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The Venus Express Radio-Science Experiment (VeRa) is using radio signals at Xand S-band (3.5 cm and 13 cm wavelengths, respectively) to probe the Venus
surface, neutral atmosphere, ionosphere and gravity field, and the interplanetary
medium. An ultrastable oscillator (USO) is providing a high-quality onboard
reference frequency source; instrumentation on Earth is sampling amplitude, phase,
propagation time and polarisation of the received signals. Simultaneous coherent
measurements at the two wavelengths allow separation of dispersive media effects
from classical Doppler shift. The execution of a radio-science experiment involves
the precise interaction of many complex spaceborne and ground-based systems. The
quality of the measurements depend critically not only on the noise performance of
the USO, the quality of the radio link and the performance of the ground station,
but also on the precision of the timing, ephemeris data, orbit prediction and the
attitude-control manoeuvres that are needed to perform the experiments and to
extract the data.

The Venus Express Radio-Science Experiment (VeRa) applies radio-science
techniques to the study of atmospheric, ionospheric, gravity and surface
questions at Venus, and to the study of the solar corona and wind. There is a long
history of such experiments (Howard et al., 1974; 1992; Eshleman et al., 1977;
Tyler, 1987; Steffes et al., 1994; Tyler et al., 1992; 2000; 2001; Bird et al., 1994;
1997; Pätzold et al., 1995, 2006). A set of companion investigations on Mars
Express was decribed by Pätzold et al. (2004).
Radio-science investigations fall into three broad categories of
experimentation and observation. First, for the study of planetary atmospheres
and ionospheres, the spacecraft must be ‘occulted’ so that the gas or plasma lies
between the radio source and receiver. In a typical occultation experiment
conducted with an orbiter, the spacecraft sequentially passes behind the
ionosphere, the neutral atmosphere and finally the planetary disc as seen from
the tracking station, and then reemerges in the reverse sequence. During an
occultation event, the media of interest (atmosphere and ionosphere) are ‘sensed’

1. Introduction

1

SP-1295

VeRa’s science objectives include:
Determination of neutral atmospheric structure from the cloud deck (~40 km) to
100 km altitude and derivation of vertical profiles of neutral mass density,
temperature and pressure as a function of local time and season. The results should
also reveal the vertical structure of localised buoyancy waves, and the presence and
properties of planetary waves.
Study of the sulphuric acid vapour absorbing layer in the atmosphere by signal
intensity variations, as a tracer for atmospheric motions. Scintillation effects caused
by diffraction of the radio wave within the atmosphere can also provide information
on small-scale turbulence effects.
Investigation of ionospheric structure from about 80 km to the ionopause
(< 600 km), to study the interaction between solar wind plasma and the atmosphere
and ionosphere of Venus.
Observation of forward-scattered surface echoes obliquely reflected from highelevation targets with anomalous radar properties (such as Maxwell Montes). More
generally, such bistatic radar measurements provide information on roughness and
density of the surface material on scales of cm to m.
Study of gravity anomalies, to provide insights into the properties of the crust and
lithosphere.
Measurement of the Doppler shift, the propagation time and the Doppler noise,
especially during superior and inferior conjunction, allows investigation of dynamical
processes in the solar corona and solar wind.

by their effects on the radio signals (Fjeldbo & Eshleman, 1969; Fjeldbo et al.,
1971; Eshleman, 1973). In the case of coherent dual-frequency transmission, this
experiment allows the separation of non-dispersive and dispersive media effects;
it becomes possible to distinguish between neutral atmospheres and ionised
media. This technique is able to study not only planetary ionospheres but also
solar corona and solar wind effects.
Second, oblique-incidence scattering investigations using propagation paths
from a spacecraft via a planetary or satellite surface to an Earth station can be
used to explore the surface properties through study of the microwave scattering
function. Such investigations are referred to as ‘bistatic radar’ since the
transmitter and receiver are separated by significant angular distances or ranges.
For Venus, the detailed relationship between surface emissivity, reflectivity and
altitude is still a major unresolved issue.
Third, in contrast to occultation experiments, which sense the effect of the
medium along a path between two known points, gravity experiments are based
on determining the motion of the spacecraft in response to the variations in
mass-distribution within a planet or its satellites. For Venus, the spherical
harmonic gravity field was determined to degree and order 180 by Barriot et al.
(1998) and Konopliv et al. (1999), but questions concerning the properties of the
crust and lithosphere below special target areas remain open.
In all cases, a radio-science experiment relies on the extreme stability of the
frequencies employed and measured. Performing a radio-science experiment
requires the precise interaction of many complex spaceborne and ground-based
systems, an equally precise numerical analysis and simulation to separate
predicted effects of orbit, tropospheric and ionospheric path delays, planetary
motion and relativity from the observed effects. This paper therefore not only
presents instrumental details but also describes the typical interaction of many
physical and technical disciplines needed for the success of the experiment.
2
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VeRa is the first radio science experiment carried out at Venus using an
ultrastable reference frequency source aboard the satellite.

