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The Radio Science experiment (RS) in the Akatsuki mission of JAXA aims to determine the vertical structure
of the Venus atmosphere, thereby complementing the imaging observations by onboard instruments. The physical
quantities to be retrieved are the vertical distributions of the atmospheric temperature, the electron density, the
H2SO4 vapor density, and small-scale density fluctuations. The uniqueness of Akatsuki RS as compared to the
previous radio occultation experiments at Venus is that low latitudes can be probed many times thanks to the near-
equatorial orbit. Systematic sampling in the equatorial region provides an opportunity to observe the propagation
of planetary-scale waves that might contribute to the maintenance of the super-rotation via eddy momentum
transport. Covering the subsolar region is essential to the understanding of cloud dynamics. Frequent sampling
in the subsolar electron density also helps the understanding of ionosphere dynamics. Another unique feature of
Akatsuki RS is quasi-simultaneous observations with multi-band cameras dedicated to meteorological study; the
locations probed by RS are observed by the cameras a short time before or after the occultations. An ultra-stable
oscillator provides a stable reference frequency which is needed to generate the X-band downlink signal used for
RS.
Key words: Venus, radio science, radio occultation, exploration.

1. Introduction
Radio occultation is one of the major applications of ra-

dio science in space missions, and has played a central role
in determining the vertical structures of planetary atmo-
spheres from the early stage of the planetary exploration
in the 1960’s (e.g., Eshleman et al., 1987; Tyler, 1987). In
a radio occultation experiment conducted with an orbiter,
the spacecraft transmits radio waves toward a tracking sta-
tion on the earth and sequentially goes behind the planet’s
ionosphere, neutral atmosphere, and solid planet as seen
from the tracking station, and reemerges in the reverse se-
quence. During such occultation events the neutral and ion-
ized atmospheres of the planet cause bending, attenuation
and scintillation of the radio waves, from which information
on the atmosphere along the ray path is obtained. Under
the assumption of local spherical symmetry, the measure-
ments yield vertical profiles of refractive index and absorp-
tion coefficient. The refractive index profiles yield temper-
ature profiles by assuming hydrostatic balance. Among the
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merits of this technique are its high vertical resolution and
temperature resolution, which are discussed in Sections 4.4
and 5.4.

The Radio Science experiment (RS) in the Akatsuki or
Venus Climate Orbiter mission (PLANET-C project) of
Japan Aerospace Exploration Agency (JAXA) will apply
this technique to study the atmosphere of Venus (Nakamura
et al., 2007, 2011). Although radio occultation experiments
have been conducted many times in the previous Venus mis-
sions, dense sampling at low latitudes and coordination with
other measurements will enable a unique, efficient obser-
vation of the atmospheric structure and its temporal varia-
tion. Radio science experiments rely on the extreme fre-
quency stability of both the onboard radio wave source and
the recording system at the ground station. Akatsuki RS
employs an ultra-stable oscillator (USO) as an onboard ref-
erence frequency source.

Akatsuki, the first Venus probe of Japan, was launched on
May 20 (UT), 2010, and the Venus orbit insertion maneuver
for Akatsuki on December 7, 2010 has failed. At present the
spacecraft is orbiting the Sun, and it will have a chance to
encounter Venus 5–6 years later. JAXA is examining the
possibility of conducting an orbit insertion maneuver again
at this opportunity. This paper describes the onboard and
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ground-based systems, as well as the measurement princi-
ple, numerical analysis technique, and observation strategy
in the original plan. These will be largely unchanged in the
renewed plan.

