector, which also can be given in the form of a so-called 
“transfer matrix”. The open port transfer matrix 𝐴𝐴 𝐓𝐓𝐨𝐨 is given by the Cartesian coordinates of the three effec-
tive length vectors (U, V, W) of the RWI antenna system as rows of the following matrix:

𝐓𝐓𝐨𝐨[�] =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

0.677 −0.325 0.760

0.276 0.876 0.073

−0.791 0.347 1.656

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

 (10)

The spherical coordinates of these three vectors can be found in Table 2. For the calculation of the transfer 
matrix for loaded ports we use Equation 5 given by

Antenna name

Open ports Loaded ports (25 pF) Loaded ports (45 pF)

𝐴𝐴 𝐴𝑜𝑜 [m]𝐴𝐴 𝐴𝐴𝑜𝑜 [deg]𝐴𝐴 𝐴𝐴𝑜𝑜 [deg]𝐴𝐴 𝐴𝑙𝑙 [m]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg]𝐴𝐴 𝐴𝑙𝑙 [m]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg]

U + U− 1.07 44.6 −25.7 0.26 45.1 −25.9 0.17 45.1 −25.9

V + V− 0.92 85.4 72.5 0.23 84.8 73.1 0.14 84.8 73.1

W + W− 1.87 27.6 156.3 0.48 27.7 155.9 0.30 27.7 155.8

Note. For the loaded port, base capacitances of 25 and 45 pF were taken. The letter 𝐴𝐴 𝐴 denotes the effective length, the 
angle 𝐴𝐴 𝐴𝐴 is the colatitude, and 𝐴𝐴 𝐴𝐴 is the azimuth. The superscripts “o” and “l’ denote the values for open ports and loaded 
ports, respectively.

Table 2 
Open Port and Loaded Port Effective Length Vectors in Comparison for U, V, and W Dipole.
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� = (� + �−1
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0.067 0.218 0.021

−0.204 0.091 0.426

⎞
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 (11)

The antenna capacitance is given by Equation 8, the open port transfer matrix 𝐴𝐴 𝐓𝐓𝐨𝐨 is given by Equation 10, 
and the load capacitance is 𝐴𝐴 𝐂𝐂𝐋𝐋 = 𝟏𝟏 × 25  pF, which is the identity matrix times 25 pF. The spherical coordi-
nates of the transfer matrix 𝐴𝐴 𝐓𝐓 with loaded ports is also given in Table 2. We also used a base capacitance of 
45 pF due to some uncertainties in the base capacitance measurement, but 25 pF is the most probable value 
and 45 pF should be the maximum. The results show that the effective dipole axes are scarcely changed by 
the modification of the base capacitance, whereas the effective length undergoes the expected considerable 
shortening when the base capacitance is increased.

A quick look on the results in Table 2 also shows that the effective length of the W-dipole is about twice 
that of the U or V-dipole. This is probably due to a difference in coupling between the respective antenna 
and the close MAG boom caused by different angular distances between each antenna and the boom. The 
angular separation between the W-dipole and the MAG boom is ∼28◦ , whereas the angles between the U-di-
pole/V-dipole and the MAG boom are ∼74◦ and ∼68◦ , respectively. The angle between the effective length 
vector of the W-antenna and the MAG boom is just ∼17◦ , which means that the radiation coupling with the 
spacecraft pushes the effective axis of the W-antenna towards the boom. Usually objects near the antenna 
arms have the opposite effect, that is, pushing the effective antenna axes away. In fact, this occurs for the 
U and V antenna as the effective U and V axes are almost orthogonal to the boom, that is, those angles are 
∼81◦ and 𝐴𝐴 ∼ 83◦ , respectively (all angles measured for the case of open ports). So the W antenna behaves sig-
nificantly different in this respect. The reason is the influence of the large spacecraft and SP in connection 
with the boom. It can be interpreted in terms of Equation 2, which gives the dependence of the effective 
length vector on the currents through the whole model (antenna, SP, boom, etc.) when driven by a current 

𝐴𝐴 𝐴𝐴𝑎𝑎 at transmission. For frequencies below the full-wave resonance the time-dependent AC current charges 
the two antenna arms of a dipole with opposite signs, alternating with the given frequency. Due to radiation 
coupling (in the quasistatic range simply the attraction of opposite charges) a charge separation is occurring 
in the nearby boom in such a way that negative charges appear in boom parts close to the positively charged 
antenna arm, and vice versa. So a current flow 𝐴𝐴 𝐴𝐴 ′ is induced in the boom counteracting the current in the 
antenna, reducing the result of the summation in Equation 2. The effect is also that the contribution of the 
boom currents in the vectorial sum leads to a larger angle between the effective antenna and the boom. This 
is exactly what happens with the U and V dipole.