2.1 Radio sounding of the neutral atmosphere
The mean radius of Venus is 6051.9 km. Venus has a retrograde rotation period
of 243.025±0.001 Earth days; its orbital sidereal period is 224.7 Earth days (the
solar day lasts 117 Earth days). The atmosphere consists mainly of CO2 (~96.5%)
and N2 (~3.5%), with small amounts of other gases. Despite its slow rotation
rate, the lower and middle atmosphere display a strong zonal wind structure with
a period of 4–5 days (‘super-rotation’, i.e. in the sense of planetary rotation).
Venus is shrouded by a 20 km-thick cloud layer; its surface temperature is 735K.
There is no sublimation/condensation of the atmosphere as is the case for Earth
and Mars (Saunders, 1997).
At low altitude (0–60 km) there appears to be an overturning of the
atmosphere from equator to pole in the form of one or several meridional Hadley
cells, with giant vortices at each pole recycling the air downwards. There are
important questions related to the detailed structure of the low-altitude
meridional atmospheric circulation and to the coupling of the polar vortices to
the components of the global circulation. The driving mechanism is unknown; it
may be a manifestation of vertically propagating waves, a possible carrier of
momentum which then transfers its momentum via large horizontal eddy
diffusion to the mean flow, which is observed in the middle atmosphere as the
zonal super-rotation (Gierasch, 1975). Yamamoto & Takahashi (2003) suggest
that the atmospheric angular momentum is supplied from the planetary surface.
According to Izakov (2001), besides surface friction, gravity-wave drag is
another method of angular momentum transport.
The middle atmosphere (60–110 km) is a transition region between the zonal
super-rotation regime in the lower atmosphere and the solar-antisolar circulation
in the upper atmosphere. The mechanism causing that transition is virtually
unknown.
Pioneer Venus Orbiter (PVO) radio occultation data showed that the
characteristics of the thermal structure in the troposphere and stratosphere
regions are dependent predominantly on the latitude and only weakly on solar
illumination conditions. The most striking feature is a dramatic change in the
temperature structure moving from low latitudes to high latitudes. At midlatitudes, a more distinct tropopause (~40 km altitude) begins to be evident and
a growing inversion appears above the tropopause, developing as a ‘collar’
region between 55ºN and 75ºN (Kliore & Patel, 1982; Newman et al., 1984).
However, no such collar was reported in Jenkins et al. (1994), confirming the
variability of this feature.
Above an altitude of 120 km, PVO observations show relatively low dayside
temperatures (300K) despite the proximity of Venus to the Sun, and a sharp
collapse across the terminators to very low nightside temperatures (110K),
(Keating et al., 1979). This is in great contrast to the expected thermospheric
behaviour and has no counterpart anywhere in the Solar System. Global
characterisation of the density and temperature structure is still needed to
understand this effect.
The temperature profiles gained by radio occultation techniques also offer the
possibility of studying the stability of the atmosphere by deriving the buoyancy
or Brunt-Väisälä frequency (Hinson & Jenkins, 1995).
The same authors also showed that small-scale oscillations (temperature
amplitudes of up to 10K) can be caused by vertically propagating gravity waves,
which can be identified in retrieved temperature profiles and in scintillations in
received signal intensity recorded with high time resolution. Gravity waves seem
to be a persistent global feature of the Venusian atmosphere.

2. Science Objectives
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Fig. 1. Occultation seasons for VeRa for the nominal (orbit number < 500)
and extended mission (orbit number > 500). Black dots indicate the
duration of a pure planetary occultation, green dots show the duration of
the occultation assuming an atmosphere/ionosphere with an altitude of
240 km.

Fig. 2. Distribution of planetocentric latitudes for occultation ingress and
egress (assumed to be at the planetary surface) for the nominal and
extended missions. Red dots mark occultation ingress, blue dots occultation
egress.

At altitudes below 40 km atmospheric and defocusing losses significantly limit
the quality of the observations. Below ~32.3 km, the atmosphere is critically
refractive, making it principally inaccessible to radio occultations.
Important issues concerning the atmosphere of Venus are discussed in Titov
et al. (2001), Taylor (1997, 2002) and Moroz (2002).
The distribution and duration of the various VeRa occultation seasons are
given in Figs. 1 and 2 (based on orbit information from Rodriguez-Canabal et
al., 2003). It is important to know that an occultation pass can last up to 50 min,
depending on the orbital/geometrical constellation between spacecraft, Venus
and Earth. Occultations occur at all planetocentric latitudes.
2.1.1 Measurement objectives
VeRa will globally characterise the density and temperature structure of the
neutral atmosphere above an altitude of ~40 km by determining the
planetocentric longitudinal and latitudinal distribution; it will determine the
temperature to better than 1K. Atmospheric observations are being made for
every second occultation path because, in this sufficient number, they can reveal
the nature of the propagation of atmospheric waves and the transfer of angular
momentum in the atmosphere.
2.2 Atmospheric absorption
It has been shown that the H2SO4 (g) abundance can become significant below
an altitude of 50 km, reaching peaks of 18–24 ppm near 39 km before dropping
precipitously below 38 km (Jenkins et al., 1991; 1994). Significant variations were
found with Magellan from orbit to orbit, suggesting dynamical processes
between 33 km and 200 km, and revealing information about the horizontal
variability of the atmosphere in the absorbing layer below the cloud deck.
To account for this effect, the attenuation of the radio signals (S/X-band)
during an occultation pass was simulated by ray-tracing techniques using the
Magellan reference atmosphere given in Lee (1996). Absorptivity profiles derived
from Kolodner & Steffes (1998), including the contribution from all species
(CO2, H2SO4 (g), SO2 (g)), were averaged and approximated by an analytical
4
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Fig. 3. Average profile of absorption vs. height
for H2SO4 (g), CO2 and N2 in the atmosphere of
Venus. Input data based on Kolodner & Steffes
(1998).