2. Scientific Background
Previous radio occultation observations of the Venu-

sian atmosphere, including those conducted by Mariner 5,
Mariner 10, Pioneer Venus Orbiter (PVO) and Venus Ex-
press have provided a variety of information on the atmo-
spheric structure. Temperature soundings by radio occul-
tation showed that both the latitude dependence and local-
time dependence are small below the cloud layer which is
located around 45–70 km altitude (Kliore and Patel, 1980,
1982). Within the cloud layer (60–70 km) the temperature
drops by ∼20 K around 60–75◦ latitude, suggesting via
thermal wind balance a prominent easterly vertical shear
associated with the mid-latitude jet around 60◦ latitude
(Newman et al., 1984; Tellmann et al., 2009). This mid-
latitude temperature minimum surrounds the warm pole,
creating the so-called polar collar (Taylor et al., 1980).
The occurrence of the mid-latitude jets is consistent with
the results of cloud tracking (e.g., Rossow et al., 1990).
Above the cloud the temperature increases monotonically
with latitude, leading to the weakening of the mid-latitude
jets with height (Newman et al., 1984). The static stabil-
ity is near neutral in the middle and lower cloud region
(50–55 km), implying vertical convection driven by up-
welling thermal radiation, while it is weakly stable below
this height and strongly stable above (Fjeldbo et al., 1971;
Howard et al., 1974; Tellmann et al., 2009). The overall
stable stratification sustains vertical propagation of gravity
waves; wavy temperature structures which might be associ-
ated with gravity waves have been observed by radio occul-
tation (Howard et al., 1974; Hinson and Jenkins, 1995).

The mixing ratio of H2SO4 vapor around 35–50 km
altitude can be measured by radio occultation by utiliz-
ing the fact that attenuation of radio waves occurs in the
Venus atmosphere primarily due to H2SO4 vapor in this al-
titude region, with smaller contributions from CO2 and SO2

(Jenkins and Steffes, 1991; Jenkins et al., 1994). H2SO4 va-
por is a key species in the global-scale sulfur cycle and the
physics and chemistry of H2SO4-H2O clouds (Imamura and
Hashimoto, 1998, 2001). The H2SO4 vapor density reaches
the maximum value of 18–24 ppm around 38–45 km alti-
tude. Above this altitude the density is limited by the sat-
uration pressure, while below this altitude it drops precipi-
tously probably due to thermal decomposition.

Scintillations of radio waves are caused by the move-
ment of the ray path across small-scale density structures
in the atmosphere. Woo et al. (1980) analyzed the time se-
ries of the received signal power and compared their spec-
tra with theoretical scintillation spectra based on the wave
propagation theory. They found that a turbulent layer ex-
ists around 60 km altitude, and the scintillation power is
higher at higher latitudes. An eddy diffusion coefficient of
4 m2 s−1 was estimated for 60 km altitude from the same
data set. Leroy and Ingersoll (1996) attributed the scintil-
lations to vertically-propagating gravity waves created by
cloud-level convection.

The height range of the Venus’ neutral atmosphere ac-
cessible by radio occultation is approximately 32–90 km.
Below 40 km the defocusing loss and the attenuation by the
atmosphere limits the quality of the observation, and 32 km
is the lowest accessible altitude, below which the radius of
curvature of the ray path becomes smaller than the distance
to the planet center (Fjeldbo et al., 1971; Häusler et al.,
2006). The atmosphere above 100 km is too thin to be de-
tected. The broad height coverage of radio occultation is a
great advantage in the investigation of the vertical coupling
among different atmospheric layers; no other technique can
cover this altitude range at the same time.

At altitudes above ∼100 km the electrons in the iono-
sphere are the major contributors to the ray bending. The
peak electron density occurs at around 150 km altitude, and
is on the order of 105 cm−3 on the dayside and 104 cm−3

on the nightside (Kliore, 1992; Pätzold et al., 2007a). The
Venusian nightside ionosphere is thought to be generated by
the transportation of electrons from the dayside and the high
energy electron impact on the nightside. The ionosphere
of Venus is not protected by the planet’s intrinsic magnetic
field from the impinging solar wind, and thus the thermal
and magnetic pressure of the ionosphere will balance the
dynamic pressure of the solar wind at the upper boundary of
the ionosphere called the ionopause. Previous observations
revealed that the ionopause is located at 200–400 km, ex-
cept for the high solar zenith angle (SZA) ionosphere with
SZA > 50◦ during the solar maximum, when the ionopause
is located at 200–1000 km and the height is highly vari-
able. Frequent measurements at low SZA will complement
the previous observations, which were conducted mostly at
SZA > 30◦ (Kliore and Luhmann, 1991). The structure of
the ionosphere is affected by the input of energy and mo-
mentum from the solar wind to the upper atmosphere, and
thus important for understanding the escape of the atmo-
sphere to space, which should have driven the climate evo-
lution of Venus in a geological time scale.