The influence of the spacecraft with its large SP could be analyzed in analogous fashion if they were not 
connected to the boom. However, the connection of the spacecraft with the boom makes a great difference. 
It allows a charge separation between them, which means that a negative charge from the spacecraft may 
be attracted towards the boom where the dipoles are mounted. Since the U and V dipole enclose a large 
angle with the boom, this effect is negligible for them: both arms of each, U and V, have almost the same 
distance from the spacecraft and the panels, and so the attraction by the oppositely charged arms cancel. 
The situation is different for the W dipole. If its arm W+, which is closer to the spacecraft than W−, is posi-
tively charged, negative charges from the spacecraft are attracted towards the boom (collecting on the boom 
between the spacecraft and the W+ tip). This results in a current 𝐴𝐴 𝐴𝐴 ′′ with the same orientation as the current 
on the W dipole! Of course, there is still the induced opposite current 𝐴𝐴 𝐴𝐴 ′ on the boom part around the W feed 
zone, for the same reasons as explained above for U and V. Due to the big area of the SP, the contribution 
of 𝐴𝐴 𝐴𝐴 ′′ in Equation 2 exceeds the contribution of 𝐴𝐴 𝐴𝐴 ′ . In consequence, a larger effective length and an effective 
axis tilted towards the boom is obtained for W, which is exactly opposite to the effect on U and V.

It is interesting to note that for a radio wave coming from the +z-direction (e.g., JUICE in nadir-pointing 
facing Jupiter) the effective lengths of all three antennas are relatively similar. This is due to the fact that a 
free space electromagnetic wave incident from the +z direction does not have a z-component, and therefore 
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it is the projection of the effective length vector into the xy-plane which is relevant. And this projection has 
a length of ∼0.8  m for open ports and ∼0.2  m for loaded ports of 25 pF. This can easily be calculated from 
Equations 10 and 11 by using only the x and y-components of the transfer matrix. The large effective length 
of the W-antenna mostly comes from its z-component.

4.2. Results for Different Orientations of the Solar Panels

We have also simulated the antenna reception properties of the rotatable SP, which due to their size should 
also have a certain influence on the effective antenna directions. The panels can be turned by ±90◦ out of 
the vertical position during different phases of the mission. We define the vertical position of 𝐴𝐴 0◦ as the one 
displayed in Figure 1, where the panels are located in the yz-plane at x = 0. This will be the default and 
probably the most used position, because here the HGA and the panel's normal are pointing into the same 
(−x) direction towards Earth and the Sun, which are not that far apart from each other when viewed from 
Jupiter.

The values of the effective antennas in spherical coordinates can be found in Table 3 for the various solar 
panel positions. The sign of the solar panel rotation angle is defined in the following way: It is negative 
when the panels are turned counterclockwise from the vertical position of 𝐴𝐴 0◦ when viewed by an observer 
standing on the −y side, and it is positive when the turning is done clockwise. For example, when the angle 
is −45◦ the solar panel and the MAG boom are almost coplanar (−), whereas a turn by +45◦ puts the MAG 
boom almost perpendicular (+) to the solar panel plane. We note that due to the planar symmetry of the SP 
in our model a rotation of −90◦ is equivalent to a rotation of 𝐴𝐴 + 90◦ , whereas for the real spacecraft it will be 
decisive for its energy management in which way the SP are pointing.

Antenna name

𝐴𝐴 − 75◦ 𝐴𝐴 − 60◦ 𝐴𝐴 − 45◦

𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙  [deg] 𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙  [deg] 𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]

U + U− 0.27 44.2 −25.8 0.27 44.4 −25.6 0.27 44.7 −25.4

V + V− 0.23 84.3 72.8 0.23 84.4 72.6 0.23 84.5 72.5

W + W− 0.48 27.4 155.7 0.48 27.3 155.7 0.48 27.4 155.7

Antenna name
𝐴𝐴 − 30◦ 𝐴𝐴 − 15◦ 𝐴𝐴 0◦

𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg] 𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg] 𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg]

U + U− 0.27 44.9 −25.4 0.27 45.0 −25.6 0.26 45.1 −25.9

V + V− 0.23 84.7 72.6 0.23 84.8 72.8 0.23 84.8 73.1

W + W− 0.48 27.5 155.8 0.48 27.6 155.8 0.48 27.7 155.9

Antenna name
𝐴𝐴 + 15◦ 𝐴𝐴 + 30◦ 𝐴𝐴 + 45◦

𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg] 𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg] 𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg]

U + U− 0.26 44.9 −26.1 0.26 44.8 −26.3 0.26 44.5 −26.4

V + V− 0.23 84.8 73.3 0.23 84.7 73.4 0.23 84.5 73.4

W + W− 0.48 27.8 155.9 0.48 27.8 155.8 0.48 27.7 155.8

Antenna name
𝐴𝐴 + 60◦ 𝐴𝐴 + 75◦ 𝐴𝐴 + 90◦

𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg] 𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg] 𝐴𝐴 𝐴𝑙𝑙  [m] 𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙 [deg]

U + U− 0.26 44.3 −26.4 0.27 44.2 −26.2 0.27 44.2 −26.0

V + V− 0.23 84.4 73.4 0.23 84.3 73.2 0.23 84.3 73.0

W + W− 0.48 27.7 155.7 0.48 27.5 155.7 0.48 27.4 155.7

Note. The letter 𝐴𝐴 𝐴 denotes the effective length, the angle 𝐴𝐴 𝐴𝐴 is the colatitude, and 𝐴𝐴 𝐴𝐴 is the azimuth.