function. Fig. 3 shows the result for X-band and S-band frequencies, with the
expected absorption maximum at altitudes near 39 km.
2.2.1 Measurement objectives
The amplitude (power) variations of the received radio signal are recorded at a
time resolution of better than 0.1 s in order to allow the determination of the
abundance and spatial distribution of sulphuric acid vapour in the atmosphere,
which is a tracer for atmospheric motions.
2.3 Radio sounding of the ionosphere
The absence of a planetary magnetic field at Venus leads to important differences
with the structures of Earth’s ionosphere. The upper atmosphere of Venus is not
protected by a magnetic field from direct interaction with the solar wind, which
can lead to strong atmospheric escape processes. The ionospheric pressure,
consisting of thermal and magnetic components, balances the dynamic pressure
of the solar wind (Luhmann, 1986; Russell & Vaisberg, 1983).
The upper boundary of the ionosphere, where the plasma density shows a
deep gradient, is called the ionopause. Its average location was measured with
PVO’s particle instruments during solar-maximum conditions; PVO made radio
occultation measurements during solar-minimum conditions (1980–1986)
(Mahajan & Diwivedi, 2004). The altitude range of the ionopause during solarminimum conditions is 200–400 km; during solar-maximum it is 400–800 km.
The typical ionopause electron density is 108 el m–3.
Owing to the orbital conditions and the rather low expected height of the
ionopause, radio occultation is the only experimental technique available to
Venus Express that can measure the location of the ionospheric boundary during
the solar-minimum conditions of the mission. Ionospheric sounding will not be
feasible when Venus is at superior solar conjunction (±10º elongation or ±40
solar radii with respect to the solar disc in the plane of sky).
The sensitivity of the VeRa experiment is of the order 100 el cm–3; the altitude
resolution of the derived electron density profile is around 100 m or better.
These studies will also contribute to an understanding of the development of
Earth’s environment during the epochs of weak magnetic field (Titov et al.,
2001).
5
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2.3.1 Measurement objectives
VeRa is investigating the ionospheric structure from ~80 km to the ionopause
(< 600 km), which allows the study of the interaction of solar wind plasma with
the atmosphere. VeRa, the MAG dc-magnetometer and the ASPERA plasma
analyser provide complementary plasma observations in or close to the Venus
ionosphere.
2.4 Bistatic radar
By measuring echoes at normal incidence, PVO found regions on the surface of
Venus that exhibited unexpectedly high radar reflectivity (up to 0.4; Pettengill et
al., 1982). It was later found that these regions were also associated with low
surface emissivity (~0.54; Ford & Pettengill, 1983). The lowest emissivities
appear in topographically high areas (3 km above the mean planetary radius for
mountains; 5 km above the mean for Maxwell). This suggests that a phasechange or differences in chemical weathering occur at about 6055 km radius
(Tyler et al., 1991). Elevated regions identified were Ovda Regio, Thetis Regio,
Maat Mons, Ozza Mons, Theia Mons and Rhea Mons. The PVO results were
confirmed and refined using Magellan data (Pettengill et al., 1992, Table 2).
Similarly, exotic phase-changes in materials at the upper levels of mountains
were demonstrated by observing variations in polarisation from Maxwell
Montes with a bistatic scattering experiment conducted with the Magellan
orbiter ( Pettengill et al., 1996). The results led to the conclusion that a thin
coating of semiconductor material (elemental tellurium) could explain the
observations. At very high altitudes (above 6056 km in the equatorial regions),
the emissivity switches back to values that are more typical of the plains. It
should be noted, however, that the prominent Maat Mons volcano differs from
other Venus highlands in not exhibiting high radar reflections at its summit
(Klose et al., 1992; Robinson & Wood, 1993).
Recent analyses propose alternatively that high dielectric-constant
compounds of lead and bismuth condense in the Venusian highlands (Schaefer &
Fegley, 2004). Also discussed is the role of magnetic minerals and ferrimagnetic
phase transitions in highlands (Kreslavsky et al., 2005), as well as the role of
ferroelectric material (Arvidson et al., 1994).
2.4.1 Measurement objectives
Bistatic radar measurements are, in principle, possible throughout the whole
mission. In order to receive sufficiently strong radar reflection signals, the
experiment is being conducted mainly in the specular reflection mode using large
ground stations (70 m Deep Space Network antennas) at Venus-Earth distances
of < 1.2 AU and at low altitudes of the satellite (< 15 000 km).
2.5 Gravity effects
Magellan answered many questions about the planet’s geophysical and
geological histories but it also raised new questions. Venus is a one-plate planet
and thus does not experience Earth-like plate tectonics. The tectonic style of this
planet is, however, not clearly understood. A strong link with the underlying
mantle dynamics is suspected. In this context, the structure of the lithosphere is
a key parameter because it plays a major role in the mantle dynamics and in the
tectonics of the surface.
The best determination of the gravity field was computed from Magellan data
and corresponds to a gravity field developed with spherical harmonics up to
degree and order 180 (Konopliv et al., 1999). However, owing to some gaps in
the tracking of the spacecraft (especially at low pericentre passes), the resolution
of this model is not uniform at the surface of the planet. VeRa offers the
possibility of studying the gravity field with improved resolution within the
longitude and latitude intervals 140–220ºE and 40–80ºN. The orbital tracks are
6
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Table 1. Observation types, scientific objectives,
radio-frequency transmission modes and ground
station configurations for VeRa.

separated by about 1.5º at altitudes close to pericentre, corresponding to ~80 km
along a parallel at perigee. At pericentre, the speed is near 9 km/s so a sampling
of 10 s ensures a sampling of 90 km in latitude.
A preliminary analysis shows that gravity campaigns are possible in the time
periods: 26 August – 1 November 2006; 23 June – 2 July 2007; 26 December 2007
– 1 March 2008.
2.5.1 Measurement objectives
As the longitudes cover a range of about 80º, the mapping can be achieved in
about 60 successive orbits of Venus Express. The ‘TWOD’ transmission mode
(Table 1) will be used by the spacecraft. The orbits selected need to be
occultation-free around pericentre and to be outside of solar conjunction
periods. The sampling rate will be 10 s. The main area covered is Atalanta
Planitia, is a low-altitude basin with a diameter of ~1500 km and a depth of
~2 km. The resolution of the Magellan gravity field model is estimated to be at a
wavelength as low as ~475 km (Konopliv et al., 1999). Given the Venus Express
pericentre altitude of about 250 km and the optimal data sampling rate that can
be reached, an improvement of this wavelength resolution to about 100–150 km
is expected. In turn, the understanding of the lithosphere structure under this
area might be improved on the basis of the analysis of the topography-gravity
relationship (Leftwich et al., 1999).
2.6 Solar corona and solar wind
Venus will move into superior and inferior conjunctions with the Sun several
times during the mission. The view of the planet’s path in the plane of the sky
around the time of conjunctions is shown in Fig. 4. During superior
conjunctions, which cannot be used for high-quality data transmission from the
spacecraft, corona and solar wind effects can be studied. During superior
conjunctions, measurements in the TWOD mode will be performed for several
hours each day when Venus is within 10º of the Sun or 40 radii from the solar
disc as seen from Earth in the plane of sky.
The inferior-conjunction measurements will be carried out for several hours
7
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Fig. 4. First (left) and second solar conjunction
pair.

when Venus is at 10º elongation (40 solar radii), and 5º elongation (20 solar radii)
on both sides of the solar disc, and also near the point of conjunction.
2.6.1 Measurement objectives
It is proposed to derive electron density profiles in the structured corona, solar
wind speed, turbulence spectra in the source regions of fast and slow solar wind
streams from coronal holes and streamers, respectively, and to detect, identify
and describe the spatial and temporal evolution of the shockfronts of coronal
mass ejections (Bird et al., 1994; Pätzold et al., 1995, 1996; Karl et al., 1997). At
inferior conjunction, the lowest level of solar wind turbulence will be measured
and recorded for calibration purposes.