3. Objectives
The primary goal of Akatsuki RS is to characterize the

meteorological processes that might drive the planet-wide
easterly wind (super-rotation) as well as to understand the
cloud dynamics. For this purpose the temporal and spatial
variability of the Venus atmosphere will be studied by re-
trieving the vertical profiles of the temperature, the H2SO4

vapor density, and the intensity of small-scale density fluc-
tuations.

The advantage over the previous missions is the near-
equatorial orbit of the spacecraft and a suite of multiband
cameras dedicated to meteorological study (Nakamura et
al., 2007, 2011). The planned orbit around Venus is a
30 hour-period elliptical orbit near the ecliptic plane with
the periapsis latitude of ∼10.5◦S and the apoapsis lati-
tude of ∼10.5◦N. The direction of orbital motion is west-
ward, which coincides with the direction of the atmo-
spheric super-rotation. The apoapsis altitude is chosen to
be 78500 km, or 13 Venus radii (RV), so that the angular
velocity of the spacecraft is roughly synchronized with the
60-m s−1 super-rotational flow near the cloud base (50 km)
for ∼20 hours centered at the apoapsis. The periapsis alti-
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Fig. 1. (upper) Latitudes and (lower) local solar times of the observation
points during the nominal mission period in the original plan. Filled
circles and open circles indicate ingress and egress occultations, respec-
tively. The observation point is defined as the tangential point of the
straight line between the spacecraft and the ground antenna at the mo-
ment when the spacecraft is occulted by the solid surface of Venus.

tude is ∼600 km.
Figure 1 shows the latitude and local time of the ob-

servation in the original plan as a function of the Earth
days after Venus orbit insertion (VOI), which was sched-
uled for early December 2010, during the nominal mission
period of ∼2 Earth years. Approximately 200 experiments,
each of which includes an ingress and an egress occulta-
tions, are planned to be conducted during this 2 years. The
uniqueness of the Akatsuki RS is that probed points clus-
ter around the equatorial region. Since the onboard cameras
are designed to observe wide areas centered at the equato-
rial region, the locations probed by RS can be observed by
the cameras a short time (minutes to hours) before or af-
ter the occultations. The vertical profiles taken by RS and
the horizontally-resolved information at several height lev-
els by the cameras complement each other in developing
three-dimensional models of the atmosphere.

Systematic long-term sampling on a specific latitudinal
band (equatorial region) also provides a unique opportu-
nity to study the propagation of planetary-scale waves such
as Kelvin waves and thermal tides, which might play es-
sential roles in sustaining the super-rotation (e.g., Rossow
et al., 1990; Yamamoto and Tanaka, 1997; Takagi and
Matsuda, 2007). Typically an occultation (an ingress-egress

pair) is observed every 3–4 days from the tracking station.
Given this sampling interval, planetary-scale waves with 4–
6 days period, which have been detected at the cloud top
(e.g., Rossow et al., 1990) would be observed apparently
as much longer period (up to several tens of days) waves
due to aliasing. However, such long periods correspond to
very fast intrinsic phase speeds because the waves observed
from the inertial frame are Doppler-shifted by the 4 day-
period super-rotation. Such a solution will be rejected based
on meteorological considerations, and more realistic waves
with periods of several days will be obtained by fitting a
sinusoidal function to the data.

The almost complete local-time coverage in the low lat-
itude (Fig. 1) enables the studies of equatorial cloud dy-
namics which is poorly understood. For example, cell-like
structures have been observed near the subsolar region in
ultraviolet (Rossow et al., 1980; Markiewicz et al., 2007).
The origin of these structures has been unclear, because
their horizontal scales of up to several hundreds kilometers
seem to be too large for convective cells and the cloud top
region is considered to be basically stably stratified (Baker
and Schubert, 1992; Toigo et al., 1994). The diurnal vari-
ation of the temperature profile to be revealed by RS, es-
pecially the possible variation in the depth of the neutral-
stability layer, should become a key to understanding the
cloud dynamics in this region.