Table 3 
Loaded Port (25 pF) Effective Length Vectors for U, V, and W Dipole for Various Solar Panel Positions Indicated on the Top of Each Column
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The values in Table 3 were calculated for loaded ports of 25 pF, because this is most likely very close to the 
real situation. However, using Equation 5 one can easily evaluate them for open ports or loaded ports of any 
other value. The antenna capacitance 𝐴𝐴 𝐂𝐂𝐀𝐀 only shows negligible change of the order of 𝐴𝐴 0.01% for different 
solar panel orientation angles, and so the constant value of Equation 8 can be taken for such a calculation.

Table 3 and Figure 4 show that the typical change of the effective antenna angles is a few tenth of a degree. 
The change in antenna length is practically negligible and is only 1 cm at most. The deviation of the effec-
tive antenna angles from the default position at 𝐴𝐴 0◦ is drawn in Figure 4, and they were calculated using the 
values of Table 3. The largest deviations can be seen for the U-antenna, whose colatitude changes by up to 
−0.9◦ and whose azimuth varies by ±0.5◦ around the default position. The minimum deviation appears for 
the W-antenna with a peak-to-peak variation of just 𝐴𝐴 0.5◦ for its colatitude and only 𝐴𝐴 0.2◦ for its azimuth.

5. High Frequency Characteristics
The directivity patterns and the impedances of the antennas have also been simulated up to frequencies 
of 45 MHz, which is the upper frequency limit of the receiver and of Jovian decametric radio emissions. 
The simulations in this section were performed with a slightly reduced mesh grid of about 16,000 triangles. 
This was achieved by modeling the RIME antenna, the four booms of the LP, and some bars at the HGA 
and MGA not as extended bodies, but as wires with an adapted radius. This reduced the calculation time 
by about a factor of three (compared to a model with 25,000 triangles) for a single frequency, and this was 
done as we calculated more than 45 different frequencies. A comparison of the effective antenna angles of 
the reduced model with the previous model from Sections 3 and 4 at a frequency of 300 kHz revealed only 
slight differences; the colatitudes and azimuths of the U and V-antenna differed by only 𝐴𝐴 0.1◦ , and the effec-
tive Z-antenna orientation was practically the same.

Figure 4. Deviation of effective antenna angles from default position at 𝐴𝐴 0◦ as a function of solar panel rotation 
angle. The used model is the one with loaded ports of 25 pF at a quasi-static frequency of 300 kHz. The values for the 
U-antenna are drawn in red, those for the V-antenna are drawn in green, and those for the W-antenna are drawn in 
blue. The colatitudes 𝐴𝐴 𝐴𝐴 are drawn as solid lines, whereas the azimuthal angles 𝐴𝐴 𝐴𝐴 are drawn as dashed lines.
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The real and imaginary part of the antenna impedances from 0.1 to 45 MHz of all three RWI dipoles can 
be seen in the upper and lower panel of Figure 5, respectively. For an antenna tip-to-tip length of 2.5 m 
the first antenna resonance is at 60 MHz. This corresponds to a wavelength of 𝐴𝐴 𝐴𝐴 = 5  m, which is the half 
wavelength-resonance. This resonance is beyond the display in Figure 5, but one can already see the rise 
of the impedances for the real part, and the approach of the imaginary part towards the zero-crossing.
The real part of the impedance of the W-dipole shows a large resonance around 5.8 MHz, which is less 
obvious for the U-dipole and nearly absent for the V-dipole. It is most likely caused by the influence of 
the large SP. Setting 𝐴𝐴 𝐴𝐴∕2 = 27.6  m (half wavelength equal to the maximum distance from one end of one 
solar panel to the other) leads to 𝐴𝐴 𝐴𝐴 = 55.2  m and a frequency of 𝐴𝐴 𝐴𝐴 = 5.4  MHz. Furthermore, the induced 
currents also oscillate between the tip of a solar panel and the tip of the MAG boom. This distance is about 

𝐴𝐴 12.5 + 2.3 + 10.6 = 25.4   m, and assuming this distance equals 𝐴𝐴 𝐴𝐴∕2 , we get 𝐴𝐴 𝐴𝐴 = 50.8   m or a frequency of 
𝐴𝐴 𝐴𝐴 = 5.9 MHz, which is almost identical to the resonance frequency of the W-dipole. Those currents on the 

MAG boom seem to couple best into the W-dipole, since it is the antenna which is closest to being parallel to 
the MAG boom (angle of 𝐴𝐴 27.7◦ ). The angles between the U-dipole/V-dipole and the MAG boom are 𝐴𝐴 74◦ and 

𝐴𝐴 68◦ , respectively, leading to a lesser coupling with the boom as discussed in Section 4.1.