3. Measurement Technique

3.1 The spacecraft radio subsystem and its transmission modes
The possible radio-frequency transmission modes are shown in Fig. 5. The prime
ground station for the VeRa measurements is New Norcia (NNO) in Australia.
NASA Deep Space Network (DSN) support for specific mission phases is
available. The observation modes, transmission modes and ground station
configurations for Venus Express are listed in Table 1. Fig. 6 presents a block
diagram of the onboard radio subsystem. The 1.30 m-diameter main high-gain
antenna (HGA1) with two feeds (X- & S-band) is used for VeRa. The
transponder X-band signals are amplified by two redundant 65 W travelling
wave tube amplifiers (TWTAs), while the S-band signal is transmitted by a 5 W
amplifier. The gain of the HGA1 antenna is 37 dBi (X-band) and 25.7 dBi
(S-band) (Astrium, 2004).
3.2 Ray propagation in media
The atmosphere/ionosphere may be sounded before or after an occultation,
when, as seen from Earth, the spacecraft disappears behind the planet (ingress)
or it emerges from behind (egress). There is a range of occultation conditions,
from grazing to diametric. The signal ray path bends owing to the neutral and
ionised regions of the atmosphere (Fig. 7). Physical parameters such as bending
angle and refractivity can only be derived after the observed radio frequency has
been corrected for the Doppler effect caused by the relative motion of the
spacecraft and ground station against the effects that would exist without the
influence of an atmosphere. Theses effects (‘predicts’) are determined by the
Radio Science Simulator software package (RSS; Selle et al., 2004).
Assume that a satellite with radial velocity v transmits a carrier signal with the

8
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Fig. 5 (top left). Transponder configuration and transmission modes of
Venus Express. The ultrastable oscillator (USO) serves as the onboard
reference frequency source in the one-way transmission mode.
ONED: uncoherent one-way dual-frequency downlink transmission;
TWOD: coherent two-way dual-frequency downlink transmission.

Fig. 6 (top right). The Venus Express redundant radio subsystem.
(Astrium, 2003)

Fig. 7 (left). Geometry used for calculation of an electromagnetic wave
refraction in the atmosphere of Venus during an occultation. Ray path
closest approach distance r0 and α are related to the impact parameter a
(asymptote closest approach distance) and index of refraction n(r).

frequency fT and that the ground station receives the signal at a frequency fE
shifted by Δf with respect to fT (one-way mode). When the wave was propagating
through an ionised medium (plasma) with the local plasma density Ne (m–3), we
then obtain for the observable Δf in the non-relativistic case (with ds being the
incremental length element along the propagation path, and c is the speed of
light):

(1)

The frequency shift of the carrier frequency is composed of two parts – the
classical Doppler shift due to the orbital motion of the satellite and the dispersive
effect of the varying total integrated electron density content TEC (m–2; unit
= 1 Hexem = 1016 el m–2) along the path of propagation. Gravitational and
atmospheric effects are contained in the first part and can be separated from the
dispersive part by employing the dual-frequency technique whereby two signals
are transmitted simultaneously from the spacecraft in the ONED mode using the
USO as the onboard coherent reference frequency (Häusler et al., 2003).
The differential Doppler frequency δf from two different frequencies but
related by a constant 11/3 ratio for one-way propagation leads to:

(2)
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where s and x refer to S- and X-band, respectively. This relationship allows
conclusions to be drawn about the time-derivative of the TEC:

(3)

and the index of refraction n for an ionised medium. The index of refraction n
(< 1) is related to the medium’s electron number density Ne (m–3) and the signal’s
frequency to second order in 1/f :

(4)

The results of a ray-tracing Doppler simulation (one-way mode) for the
occultation pass on orbit 105 using the Magellan reference atmosphere (Lee,
1996) and a model ionosphere are shown in Fig. 8. In the neutral atmosphere, the
S-band Doppler residuals are a factor 4 smaller than those for the X-band
signals. The scaling of the Doppler profile shown does not allow any of the
ionospheric structure to be resolved.
A second important observable is the classical group delay, τ, of an
electromagnetic wave, given by:

(5)

The first part of the above equation represents the vacuum light travel time
(group delay), while the second part represents the dispersive group delay and
allows us to determine the TEC along the propagation path in a similar way to
the Doppler effect. Using the two-way mode, the above formulae have to be
adopted accordingly.
By using the differential dual-frequency method, the non-dispersive effects can
be eliminated. This allows us to extract the TEC directly:

(6)
where δτ is the differential group time delay.
3.3 Relativistic corrections
The measured Doppler frequency shift contains relativistic contributions.
Assuming a system T (satellite, transmitter) is transmitting the frequency fT, and
a system E (Earth ground station) receives the frequency fE, the shift in frequency
can be determined to second order in v/c by (Soffel, 1989; Krisher, 1993;
Schneider, 1996; Häusler et al. 2003):

(7)
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Fig. 8. Atmospheric/ionospheric media
contributions to the Doppler frequency shift
during the occultation pass on orbit 105
(Remus, 2004).

We define β = v/c, with n^ being a unit vector pointing from T to E, i.e. in the
direction of the signal propagation at the time the signal is radiated, including the
general relativistic time delay. vT is the coordinate velocity of T, and vE the
coordinate velocity of the ground station at the time of signal emission and
reception. Barycentric coordinates are used. All relative velocities must be
Lorentz-transformed. φE and φT are the gravitational potentials of E and T. The
potential of the ground station contains the centrifugal potential of the Earth.
The contribution of the gravitational potential (gravitational redshift) is
significant. It reaches ~100 Hz at X-band in the one-way mode.
The group delay (ranging signal) must also be corrected for the effect of
General Relativity (Shapiro, 1964; Reasenberg et al., 1979). Near superior
conjunction, the additional range delay (two-way) can amount to ~0.2 ms, being
equivalent to an error in distance by 30 km or an apparent TEC value of
~4 x 105 / 4 x 104 Hexems at S/X-band, respectively. Further details are given in
Häusler (2002) and Häusler et al. (2003).
3.4 Light-time correction
When deriving the planetary velocity vectors from the ephemeris data, the effect
of the finite speed of light (light travel time) must be included in order to predict
the Doppler and range values. For a planetary mission like Venus Express, the
light travel time can amount to 14 min. Special routines using an iterative
procedure were developed for the RSS.
3.5 Earth’s tropospheric and ionospheric corrections
The neutral atmosphere is a non-dispersive medium with respect to radio waves
up to frequencies of 15 GHz. The refractive index n, however, is dependent on air
pressure, temperature, humidity and zenith angle. The effect is a path delay that
reaches 2.0–2.5 m in the zenith direction and increases approximately with the
cosecant of the elevation angle, yielding about a 20–28 m delay at a 5º elevation
angle, independent of the frequency. The tropospheric contribution varies slowly
with time compared to the actual observation time during occultation at Venus
and leads therefore to a measurable but mainly constant additional Doppler bias
of the order of 1.5 mm/s during a full day of ground station tracking. Further
details on modelling techniques are discussed in Häusler et al. ( 2003).
The ionospheric refraction leads to a reduction of group velocity and an
11
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increase in phase velocity. The refractive index depends on local time and
geomagnetic activity. The delay reaches typically 0.1–2 ns (3–60 cm) in the zenith
direction at 8.4 GHz.
Further details of the modelling techniques are discussed in Sovers et al. (1998)
and Häusler et al. (2003).
3.6 Reference systems and time basis
The planetary ephemeris data are determined in the RSS by the JPL/DE405
program using J2000 as the inertial reference frame. The time basis selected for
the independent variable ‘time’ is the Barycentric Dynamical Time (TDB or
Teph). It is therefore necessary to match TDB (Teph) time with UTC time in the
prediction software routine.
The spacecraft onboard time (OBT), which synchronises the precise execution
of the onboard commands, must be controlled by ground command. This
includes leap-second and DUT1 (=UT1–UTC) forecasts generated by the
International Earth Rotation and Reference Systems Service (IERS), as well as
light-time corrections. These contributions are contained in the prediction and
simulation software of VeRa.
In addition, the fact that the Earth-fixed reference system, the International
Terrestrial Reference System (ITRS), is not inertially fixed in space also has to be
considered. The coordinates of a vector describing the position of a ground
station in the geocentric ITRS frame must therefore be transformed according to
the motion of the Earth’s equatorial and orbital plane and its rotation axis into
an inertially fixed reference system. This is the International Celestial Reference
System (ICRS), its fundamental plane being closely aligned with the mean
equator at J2000. The transformation involves precise consideration of planetary
and lunisolar precession, Earth’s rotation, nutation and polar-motion effects.
Further details are given in Häusler et al. (2003).