Excursions of the probed points to the northern high lati-
tude occur several times and enable observations of the lat-
itudinal structure. Since the Venus atmosphere is consid-
ered to be in cyclostrophic balance, the meridional distribu-
tion of the zonal wind can be derived from the temperature
distribution by integrating the thermal wind equation with
an appropriate lower boundary condition (Newman et al.,
1984). This zonal wind distribution will become the ba-
sis for understanding the momentum balance of the atmo-
spheric general circulation. The combination of data from
Akatsuki RS with those from ESA’s Venus Express radio
science VeRa (Häusler et al., 2006; Pätzold et al., 2007a;
Tellmann et al., 2009), which conducts dense sampling in
the high latitude by virtue of the polar orbit, would also en-
able studies of meteorological processes over broad latitude
regions even when the two spacecraft do not orbit at the
same time.

Another goal of Akatsuki RS is to study the spatial and
temporal variabilities of the ionosphere in response to the
variations in the solar wind and the neutral atmosphere. Al-
though Akatsuki is not equipped with a magnetometer and
particle instruments, Venus Express has those instruments
and would provide supplementary information (Zhang et
al., 2006; Barabash et al., 2007) if Venus Express mission
is extended till Akatsuki’s next Venus orbit insertion. Such
a configuration is very optimal for studying the response of
the ionosphere to the solar wind condition, because the up-
stream solar wind conditions and their sudden changes such
as interplanetary shock passages and coronal mass ejections
can be monitored simultaneously. Sudden changes in the
solar wind modify the global characteristics of the Venusian
ionosphere, which may increase the ion escape flux from
the upper atmosphere (Futaana et al., 2008; Edberg et al.,
2010). Energetic electrons at energies ≈30 eV (Kliore et
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Fig. 2. Ray bending in a planetary atmosphere (see text).

al., 1991), considered as one of the generation mechanisms
of the nightside ionosphere, may also be observed by an
electron spectrometer onboard Venus Express.

Extensive measurements of the ionosphere at small SZA
allow us to understand how the upper atmosphere interacts
with the solar wind in the subsolar region. The investigation
of the subsolar region is important for understanding the
transfer of energy and momentum from the solar wind to
the upper atmosphere. In situ observations of the subsolar
region have been difficult, because spacecraft normally pass
through very quickly at ionospheric altitudes.

Studying the properties of the solar wind plasma is also
an objective of Akatsuki RS. When the spacecraft moves
into superior conjunction with the Sun, radio waves trans-
mitted from the spacecraft toward the tracking station suffer
bending, scattering and attenuation in the near-sun plasma.
The temporal variations of the phase and the intensity of the
received signal provide information on the spatial spectrum
(power law) of density inhomogeneities, the anisotropy of
inhomogeneities, the inner turbulence scale, and the bulk
velocity of plasma (Pätzold et al., 1996; Imamura et al.,
2005; Efimov et al., 2010). Based on the noise level esti-
mation (Section 5.4) and previous occultation results (Woo
and Armstrong, 1979), we expect the phase power spectrum
will be obtained up to ∼10 Hz for the solar offset distance
of 10 solar radii; such a spectrum would enable us to study,
for example, the excess power at small scales (100–600 km)
observed by the Nozomi radio occultation (Imamura et al.,
2005). The minimum solar offset distance of ∼1.5 solar
radii will occur on June 25, 2011 in the renewed cruising
plan.

4. Observation Principles
4.1 Radio wave propagation in the atmosphere

The radio wave transmission mode for Akatsuki RS,
shown in Fig. 2, is a one-way downlink at X-band

(8.410926 GHz). It is known that for a radially symmet-
ric atmosphere the asymptotic bending angle α is related to
the refractive index n as (e.g., Fjeldbo et al., 1971)

α(a) = −2a
∫ ∞

r0

1

n

∂n

∂r

dr√
(nr)2 − a2

, (1)

where a is the ray impact parameter, r is the radius, and r0

is the radius of the closest approach given by the Bouguer’s
rule

n(r0) r0 = a . (2)

Using (1), it can be shown that n is obtained as a function
of r from the relationship between α and a through an Abel
transformation

ln n(r) = − 1

π

∫ ∞

a1

ln

⎧⎨
⎩ a

a1
+

[(
a

a1

)2

− 1

] 1
2

⎫⎬
⎭ dα

da
da ,

(3)
where a1 represents the impact parameter for a ray whose
radius of closest approach is r . Both α and a can be calcu-
lated from the measured atmospheric Doppler shift and the
reconstructed velocity and position vectors of the spacecraft
and the ground antenna.