We note that the effective length vectors above quasi-static frequencies are neither constant nor real-valued 
anymore, but they are complex-valued and also depend on the incoming direction of the wave. It is thus not 
possible anymore to do proper direction-finding above the so-called quasi-static frequency range. Therefore, 
we shortly investigate the properties of the transfer matrices from 500 kHz to 6 MHz in 500 kHz steps to find 
the upper frequency limit of the quasi-static frequency range.

The left panel of Figure 6 shows the changes of the colatitudes and azimuths of the effective lengths vectors 
with frequency. We have taken the values at 500 kHz as the basis, and the real part of the transfer matrix 
was taken for the calculation of these angles and their respective differences to the corresponding value at 
500 kHz. One can see that there are significant changes above ∼3  MHz (3,000 kHz). Only the colatitude of 
the U-dipole starts to show changes at even lower frequencies and is already beyond 𝐴𝐴 2◦ at 2 MHz. Hence, to 
achieve an accuracy of direction-finding of ∼2◦ it is advisable to restrict it to frequencies below 1,500 kHz. 
The right panel of Figure 6 shows the standard deviations of the angles of the effective length vectors as 
a function of frequency. Since the transfer matrices start to depend on the incoming direction of the radio 

Figure 5. Complex antenna impedances of U, V, and W-dipole as a function of frequency. The upper panel shows the 
real part, and the lower panel shows the imaginary part of the impedance. The negative imaginary part indicates highly 
capacitive antennas.
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wave with increasing frequencies, we have calculated them for 14 different directions. These were the 3 
coordinate axes in both directions [(±1, 0, 0), (0,±1, 0), (0, 0,±1)] plus the eight possible permutations of the 
space diagonal (±1,±1,±1) . The left panel of Figure 6 is based on the mean value of these 14 directions, 
whereas the standard deviations are shown in the right panel of the same figure. One can see here that for 
frequencies higher than 3.5 MHz these standard deviations have high values exceeding 𝐴𝐴 2◦ , which means 
there is a significant directional dependence of the effective antennas above 3.5 MHz. In principle it would 
be possible to do direction-finding also from 1.5 to 3.5 MHz, but it would be needed use different effective 
length vectors for each frequency according to the left panel of Figure 6.

In Figure 7 we show the far-field total gain patterns for the U-dipole (left column), the V-dipole (middle 
column), and the W-dipole (right column) at frequencies of 1 MHz (first row), 3 MHz (second row), and 
8 MHz (third row). This is followed by Figure 8, in which the gain patterns for the frequencies of 18 MHz, 
30 MHz, and 45 MHz (in rows) are shown for all three dipoles (in columns) similar to the previous figure. 
At 1 MHz the antenna system is in the quasi-static frequency range, so the shape of the gain patterns looks 
strictly toroidal. This can be seen in the first row of Figure 7, and at the U-dipole we have also indicated 
the direction of the effective length vector, which is equivalent to the direction of the minimum gain. Some 
slight distortions from the toroidal shape can already be seen at a frequency of 3 MHz (second row of Fig-
ure 7), especially for the V-dipole in the middle panel. At 8 MHz (third row of Figure 7) the patterns already 
have multiple lobes except for the V-dipole, where they show up around 18 MHz (middle panel of first row 
in Figure 8). The number of lobes is progressively increasing at the higher frequencies of 30 and 45 MHz 
(second and third row of Figure 8). For the higher frequencies the patterns are strongly frequency depend-
ent and have intricate shapes with several lobes, precluding accurate direction finding of the observed radio 
sources. Figures 7 and 8 show that above the quasistatic region the sensitivity of the dipoles is mostly higher 
for waves coming from the +x hemisphere. This gives evidence that the SP have a slight shielding effect 
against waves incident from the −x hemisphere.

For the quasi-static frequency range we have a high antenna gain towards the positive z direction for U and 
V-dipole, see first row of Figure 7. This is important because the optical instruments of JUICE are looking 
towards this direction, and so the spacecraft's attitude will often be such that Jupiter and its radio sources 
are located towards the +z direction. The gain of the W-dipole in +z direction is somewhat smaller, but its 
long effective length will still enable a good direction-finding together with the other two antennas. Fur-
thermore, the almost perpendicular effective axes of the U and V-dipole should preferably be used for wave 
polarization measurements, which should work very well for a radio source in +z direction. We finally note 

Figure 6. The left panel shows deviations of the mean colatitudes (𝐴𝐴 Δ𝜃𝜃 ) and azimuths (𝐴𝐴 Δ𝜙𝜙 ) of the effective length vectors for the U-dipole (in red), the V-dipole 
(in green), and the W-dipole (in blue) as a function of frequency from the corresponding values at 500 kHz. Deviations of 𝐴𝐴 ± 2◦ are marked by a dashed line. The 
right panel shows the standard deviation of the effective angles for 14 different incoming wave directions as a function of frequency.
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again that reliable results for direction-finding with an accuracy of at least 𝐴𝐴 2◦ can only be achieved below 
1.5 MHz with the JUICE RWI antenna system.