4. Derivation of
Atmospheric Parameters

4.1 The measured Doppler frequency shift and its contributions
The dense atmosphere of Venus causes ray bending of the microwave carrier
signal along its path, accompanied by a change of the phase of the wave (Fig. 7).
Owing to the orbital motion of the satellite, this variation is time-dependent and
is reflected as a Doppler frequency shift at the ground station. The total Doppler
frequency shift Δf measured during an occultation can be expressed by:
Δf = Δf0 + ΔF

(8)

The ‘residuum’ ΔF is the contribution to the Doppler effect caused by the
medium alone, and Δf0 is the vacuum contribution to the Doppler effect
(depending on the satellite velocity vector projection onto the satellite-ground
station line of sight). Hence, the ΔF is determined by the difference between the
measured Doppler effect Δf and the predicted vacuum effect Δf0. In
consequence, any error in the Doppler predictions leads to errors in the derived
medium effects. Frequency measurements on the ground can be made with an
accuracy of 1 mHz, equivalent to a relative frequency error of 10–13. All
theoretical models (planetary ephemeris data and orbital information) and the
subsequent numerical calculations must be oriented towards this accuracy
requirement.
4.2 The Abel inversion
Using the general principles of optics (Born & Wolf, 1970), it can be shown that,
for a radially symmetric atmosphere, the asymptotic bending angle α is related
to the refractive index n by:
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(9)

α being the ray impact parameter (Fig. 8) and r0 is given by Bouguer’s Rule:
(10)
which means that a ray with impact parameter α will penetrate a spherically
symmetric atmosphere until it reaches a radius r0.
In a well-mixed atmosphere, the density gradient is linked to the gradient of
the refraction index by a simple relation:
(11)

K depends on the chemical composition of the atmosphere, and Nt is the
number density of the atmosphere.
The variation of the bending angle α, the ray asymptote and the refractive
index are linked through an Abel transformation (Fjeldbo et al.,1971):

(12)

which is equivalent to
(13)

a1 is the asymptotic impact parameter for a ray with radius of closest approach
r01. For spherical atmospheres, if α(a) is known, the corresponding refractivity
profile can be found exactly (neglecting multipath conditions). The asymptotic
bending angle α(a) is a function of the residual Doppler frequency (which is the
difference between the measured and predicted Doppler frequency) and precisely
reconstructed quantities such as the velocity and position vectors of the transmitter
and receiver system (Yakovlev, 2002). Eq. 13 allows the refractive index at r = r01
to be determined as a function of planetocentric latitude and longitude.
4.3 Atmospheric parameters
The relation between the refractive index n and the refractivity μ is:
μ = (n–1) x 106

(14)

To compute pressure and temperature from refractivity, it is necessary to
know the atmospheric composition. Since the bulk of the neutral atmosphere of
Venus is composed of non-polar gases (96.5% CO2 and 3.5% N2) and is well
mixed, the number density Nt (m–3) is related to the refractivity μ by a simple
equation (adopted from Jenkins et al., 1994)
Nt = K μ

with K = 8.21 x 1022 m–3

(15)

The presence of trace gases or small uncertainties in composition does not
introduce large errors in the profiles. For high-precision analyses, however, the
13
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composition must be known or treated as a variable. The total refractivity μ is
independent of frequency at microwavelengths and inversely proportional to
frequency squared in the ionosphere:

(16)

The ideal gas law relates pressure, temperature and number density of the gas.
Since hydrostatic equilibrium applies very accurately throughout well-mixed
atmospheres, we can derive from the refractivity profiles and known atmospheric
constituents the vertical structure of the neutral atmosphere by integrating the
equation of hydrostatic equilibrium and applying the ideal gas law (Eshleman,
1973; Jenkins et al., 1994; Yakovlev, 2002):

(17)

where p(r) is the atmospheric
pressure, g(r) is the acceleration due to gravity, k
_
is Boltzmann’s constant, m is the mean molecular mass, Nt(r) is the total number
density, r is distance along the local vertical, and rtop is an adopted ‘top’ of the
atmosphere. Ttop is the required boundary condition at the top of the neutral
atmosphere. The integration of the profile is not very sensitive to this value for the
lower atmosphere. The associated flow diagram is shown in Fig. 9.
The first step in estimating the accuracy of the parameter determination is an
analysis of the radio link budgets and the carrier-to-noise power ratio in a VeRa
experiment (see Section 5.6). A thorough mathematical treatment of the error
estimation is presented in Lipa & Tyler (1979).
4.4 Atmospheric defocusing loss
Atmospheric defocusing has to be taken into account when predicting and
interpreting the received signal strength data. It is caused by the gradient in
refractivity with respect to radius, which distorts the shape of the beam by spreading
it in the plane of the occultation and compressing it in the orthogonal direction. The
refractive defocusing τ (dB) does not depend on frequency and is estimated from the
ray-path parameters and the occultation geometry (Eshleman, 1973):

(dB)