Figure 3 shows the relationship between the bending an-
gle α and the impact parameter a as well as the relation-
ship between α and the ray closest distance r0 calculated
with (1) for the Venus International Reference Atmosphere
(Seiff et al., 1985) combined with a Gaussian-type model
ionosphere with the peak electron density of 5×105 cm−3,
the peak height of 150 km and the width of 30 km. The
minimum a corresponds to a height above the surface of
∼45 km, which gives the altitude of the ray closest ap-
proach of ∼32 km when the radius of the planet is taken
to be 6052 km. At this height the atmosphere is critically
refractive, making the lower atmosphere inaccessible to ra-
dio occultation.
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Fig. 3. Relationship between the bending angle α and the impact pa-
rameter a (thick curve) and that between the bending angle and the ray
closest distance r0 (thin curve) for a model ionosphere described in the
text and the “VIRA” neutral atmosphere model. The radius of Venus
is taken to be 6052 km. (upper) Plot in the ionospheric altitude range,
where the thick and thin curves almost overlap. (lower) Plot in the neu-
tral atmosphere range.

4.2 Derivation of atmospheric density and tempera-
ture

The refractivity µ is related to the refractive index n by

µ = (n − 1)× 106 . (4)

The µ is the sum of the contributions from the neutral
atmosphere and the ionosphere:

µ = V N − βNe

f 2
× 106 , (5)

where V is the refractive volume, N is the number den-
sity of the neutral atmosphere, β = e2/8π2εme ∼ 40.3
m3 s−2 with e, ε and me being the elementary charge, di-
electric constant in vacuum and electron mass, respectively,
c is the speed of light, Ne is the number density of elec-
trons, and f is the frequency of the carrier signal. On the

assumption that the neutral atmosphere is well mixed, we
adopt a constant V of 1.81×10−17 m3 based on the com-
position of 96.5% CO2 and 3.5% N2 using the constants
given in Fjeldbo and Eshleman (1968). The neutral and
ionospheric contributions are separated in altitude with the
boundary around 100 km altitude (see results of Pätzold et
al., 2007a). This enables us to retrieve the vertical profiles
of the neutral atmospheric density N and the electron den-
sity Ne separately.

The vertical profile of the neutral atmospheric pressure,
p(r), is derived from the density profile N (r) by integrating
the equation of hydrostatic equilibrium:

p(r) = p(rtop)+ m
∫ rtop

r
N (r ′)g(r ′)dr ′ , (6)

where m is the mean molecular mass, g is the acceleration
due to gravity, and rtop is the adopted upper boundary. The
ideal gas law relates p(rtop) to the atmospheric temperature
T at this height as

p(rtop) = N (rtop)kT (rtop) , (7)

where k is the Boltzmann’s constant. The boundary condi-
tion required for the integration is the value T (rtop). The
temperature profile T (r) is calculated from N (r) and p(r)
using the ideal gas law. The influence of the adopted T (rtop)

on the calculated T (r) is almost negligible except at the
uppermost 10 km (Pätzold et al., 2007a; Tellmann et al.,
2009).
4.3 Atmospheric defocusing and absorption

The received signal power varies during each occulta-
tion experiment due to atmospheric defocusing and absorp-
tion. The former must be taken into account when retriev-
ing the vertical distribution of absorbing materials from the
observed signal power.

Atmospheric defocusing is caused by the radial gradient
of the refractive index. The defocusing loss is estimated by
(Eshleman, 1973)

L =
(

cosα − D
dα

da

)−1

, (8)

where D is the distance from the spacecraft to the crossing
of the ray asymptotes. Figure 4 shows the expected defo-
cusing loss in units of dB, −10 log L , as a function of the
ray closest distance r0 for D = 1, 2, and 5 RV. The loss
increases with D, and it is as large as ∼26 dB at 40 km al-
titude (6092 km from the planet center) for a typical D of
2 RV.