Figure 7. Far-field gain patterns for 1 MHz (first row), 3 MHz (second row), and 8 MHz (third row) for U-dipole (left panels), V-dipole (middle panels) and 
W-dipole (right panels). The color scales go from 0 (dark blue) to 2 (red) and denote the total linear gain.
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6. Influence of Other Spacecraft Instruments on RPWI
6.1. The Influence of the Active Radar on the Passive RPWI Sensors

The RIME (Radar for Icy Moons Exploration) instrument is an ice-penetrating radar to study the subsurface 
structure of the Jovian icy moons down to a depth of about 9 km with a vertical resolution up to 30 m in ice. 
RIME works at a central frequency of 9 MHz with bandwidths of either 1 MHz or 3 MHz. Its emitted power 
will be 10 W (Dirk Plettemeier, personal communication). RIME uses a dipole with a tip-to-tip length of 

Figure 8. Far-field gain patterns for 18 MHz (first row), 30 MHz (second row), and 45 MHz (third row) for U-dipole (left panels), V-dipole (middle panels) and 
W-dipole (right panels). The color scales go from 0 (dark blue) to 2 (red) and denote the total linear gain.
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16 m, and it is mounted on the top platform of the spacecraft bus parallel to the x-axis of the main spacecraft 
coordinate system (see Figure 1 or 9).

In Figure 9 we can see a total number of eight ports. For our simulation only the port of the RIME antenna is 
active, and all the other ports are passive. The RIME antenna is driven by a voltage of a few tens of Volts that 
corresponds to a total radiated power of 10 W. The half-wavelength antenna resonance of the 16 m tip-to-tip 
dipole (32 m wavelength) should be at 9.375 MHz. We added a capacitive load of 0.73 nF in order to have 
the antenna resonance at the central frequency of 9 MHz which is characterized by a vanishing imaginary 
part of the impedance. The real part of the RIME antenna impedance at 9 MHz was found to be around 
61 Ohms, close to the theoretical value of 73 Ohms of a stand-alone half-wave dipole. We excited the anten-
na with a radiated power of 10 W over a bandwidth of 3 MHz from 7.5 to 10.5 MHz. This corresponds to a 
spectral power of 𝐴𝐴 3.3 × 10−6  W 𝐴𝐴 Hz−1 , or a power of 0.67 W over a bandwidth of 200 kHz. RWI has a frequency 
sweeping receiver with a bandwidth of ∼200  kHz, and so a RIME radiated power of 0.67 W can induce a 
certain voltage in each RWI antenna over each 200 kHz bandwidth from 7.5 to 10.5 MHz. The strong RIME 
excitation causes a large electric near field and strong surface currents of up to 1 A 𝐴𝐴 m−1 close to the RIME 
ports, whereas typical surface currents are around 0.01 A 𝐴𝐴 m−1 on the MAG boom and around 1 mA 𝐴𝐴 m−1 on 
the RWI antennas. We calculated the induced voltages and currents at the four Langmuir Probe ports LP-
PWI 1–4 (Langmuir Probe Plasma Wave Instrument) and for the three RWI ports, and those values crucially 
depend on the respective port impedance. For the Langmuir Probe ports an equivalent circuit diagram 
(Jesper Fredriksson, personal communication) shows that a load of 390 pF in parallel to 10 k𝐴𝐴 Ω should be 
applied. For the RWI ports it is the base capacitance of 25 pF in parallel to a resistor of 1 M𝐴𝐴 Ω , with the latter 
being a large dropping resistor in series with the pre-amplifier.

Figure 10 shows the induced voltages at the Langmuir Probe ports (LP-PWI) on the left side and the induced 
currents on the right side. It can be seen that the voltages are ∼20 mV at most, and that the currents are not 
higher than ∼0.5 mA. This means that for voltage and current in phase the deposited power should be ∼5 

𝐴𝐴 𝐴𝐴 W at most. However, as voltage and current are close to quadrature, the FEKO calculation for the depos-

Figure 9. Jupiter Icy Moons Explorer spacecraft model for the calculation of the influence of the radar antenna Radar 
for Icy Moons Exploration (RIME) on the e Radio and Plasma Wave Investigation sensors. The RIME antenna (drawn 
in yellow) is excited with a radiated power of 10 W over a 3 MHz bandwidth. There are four Langmuir Probe ports (LP-
PWI 1 to 4) and 3 RWI ports (U, V, W) with certain impedances at which voltages and currents are induced.
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ited power gives a maximum of only ∼30 nW. The voltages and currents at LP-PWI 3 are about three times 
smaller than for the other probes. This is not surprising as LP-PWI 3 has the largest distance to the RIME 
antenna (see Figure 9), whereas the distances of LP-PWI 1, 2, and 4 to the RIME antenna are almost similar.