(18)

where D is the distance from spacecraft to the crossing of the asymptotes (Fig. 7).
Using the Magellan model atmosphere (Lee, 1996) and a typical Venus Express
orbit, the defocusing loss in an occultation pass was determined with a ray-tracing
program (Fig. 10). It can be seen that the defocusing loss depends strongly on the
radial distance from the spacecraft to the planet.
4.5 Spatial resolution of atmospheric measurements
The size of the first Fresnel zone is a convenient measure of the altitude resolution
14
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Fig. 9 (left). The principle of evaluating atmospheric and ionospheric
parameters by the radio occultation technique (Yakovlev, 2002).
Fig. 10 (above). Defocusing loss for a typical occultation (Häusler et al.,
2004a)

that can be achieved by the occultation experiment. Refraction has the effect of
compressing these zones in the vertical dimension, from circular to elliptic. The
result is an improved altitude resolution in regions that cause defocusing;
conversely, the resolution is reduced in those portions that produce focusing
(Fjeldbo & Eshleman, 1969).
With D the distance from the transmitter to the atmospheric reference point
and assuming that D is considerably smaller than the distance d from the planet
to the receiver, we obtain with wavelength λ for the horizontal diameter rfz of the
Fresnel zone (horizontal resolution):
(19)
an expression independent of d amounting to rfz ~ 600 m at X-band for a
typical D = 10 000 km. For the vertical resolution we obtain:

(20)

where the square root expression stands for the defocusing loss caused by
refraction. With the defocusing loss shown in Fig. 10, we obtain for the vertical
resolution at medium-low altitudes values that can be considerably smaller than
the Fresnel zone. Special techniques such as back-propagation have therefore
been developed by the Stanford group to recover the complete profile to resolve
diffracting structures to vertical solutions an order of magnitude better than the
Fresnel scale (Han & Tyler, 2003). It also provides a means of deciphering
multipath propagation (Karayel & Hinson, 1997; Hinson et al., 1998).
It may be possible to resolve spatial structures and to separate longitudinal
from latitudinal effects by using signal detection with several ground stations.
For VeRa, a spatial resolution at the Venus surface of Δx ~ 1 km can be
15
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Table 2. Radio-frequency system parameters for
the Venus Express spacecraft and ground
stations.

expected. The Very Long Baseline Interferometry (VLBI) phase-referencing
technique was successfully demonstrated for the Vega and Giotto missions
(Sagdeev et al., 1992; JIVE, 2003). Further, information about the vertical
structure of zonal winds in the atmosphere was obtained in the Pioneer Venus
project using differential long-baseline interferometry (Counselman et al., 1980).
4.6 Link budgets
For the first occultation season in the Venus Express mission the mean distance
of Earth to Venus is ~1.5 AU; for the second occultation season it is 1.65 AU,
followed by 0.8 AU for the third. Table 2 summarises the radio-frequency
parameters of the spacecraft and selected ground stations. Table 3 presents the
link budgets, including system, absorption and defocusing losses. From a link
budget point of view, the third occultation season is by far the most favourable:
it has an improvement of 6.3 dB over the second season. The ground stations
used for VeRa are ESA’s New Norcia and a NASA DSN station equivalent to
DSS-63 to cover situations of low signal-to-noise power ratios.
4.7 Doppler signal open-loop recording
The physical quantities measured during an occultation pass are the Doppler
frequency shift and the amplitude of the received radio signal at two frequencies.
The dual-frequency mode (ONED) is used to separate the plasma contribution
from the neutral atmosphere contribution, and the right-hand circular (RHC)
polarised signals are recorded in open-loop at the ground station. The Doppler
shift can be dynamically compensated by the ground station by special local
oscillator (LO) tuning (3rd-order polynomial fit). The incoming signals are
sampled in both frequencies and RHC polarisation by the intermediate frequency
modem system (IFMS) in New Norcia or the corresponding DSN ground station
with a sample rate of up to 100 000/s (both I and Q channels) to cover the
expected frequency deviations of the carrier signal. For illustration, the expected
Doppler profile as measured during the occultation phase of sample orbit 105 is
shown in Fig. 11. The corresponding Doppler signal from orbital effects alone is
shown in Fig. 12. (The effect of the media alone was shown in Fig. 8.)
The variance of the Doppler frequency shift owing to thermal noise
contributions in a radio link can be calculated as (Yuen, 1983):
16
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Table 3. VeRa signal-to-noise parameters for
two ground stations (NNO/DSS-63) as a
function of minimum probed altitude for two
Venus-Earth distances, including losses (ONED
transmission mode).

Fig. 11 (below, left). Predicted X-band Doppler
profile (one-way mode) as measured at the
ground station during the occultation on orbit
105 (Remus, 2004).

Fig. 12 (below, right). Predicted X-band Doppler
profile (one-way mode, straight line) during the
occultation on orbit 105 caused by orbital effects
only, excluding media effects (Remus, 2004).

(Hz)

(21)

where 2B is the noise bandwidth to be considered, C is the carrier power, and
T is the integration time.. The resulting velocity error is:

(m/s)

(22)

17

SP-1295

In the following, the calculations are based on a noise bandwidth 2B of 1 Hz
and an integration time of 1 s. At minimum ray-path altitudes below ~60 km, it
is possible to integrate the signals at the expense of time resolution for the benefit
of C/N and frequency resolution improvement. Integration times of 1–100 s
appear to be practical. Such integration times can be justified because time
variations involving the complete atmosphere are expected to occur at much
longer time scales and can be detected only from one orbit to the next.
The variance of the Doppler frequency shift owing to oscillator phase noise
and transponder internal noise contributions can be derived from the Allan
variance σy(τ) (see Section 6.2 and Hagl et al., 2004; Häusler et al., 2004b;
Häusler & Remus, 2004; Mattei et al., 2004). Integration times τ are assumed to
be 1–100 s after a warm-up time of 30 days: σy(τ) ≤ 3 x 10–13.
In the Rosetta mission, the USO signal showed a stability after launch of less
than 10–13 at X-band (Pätzold, 2004).
The frequency error σAV is related to the Allan deviation σy and the received
frequency f by the relation:
σAV = f σy

(23)

Table 4 shows the Doppler frequency errors derived by Eqs. 21 and 23. The
total noise contribution σtot for the one-way transmission mode is then given by:
(24)
The analysis shows that, because of the rather low S-band transmitter power
(5 W S-band vs. 65 W X-band), the X-band link provides better Doppler noise
performance in all situations. The excellent frequency stability and phase noise
performance of the USO-transponder system optimises VeRa performance,
especially for the X-band link and improve the sounding of the neutral
atmosphere. For large Earth-Venus distances, the sounding of the deep
atmosphere can be considerably improved with a more powerful ground station
than NNO, such as DSS-63 and DSS-43.