Once the defocusing loss is estimated as a function of
time from trajectory information and the relationship be-
tween α and a from the Doppler measurements, one may
calculate the total atmospheric absorption from the time se-
ries of the received signal power. This time series is con-
verted to a height profile of the absorptivity with the aid of
ray tracing on the assumption of a spherically symmetric at-
mosphere (Jenkins and Steffes, 1991; Jenkins et al., 1994).
The absorption due to CO2, N2 and SO2 is removed from
the absorptivity profile based on its dependence on the am-
bient pressure and temperature. The remaining absorption
will be principally due to H2SO4 vapor.
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Fig. 4. Defocusing loss as a function of the ray closest distance r0 for three
distances from the spacecraft to the crossing of the ray asymptotes, D.

4.4 Vertical and horizontal resolution
The vertical resolution is limited by the diameter of the

first Fresnel zone. The refraction in the atmosphere changes
the Fresnel zone shape from circular to elliptical form, and
the resulting vertical diameter is (Fjeldbo and Eshleman,
1969; Karayel and Hinson, 1997)

dv = 2
√
λDL , (9)

where λ ∼ 3.6 cm is the wavelength of the carrier signal.
Here D is assumed to be much smaller than the distance
from the planet center to the receiver. For a typical D of
2 RV and without defocusing loss (L = 1), we obtain dv ∼
1.3 km. When defocusing loss is ∼26 dB at 40 km altitudes,
we obtain dv ∼ 60 m for the same D.

Letting the typical scale height of H = 6 km (corre-
sponding to 60 km altitude) and the planetary radius of
R = 6052 km, and ignoring the bending of the ray path,
the length of the ray path traversing the atmospheric layer
with a thickness H is 2((R + H)2 − R2)1/2 ∼ 500 km. This
length is considered the horizontal resolution of the mea-
surement because the atmospheric variations are smeared
out approximately within this interval. The orientation of
the radio path is near perpendicular to the meridian in most
of the cases and the smearing of atmospheric variations oc-
curs along this direction.

5. Observation System
5.1 Radio communication system

Figure 5 shows a block diagram of the Akatsuki onboard
radio communication system. The downlink frequency is
8.410926 GHz (X-band) only. During the experiments,
one of the X-band transponders (XTRP) is locked to an
ultra-stable oscillator (USO), and the transponder signal
is amplified by the 23.4 W traveling wave tube amplifier
(TWTA). The 8.7 W solid state power amplifiers (SSPA)
will not be used in the experiments unless we have trouble

with the TWTA. The gain of the 0.9 m-diameter flat-type
slot array antenna (XHGA-T) is 35 dBi, corresponding to
a 3 dB full beam width of ∼2◦. Since the ray bending
far exceeds the beam width (Fig. 2), the spacecraft will
perform attitude maneuvers to compensate for the changing
direction of the signal path. The equivalent isotropically
radiated power (EIRP) is 42.5 dBW when the TWTA is
used.

The radio waves transmitted by the spacecraft will be re-
ceived at the Usuda Deep Space Center (UDSC), which is
located at 138◦21′54′′ East longitude, 36◦07′44′′ North lat-
itude in Japan. The 64-m dish provides a gain of 72.5 dBi
including the feeder loss in X-band, at a system noise tem-
perature of 96 K for a 5 mm hour−1 rain and an elevation an-
gle of 15◦. The recording system to be used is the ‘IPVLBI
recorder’ which was developed for radio astronomy. The re-
ceived signals are down-converted to several hundred kHz
by an open-loop heterodyne system stabilized by a hydro-
gen maser (Allan deviation < 3×10−13 for 1 s, < 3×10−15

for 1000 s) and 8-bits digitized. The sampling rate will be
1 MHz or more so that the carrier signal, whose frequency
changes by ∼100 kHz or more during each occultation ex-
periment, can be confined in the recording bandwidth.
5.2 Ultra-stable oscillator (USO)

The USO (Fig. 6) provides a stable reference frequency
(38.22567759 MHz) for the transponder. It was manufac-
tured by TimeTech GmbH in Germany and is a heritage
from the USOs flown onboard the ESA’s Rosetta (Pätzold
et al., 2007b) and Venus Express spacecraft (Häusler et al.,
2006). We made several modifications such as the redesign
of the thermal insulating and mechanical shock protection
system to adapt to the higher mechanical loads during the
launch, resulting in dimensions (17 cm × 13 cm × 16 cm)
and mass (1.9 kg) which are greater than for previous USOs.
The USO is characterized by an excellent frequency stabil-
ity; the Allan deviation is on the order of 10−13 at the inte-
gration time from 1 to 1000 s.
5.3 Signal processing