For the RWI antennas in Figure 11 the induced voltages are ∼0.3  V at most, and the currents are always 
under ∼0.5  mA. Due to the capacitive antenna voltage and currents are close to quadrature, and therefore 
the FEKO calculations yields a maximum for the deposited power of just ∼50  nW. The largest voltages and 
currents occur for the W-antenna, which should have the same reason as discussed at the end of Section 4.1: 
The small angular separation between the W-antenna and the MAG boom (compared to U and V-dipole) 
should lead to larger induced voltages and currents for the W-antenna.

These calculations have shown us that the induced voltages and currents should be no harm for the in-
struments, neither for the Langmuir Probes, nor for the RWI antennas. Some elements in the RWI and 
LP pre-amplifiers (diodes) are only able to withstand a power input of ∼100 mW, and our calculation has 
shown that the deposited power is only of the order of tens of nW. Even if the power of 10 W is emitted over 
a bandwidth of just 1 MHz (and not 3 MHz), the deposited power should just be a factor of three larger. We 
also note that the transceiver for the Langmuir Probes just goes up to a frequency of 1.5 MHz, and at this 
frequency the power output of RIME should be several tens of dB smaller due to the filters of the RIME 
impedance matching network.

The large RIME signal will of course be detectable by the RWI antennas and saturate its receiver when trans-
mitting. The sensitivity of the RWI antennas is around 10 nV 𝐴𝐴 m−1  𝐴𝐴 Hz−1∕2 . Using a bandwidth of 200 kHz 
and an effective length of ∼1  m, we find that the smallest detectable voltage signal is ∼5  𝐴𝐴 𝐴𝐴  V. This means 

Figure 10. Voltages (left) and currents (right) induced in a 200 kHz band by a strong RIME radar antenna signal at all four Langmuir Probe ports (loaded with 
390 pF and 𝐴𝐴 104 Ohms in parallel) as a function of center frequency from 7.6 to 10.4 MHz.

Figure 11. Voltages (left) and currents (right) induced in a 200 kHz band by a strong Radar for Icy Moons Exploration radar antenna signal at all three Radio 
Wave Instrument antenna ports (loaded with 25 pF and 𝐴𝐴 106  Ohms in parallel) as a function of center frequency from 7.6 to 10.4 MHz.
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that the voltage pulse from RIME should be about a factor of ∼105 higher than the RWI sensitivity. The RWI 
has no automatic gain control, and the 14-bit ADC (Analog-to-Digital Converter) has a dynamic range of 

𝐴𝐴 214 = 16, 384 . Therefore, the RIME signal should still be a factor of ∼6 above the RWI saturation level. As 
a consequence, no scientific observations are possible for the RWI during active RIME periods. However, 
RIME will mostly be used for only brief periods of time around the closest approaches to icy satellites. Many 
RIME observations will be done at the far side of the moons seen from Jupiter during which the strong Jo-
vian radio emissions are obscured and cannot be detected by the RWI instrument anyway. Additionally, for 
some passes at the near side during which the Jovian radio emissions can be detected, it is planned to use 
them as a natural tool for radio sounding. Then RIME will be in a passive mode and no active signals dis-
turbing the RWI observations will be emitted (Kumamoto et al., 2017; Romero-Wolf et al., 2015; Schroeder 
et al., 2016). As the RWI will be turned on during most of the time and the closest approach times to moons 
are not special for the observation of Jovian radio emissions, the scientific impact of not being able to make 
RWI observations during active RIME periods should be very small.

6.2. The Influence of the JENI Instrument on the RPWI Sensors

The JENI (Jovian Energetic Neutrals and Ions) instrument on-board JUICE has a high voltage power source 
that provides a voltage of 8 kV to a set of plates. The voltage source has a ripple (AC fluctuation) of about 
1.3 V at a frequency of 100 kHz (Pontus Brandt, personal communication). However, the fluctuation should 
be decreased by an output filter by at least a factor of 100, so the ripple should typically be 𝐴𝐴 ∼ 13 mV. We mod-
eled the spacecraft in the same way as in the previous subsection with the same RWI and Langmuir probe 
impedances as given in Figure 9. Only the JENI instrument was modeled in more detail, and it was designed 
without the protective grid covering its plates. We applied a voltage with an amplitude of 13 mV at the JENI 
plates with a frequency of 100 kHz. We found that the induced surface currents by the AC fluctuation are 
just as high as 𝐴𝐴 10−9  A 𝐴𝐴 m−1 close to the JENI plates. Further away, the induced surface currents on the RWI 
antennas and the LP are much smaller and around 𝐴𝐴 10−20  A 𝐴𝐴 m−1 . The induced voltages and currents at the 
RWI and Langmuir Probe ports are only of the order of 0.1 𝐴𝐴 𝐴𝐴 V and 1 pA, respectively. This small voltage and 
current is absolutely no harm to the RPWI sensors, and it won't even cause a measurable signal. The small-
est detectable voltage signal for RWI is ∼5 � V, which is more than one order of magnitude larger than the 
induced signal. So even when the JENI output filter fails, the signal from the ripple will barely be detectable. 
This is similar for the Langmuir Probes as their sensitivity is even smaller than the one of the RWI antennas.