5. Gravity Anomalies

The velocity perturbation Δvpl of a spacecraft, coming from a given harmonic
degree l of the gravitational potential of a planet of radius R and gravitational
constant μ, at periapsis radius rp, for an orbit of semi-major axis a and
eccentricity e is given as (Borderies, 1991):

(25)
_
_
where C lm and S lm are the normalised gravity coefficients.
This expected signal has to be compared with the Doppler noise expected from
the radio-frequency measurements. When concentrating on Atalanta Planitia
(Section 2.5), the critical harmonic degree that should be covered by VeRa is 60.
With Kaula’s rule and Venus gravity parameters given by Konopliv et al. (1999),
the following velocity signals are obtained for the stated perigee altitudes:
0.017 mm/s at 250 km; 0.011 mm/s at 300 km; 0.007 mm/s at 350 km; 0.004 mm/s
at 400 km.
From the two-way link analysis for coherent X-band transmission (Pätzold &
Häusler, 2004), an Earth-Venus distance of 1.7 AU, NNO as ground station, a
tracking loop bandwidth of 1 Hz and an integration time of 10 s can be expected
to yield a thermal contribution to the Doppler velocity error of ~0.004 mm/s,
which should make observations of gravity anomalies of the required accuracy
18
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Table 4. Expected Doppler noise at various
minimum ray-path altitudes r0 for two ground
stations (NNO/DSS-63) and two downlink
frequencies at two extreme Earth-Venus
distances. Integration time interval = 1 s.
Atmospheric absorption and defocusing losses
are included.

possible for low (< 400 km) pericentre altitudes. Smaller Earth-Venus distances
and/or the use of a larger ground station such as DSS-63 and a smaller tracking
loop filter bandwidth can improve the quality of the results considerably.

There are at least three geometries for bistatic experiments: quasi-specular
(discussed below), spotlight (used unsuccessfully with Magellan), and inertial
(possibly useful for detecting enhanced backscatter). Quasi-specular experiments
are preferred for Venus Express. The geometry is shown in Fig. 13, with the
transmitter aboard the spacecraft and the receiver on the ground.
By aiming the HGA towards the specular point on Venus, the reflected power
can be measured as the spacecraft moves in its orbit. (The attitude predictions for
a bistatic radar experiment have to include the refraction effects of the
atmosphere). Estimates of the dielectric constant can be derived from the power
received in two orthogonal polarisations and comparison with Fresnel reflection
coefficients. From the dielectric constant and suitable modelling, it is possible to
estimate the density of the surface material. For surfaces that scatter narrowly, it
should also be possible to derive estimates of cm-scale roughness.
Positions of the receiver and transmitter are given by vectors r and t. Angles
of incidence and scattering at the reflection point s are φi and φs, respectively. In
general, there is an azimuthal angle between the plane of incidence and the plane
of scattering. For quasi-specular experiments the two planes are the same.

6. Planetary Surface
Properties (Bistatic Radar
Experiments
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Fig. 13. Geometry for bistatic radar experiments
(Simpson, 1993).

6.1 Quasi-specular experiments
For incoherent processes, the total received signal power PR is given to a firstorder approximation for a perfectly conducting planetary surface with Gaussian
roughness statistics by Simpson (1993):

(26)

where PT is the transmitted power, GT is the spacecraft antenna gain, GR is the
receiving antenna gain, and σ is the integrated bistatic radar cross section; no
atmospheric losses are assumed at this stage.
For a perfectly conducting surface of radius Rp with gently undulating
roughness, it is assumed (Fjeldbo, 1964):

(27)
where φ = φi + φs
6.2 Effective scattering area and antenna beam and bandwidth effects
The area of the integrated cross-section for normal incidence (φ = φi + φs = 0º) is
estimated by an ‘effective’ scattering area Aeff. This area can be expressed
according to Simpson (1993) as:
2
Aeff = π reff

(28)

Assuming for the surface roughness ξ a value of 0.1 rad, the effective
scattering area can be estimated as:

(29)

where Rp is the planetary radius and hr is the vertical height of the spacecraft
above the planetary surface. For further analysis, two distances are assumed for
conducting a bistatic radar experiment: hr ~ 1000 km and hr ~ 15 000 km. The
effective scattering area Aeff and reff are then given by:
reff ~ 2 x 105 m; Aeff ~ 1.2 x 1011 m2
reff ~ 1.2 x 105 m; Aeff ~ 4.5 x 1012 m2
20
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Table 5. Scattering areas and beam parameters.

The effective scattering area for oblique incidences becomes an ellipse
elongated in the spacecraft-Earth direction and hr should be replaced by the slant
range. The details are cumbersome and are not addressed here.
For Venus Express, it is assumed in the following a half-power beam width
θ3dB of the HGA reflector antenna: S-band ~6º; X-band ~1.6º. The beam will
illuminate the planetary surface within an area Ai. If Ai is smaller than Aeff, the
power PRobs received at the ground station has to be scaled according to Simpson
(1993) by:
(32)

Otherwise (Ai > Aeff), we can set:
PRobs ~ PR

(33)

For quasi-specular scattering, the corresponding echo spectrum has a halfpower width (Simpson, 1993):
B = 4 (ln2)1/2 (V ξ /λ) cos φ

(34)

where V is the velocity of the specular point across the surface.
For finite antenna beam illumination, the Doppler spread Bobs is
approximately:
(35)
where β is the angle between the antenna boresight (aimed at the specular
point) and the spacecraft velocity v. For the two cases of hr here, the results
shown in Table 5 are obtained.
Table 5 shows that the S-band is beam-limited at low altitudes for S-band
while the bistatic radar reflection will always be beam-limited at X-band. This
means that the received signal strength is reduced owing to the finite illumination
21
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Table 6. Signal-to-noise ratios for a bistatic
radar experiment based on a 1 s integration
time. Earth-Venus distance 0.8 AU; no
atmospheric losses included. DSS-63 or
equivalent foreseen as ground station.