The phase fluctuation will be retrieved from the recorded
signal in the following manner (Imamura et al., 2005). In
order to suppress the frequency variation to enable narrow-
band filtering, a predicted Doppler frequency based on a
model atmosphere is subtracted from the original signal by
heterodyning. Then, approximate carrier frequencies are
determined for successive time blocks by fitting theoretical
signal spectra to the discrete Fourier transforms of the volt-
age variation in successive blocks (Lipa and Tyler, 1979).
This frequency time series is divided into another set of
successive blocks with time intervals of a few seconds, and
smooth functions (such as spline) are determined to approx-
imate the frequency variations in these blocks. Then the
resultant frequency variation corresponding to the smooth
functions is subtracted from the signal by heterodyning to
apply another narrow-band filter.

The filtering scheme automatically converts the data to
a complex representation, in which each datum comprises
both the amplitude and phase of the signal. The low-noise
signal generated by narrow-band filterings yields the phase
by removing cycle slips via the phase unwrapping proce-
dure (Mizuno et al., 1992). The frequency is obtained by
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Fig. 5. Block Diagram of the Akatsuki communication subsystem (Courtesy of NEC TOSHIBA Space Systems, Ltd.).

Fig. 6. Photograph of the USO onboard Akatsuki.

differentiating the phase with respect to time. The sum
of the frequency variation in this final product and the fre-
quency variations that have been subtracted via heterodyn-
ing in the course of the processing gives the total atmo-
spheric Doppler shift, from which the bending angle is cal-
culated.
5.4 Link budget and error estimation

The distance between the Earth and Venus at occultation
opportunities ranges from 0.35 AU (Astronomical unit) to
1.73 AU. Table 1 presents the link budgets including the
defocusing and absorption losses, for the minimum and
maximum Earth-Venus distances, and for the heights of the
ray closest approach of 40, 60 and 80 km. The absorption
loss is taken from Häusler et al. (2009).

The carrier-to-noise density ratio (C/N0) of the received
signal decreases significantly at low altitudes (40 km). This

Table 1. LInk budget of Akatsuki RS including losses for two Venus-Earth
distances and for the minimum probed altitudes of 40, 60 and 80 km.

Distance (AU) 0.35 1.73

EIRP of transmission (dBW) 42.5

Absorption and rain loss (dB) −0.8

Receiver pointing loss (dB) −0.2

G/T of ground station (dB/K) 52.7

C/N0 without Venus atmosphere (dBHz) 57.5 43.6

Defocusing loss for D = 2 Rv (dB)

40 km −25.9

60 km −12.6

80 km −2.1

Absorption loss (dB)

40 km −14.7

60 km −0.5

80 km 0.0

Overall C/N0 (dBHz)

40 km 16.9 3.0

60 km 44.4 30.5

80 km 55.4 41.5

low C/N0 will be partially compensated by a long integra-
tion time, since at low altitudes the vertical movement of
the ray path slows down due to the bending of the ray path.
Moreover, the greater reflectivity of the lower atmosphere
results in a higher sensitivity of the bending angle to the
atmospheric temperature.

The statistical (random) uncertainty in the temperature
should be on the order of 0.1 K or smaller for a prescribed
vertical resolution of 1 km in the altitude region from 40 km
to 80 km so that various atmospheric waves can be de-
tected. To estimate the C/N0 required for this purpose, we
have computed the response of the downlink frequency to
Gaussian-type temperature perturbations with a height of
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0.1 K and a full-width of 1 km assuming an occultation ge-
ometry in which the ray transverse velocity relative to the
Venus limb is its maximum, i.e. the case where the max-
imum time resolution is needed. The results showed that
such temperature perturbations cause frequency perturba-
tions roughly localized around the perturbed region. For
altitudes around 80 km, a frequency resolution of ∼0.03 Hz
and a time resolution of ∼0.1 s are needed to discriminate
perturbations imposed on adjacent two layers separated by
1 km; this corresponds to a phase resolution of σ ∼ 0.019
radians with a bandwidth of B ∼ 10 Hz, giving a required
C/N0 of B/2/σ 2 ∼ 41.5 dBHz. This value will be achieved
according to the link budget analysis (Table 1). Similar
analyses for 60 km and 40 km altitudes showed that the
required C/N0 is lower than the predicted C/N0 for these
altitudes. From these results we expect that the statistical
error of the order of 0.1 K is possible. The influence of the
fluctuation in the USO output frequency is negligible.