7. Discussion and Conclusions
Table 4 summarizes the results of our effective length vector calculations. We give the spherical coordinates 
of the physical antennas, and of the open and loaded port effective antennas for JUICE RWI. The latter 
have been calculated for a quasi-static frequency of 300 kHz, and we also indicate the angles 𝐴𝐴 𝐴𝐴 between the 
physical and effective antennas for all three dipoles.

Antenna name

Physical antennas Open ports Loaded ports (25 pF)

𝐴𝐴 𝐴  [m]𝐴𝐴 𝐴𝐴  [deg]𝐴𝐴 𝐴𝐴  [deg]𝐴𝐴 𝐴𝑜𝑜  [m]𝐴𝐴 𝐴𝐴𝑜𝑜  [deg]𝐴𝐴 𝐴𝐴𝑜𝑜  [deg]𝐴𝐴 𝐴𝐴𝑜𝑜  [deg]𝐴𝐴 𝐴𝑙𝑙  [m]𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙  [deg]𝐴𝐴 𝐴𝐴𝑙𝑙   [deg]

U + U− 2.5 69.6 −22.1 1.07 44.6 −25.7 25.1 0.26 45.1 −25.9 24.7

V + V− 2.5 98.1 64.9 0.92 85.4 72.5 14.8 0.23 84.8 73.1 15.6

W + W− 2.5 22.1 134.4 1.87 27.6 156.3 10.6 0.48 27.7 155.9 10.6

Note. For the loaded port a base capacitances of 25 pF was used. The letter 𝐴𝐴 𝐴 denotes the effective length, the angle 𝐴𝐴 𝐴𝐴 
is the colatitude, and 𝐴𝐴 𝐴𝐴 is the azimuth. The superscripts “o” and “l” denote the values for open ports and loaded ports, 
respectively. The angle 𝐴𝐴 𝐴𝐴 gives the angular deviations of the effective antennas from the physical ones.

Table 4 
Spherical Coordinates of Physical Antennas in Comparison to Open and Loaded Port Effective Length Vectors for U, V, 
and W Dipole
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The three physical antennas are perpendicular to each other. The open port effective length vectors have 
the following angular separations between each other: The angle between U and V-dipole is 𝐴𝐴 92.5◦ , the angle 
between U and W-dipole is 𝐴𝐴 72.2◦ , and the one between V and W-dipole is 𝐴𝐴 83.1◦ . For the 25 pF loaded ports 
these angular deviations change to 𝐴𝐴 92.6◦ (U–V), 𝐴𝐴 72.7◦ (U–W), and 𝐴𝐴 82.1◦ (V–W), respectively. Hence, the three 
dipoles should have a sufficient angular separation for proper a direction-finding of incoming radio waves. 
The angular deviations between the physical and effective antennas given by the angle 𝐴𝐴 𝐴𝐴 in Table 4 range 
from 𝐴𝐴 10◦ to 𝐴𝐴 25◦ . A drawing showing these deviations is given in Figure 12. It is obvious from this figure as 
well as from Table 4 that the effective length of the W-dipole is almost twice as long as of U or V-dipole. 
The reason for this is most likely that the currents on the MAG boom induce larger currents in the W-di-
pole, since the angle between W-dipole and MAG boom is just ∼28◦ , whereas the angles between the U-di-
pole/V-dipole and the MAG boom are ∼74◦ and ∼68◦ , respectively. The inclusion of loaded ports changes the 
effective antenna directions by a few tenth of a degree, and the maximum deviation can be seen in Table 4 
for the colatitude and azimuth of the V-dipole which both change by 𝐴𝐴 0.6◦ . However, the effective lengths 
are changing considerably when a capacitive load is added to the antenna as the ratio of open to loaded port 
effective length is approximately given by 𝐴𝐴 𝐴𝐴𝐴𝐴∕(𝐴𝐴𝐴𝐴 + 𝐴𝐴𝐿𝐿) = 8∕(8 + 25) = 0.24 .