of the quasi-specular scattering region, which places demands on pointing and
timing accuracies. For comparison purposes, α has been approximated in all
cases to be 90º and V by the spacecraft velocity projected onto the surface. As
before, it is assumed that φ = 0 and ξ = 0.1.
6.3 Link budget and signal detectability
With Ls being the free-space loss given by (4πr/λ)2, t the planetocentric radial
distance of the spacecraft and PN = kTsysB the noise power in the considered
bandwidth given either by Eq. 34 or Eq. 35, the values shown in Table 6 are
obtained for the received signal-to-noise power ratio PRobs/PN (dB) and the
signal detectability D (1/s). In general, D should be greater than unity. The
significance of D ~ 1 measurements can be increased by averaging over time, if
the signal’s statistical character does not change during the averaging interval
(Simpson, 1993).
The atmospheric losses that need to be considered because the radio beam
penetrates the absorption layers (twice: before and after reflection from the
surface) depend on the geometrical conditions of the experiment. Looking at
Fig. 3 and assuming reasonable oblique angles provide estimated loss factors of
22
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Fig. 14 (left). The Engineering Model of VeRa’s
USO. The manufacturer is Timetech GmbH.
Fig. 15 (right). The 5–38.2 MHz synthesiser
(Pawlitzki & Schwall, 2004).

≤ 3 dB for X-band and < 0.3 dB for S-band. This shows that, at distances close
to Earth, bistatic radar experiments can be executed with very promising results
when a powerful ground station equivalent to DSS-63 (preferentially DSS-43, in
Canberra, Australia) is used. Using NNO would lead, according to Table 2, to a
degradation of approximately 10 dB, so it is not planned for even small EarthVenus distances.

7.1 The Ultrastable Oscillator (USO)
The USO (Fig. 14) provides the reference frequency (38.268500 MHz) for the
Venus Express transponder. It is a direct derivative of the qualified and launched
Rosetta USO. Its design is based on the unique ‘BVA’ (boîte vieillage ameliorée)
resonator design. The BVA resonator consists of an electrodeless stress
compensated-cut, 5 MHz third-overtone crystal resonator, which is decoupled
from its mounting structure by four rigid quartz bridges machined from a
monolithic block. This design consists of a sandwich of three crystal plates rigidly
clamped together. In contrast to conventional designs, the metallisation is
deposited on the non-resonating outer two elements; the resonator itself is pure
quartz capacitively coupled to the outer electrodes. This design eliminates
contamination problems linked to ion migration in the resonator and reduces
constraints to the mounting structure.
To achieve the requested frequency, a synthesiser (Fig. 15) is needed. There is
no numerically-controlled oscillator and no software or microprocessor in this
design. All division and multiplication ratios are fixed by hard-wired design.
The inherent design of the resonator guarantees an ageing rate of 1x10–11/day
after a continuous operation of 30 days. The USO is further characterised by an
extreme low phase noise, resulting in an excellent frequency stability (Allan
deviation ~3 x 10–13 at 1–100 s). Its dimensions are 16.1 x 13.0 x 13.0 cm and
1.5 kg; power consumption is ~5 W. The radio-frequency output can be muted
by a special command while the ultrastable oscillator is still powered.

7. Instrumentation

7.2 The calibration measurements
The calibration measurements performed at the unit, subsystem and system
levels verified that the USO-transponder system delivers the radio-frequency
signals with adequate qualities of frequency stability, phase noise and group
delay. The test method relied on the phase-detector method and the usage of
ultrastable quartz oscillators installed as frequency reference sources in the VeRa
electrical ground system equipment. The test set-up and results are described in
detail in Hagl et al. (2004), Häusler & Remus (2004) and Mattei et al. (2004).
As an example, the phase noise spectrum measured in the one-way mode is
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Fig. 16. Phase noise spectrum of USO and
transponder 02 in the ONED mode at X-band
(Mattei et al., 2004).

Fig. 17. ONED-X frequency stability of the
Fligh Model USO, transponder 02. USO warmup time ~11 h; frequency values were not
corrected for drift effects (Mattei et al., 2004).

shown in Fig. 16. The spectrum shows clean behaviour close to the carrier in the
relevant frequency range f < 50 Hz without contamination by spurious signals
(after elimination of 50 Hz harmonics). At higher frequencies, transponderspacecraft emissions are present, however, with a negligible total power
contribution. It can also be concluded that bistatic radar experiments that
investigate the spectral behaviour of the scattered radio signal over a wide
frequency range can be successfully conducted with the USO as the reference
frequency source in the ONED transmission mode.
The parameter most closely related to the frequency stability of the radio
frequency-carrier and the related Doppler noise is the Allan deviation σy(τ). For
a definition and thorough treatment of oscillator instabilities, see (Rutman,
1978). Fig. 17 shows the result of the Allan deviation measurement performed at
the system-level. Owing to the test circumstances, the requested minimum
stabilisation time of the USO was never achieved. Based on the results obtained
with the VeRa Engineering Qualification Model USO and Flight Model
transponder 02 (Häusler & Remus, 2004), plus the Rosetta flight experience
(Pätzold, 2004), some improvement in the USO flight performance can be
expected.
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Fig. 18. Venus Express spacecraft attitude
correction angle and its time-derivative applied
in the near-diametric occultation of orbit 105
(Remus, 2004).

The dense atmosphere of Venus bends the path of microwave rays considerably
during atmospheric occultation experiments. Special spacecraft steering is
required to compensate for this effect as the occultation geometry changes from
ingress to egress (Fig. 18). With no spacecraft steering, the radio energy emitted
within the 3 dB antenna opening angle θ3dB from the HGA (~1.6º for X-band)
will miss the Earth if the rays deviate from a straight line by more than this angle.
For deep occultations, bending angles can amount to ~25º. The requirement for
precise spacecraft attitude manoeuvres both in time and space is obvious. VeRa
requires an angular uncertainty of less than 0.2 times the opening angle. This
ensures that the measured signal power variations linked to atmospheric
absorption effects are not misinterpreted as variations in the antenna radiation
pattern. Precise steering manoeuvres are also required for the bistatic radar
experiments. As discussed in Section 3.6, the precise execution in absolute time is
a prerequisite for the success of these experiments. VeRa requires time accuracies
of 1 s for the bistatic radar experiments and 5 s for the occultation experiments.
Before each experiment, VeRa issues a set of Chebyshev polynomials
specifying the time sequence of quaternions that define the attitude manoeuvre.
The details of the attitude predictions are cumbersome; they are thoroughly
explained in Häusler et al. (2003). As an example, Fig. 18 shows the variation of
the total angle with time and its time derivative during the near-diametric
occultation in sample orbit 105.

8. Spacecraft
Attitude Manoeuvres
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