The systematic uncertainty in the temperature is difficult
to estimate and is not presented in this paper. The sources
of the error include the error in the spacecraft position, de-
viation from spherical symmetry of the atmosphere, long-
timescale fluctuation of the transmit frequency, and possi-
ble multipath effect. An error estimation method given by
Lipa and Tyler (1979) would be valid when the statistical
characteristics of these errors are provided.

The accuracy of electron density measurement is limited
at least by the fluctuation of the terrestrial ionosphere and
is estimated to be on the order of 100 cm−3 based on the
measurement of the ionospheric column density (Imamura
et al., 2010). The density fluctuation of the interplanetary
plasma can also be an error source for small solar offset dis-
tances of the ray path. Based on the results of solar occulta-
tion measurements (Woo and Armstrong, 1979; Imamura et
al., 2005), the error is estimated to be ∼3000 cm−3 for the
solar offset distance of 0.1 AU, and decreases to ∼300 cm−3

for 0.3 AU, given the typical time scale of traversing the
Venus ionosphere of 10 s. It should be noted that these un-
certainties vary with time.

6. Summary
A radio science investigation (RS) of the Venusian at-

mosphere will be conducted in the JAXA’s Akatsuki mis-
sion. The observation targets of Akatsuki RS are (i) atmo-
spheric temperature profiles for studying the thermal struc-
ture and atmospheric waves, (ii) sub-cloud H2SO4 vapor
profiles for studying cloud physics, (iii) scintillation inten-
sities for studying turbulence or gravity wave parameters,
and (iv) ionospheric electron density profiles for studying
ionosphere-solar wind interaction.

To achieve a high frequency stability in the X-band
downlink signal, the spacecraft is equipped with an USO
as a reference frequency source. During occultations the
spacecraft will perform attitude maneuvers to compensate
for the ray bending. The downlink signal will be recorded
by an open loop receiver at the Usuda Deep Space Center
of Japan. The frequency and intensity variations observed
at the tracking station will be processed off-line, and the
vertical structure of the Venus atmosphere will be derived
assuming local spherical symmetry of the atmosphere.

The uniqueness of Akatsuki RS as compared to the pre-
vious radio occultation experiments at Venus is that low
latitudes can be probed many times thanks to the near-
equatorial orbit of the spacecraft. Systematic long-term
sampling in the equatorial region provides a opportunity
to observe the propagation of planetary-scale waves such
as Kelvin waves and thermal tides, which might contribute
to the maintenance of the super-rotation via eddy momen-
tum transport. Covering the subsolar region is essential to
the understanding of the cloud dynamics. Another advan-
tage of Akatsuki RS is a suite of multiband cameras dedi-
cated to meteorological study; the locations probed by RS
will be observed by the cameras a short time before or af-
ter the occultations. The vertical profiles by RS and the
horizontally-resolved information by the cameras comple-
ment each other in developing three-dimensional models of
the atmosphere.

The Venus orbit insertion maneuver for Akatsuki on
December 7, 2010 has failed. At present the spacecraft
is orbiting the Sun, and it will have a chance to encounter
Venus 5–6 years later. JAXA is examining the possibility of
conducting an orbit insertion maneuver again at this oppor-
tunity.
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Nabatov


	1. Introduction
	2. Scientific Background
	3. Objectives
	4. Observation Principles
	4.1 Radio wave propagation in the atmosphere
	4.2 Derivation of atmospheric density and temperature
	4.3 Atmospheric defocusing and absorption
	4.4 Vertical and horizontal resolution

	5. Observation System
	5.1 Radio communication system
	5.2 Ultra-stable oscillator (USO)
	5.3 Signal processing
	5.4 Link budget and error estimation

	6. Summary
	References