We note that initially the SP were planned to be larger, consisting of 10 panels of 2.5 m 𝐴𝐴 × 4.0 m (and not 
just 2.5 m 𝐴𝐴 × 3.5 m as now) giving a total area of 100 𝐴𝐴 m2 . This meant a spacecraft that would have been ∼3  m 
longer along the y direction, or ∼1.5  m on each side. Our initial calculations did use such large SP, and the 
angles of the effective antennas were up to 𝐴𝐴 4◦ different compared to the results for the smaller panels pre-
sented in this paper. This means that the two main elements of the spacecraft with a large influence on the 
antenna reception properties are the nearby long magnetometer boom and the large SP. The modeling of the 
MAG boom is also crucial, since it is the closest element to the RWI antennas. We also calculated models in 
which the mesh of the cylindrical MAG boom only had a pentagonal cross-section. Our main model had a 
finer mesh for the MAG boom with an octagonal cross-section, and the difference in effective antenna an-
gles compared to the pentagonal cross-section was up to 𝐴𝐴 3◦ . Other modifications of the mesh, like a coarser 
grid for the SP or the central spacecraft body with a few thousand triangles less, only resulted in differences 
of a few tenth of a degree for the effective antenna angles. Finally, only the comparison with a future in-
flight calibration of the RWI antennas will allow us to judge the absolute error of our modeling. We estimate 
that the angular error for the effective antenna directions presented in this paper should be around 𝐴𝐴 1◦ to 𝐴𝐴 2◦ . 
This estimation comes from the comparison of in-flight calibration results with numerical modeling for 
other spacecraft like Cassini (Vogl et al., 2004) or STEREO (Panchenko et al., 2014).

Figure 12. Drawing of physical and effective antennas for open ports at a quasi-static frequency of 300 kHz. The effective antennas are in red for the U-dipole, 
in green for the V-dipole, and in blue for the W-dipole, and they are drawn at the U+, V+, W+ side of the respective antenna. The view on the left goes along the 
x-axis towards negative values, and the view on the right goes along the y-axis towards negative values.
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In Section 4.2 we have calculated the influence of the JUICE solar panel rotation on the effective antenna 
directions and length. The length changes only minimal (just 1 cm at most), but the angles can change by 
almost 𝐴𝐴 1◦ . If the assumed angular error is around 𝐴𝐴 1◦ to 𝐴𝐴 2◦ as just mentioned above, does it make sense to 
look at such smaller changes? We think yes, because of the following reasons: First of all, it is of interest 
to get a rough idea how much the effective angles change with solar panel rotation. And second, it should 
be possible to largely eliminate systematic model errors by subtracting the results of two slightly different 
simulations at two different solar panel rotation angles from each other. This is exactly what we do in Fig-
ure 4 when relating all the changes in effective angles to the default position at 𝐴𝐴 0◦ rotation angle. Finally, the 
in-flight calibration can tell us the correct effective length vectors of the antennas for the real spacecraft at 
the default position of the SP, and then Figure 4 can be used for small corrections if the SP are at different 
positions. Our simulations thus also tell us that it would be useful to perform the in-flight calibration at a 
constant solar panel position. During the calibration roll maneuvers it would be practical to use the default 
position in which the panels look into the same direction as the HGA as shown in Figure 1. Otherwise, the 
errors of the in-flight calibration could increase by up to 𝐴𝐴 1◦ . Our numerical simulations are probably the only 
way to find the influence of the solar panel rotation on the effective antenna directions. This is due to the 
fact that it would be impracticable to perform separate calibrations for many different solar panel positions.

The most important result of our effective length vector calculations at higher frequencies in Section 5 is 
that it is not recommended to do radio wave direction-finding above a frequency of ∼1.5  MHz. This is sim-
ilar to the Cassini RPWS antennas, despite the fact that the Cassini monopoles are four times longer than 
the RWI dipole tip-to-tip length. We had hoped that direction-finding for JUICE RWI would also be possible 
at somewhat higher frequencies, as the antenna resonance is at much higher frequencies (60 MHz) and as 
dipoles are usually less influenced by the spacecraft structure than monopoles. However, the simulations 
give evidence that mainly the size of the whole spacecraft (and not just the antennas) in relation to the 
wavelength determines at which frequencies the effective length vectors are not constant anymore. Our 
antenna gain plots in Figures 7 and 8 have shown that some distortions from the toroidal gain shape of the 
dipole already occur at 3 MHz, and that multiple lobes first show up around 8 MHz. Not only the gain, but 
also the wave polarization sensitivity of the antennas are extremely direction-dependent for frequencies 
above 5 MHz.

We also used numerical simulations to estimate the influence of other instruments on antennas as well as LP 
sensors and receivers. We found that voltage ripples in the high-voltage JUICE JENI instrument should have 
no influence, but the strong 10 W active radar pulses of RIME around 9 MHz will saturate the RWI receiver. 
However, the deposited power from the strong RIME signal is just of the order of tens of nW for LP and RWI 
antennas. This should do no harm. It is planned to perform a RIME interference measurement campaign, to 
further evaluate the influence of active RIME transmission on other instruments and measurements.

Data Availability Statement
No measurement data was needed for this publication. The detailed CAD model of the JUICE spacecraft is 
proprietary to Airbus. However, the main and relevant geometrical features of our reduced model are well 
described in Section 3.
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