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Abstract

We retrieved the Venusian Ionospheric profiles from the
Radio Science Experiment onboard Akatsuki spacecraft of
JAXA, also known as Venus Climate Orbiter (VCO). A
8.4 GHz downlink radio signal transmitted from the Ultra
Stable Oscillator (USO) onboard the spacecratft is received
at the 32 m antenna at Indian Deep Space Network
(IDSN), Byalalu. The received signal is heterodyned and
sampled at the ground station and further digitized as data
packets is used to apply a retrieval algorithm to estimate
the frequency shift due to path delay experienced by the
traveling radio ray while passing through the ionospheric
and atmospheric medium of Venus. A peak electron
number density of 2 - 4.5 m~is observed at V, layer (~140
km). V, peak density is observed at ~120-130 km. The
sporadic V, layer observation is also a major highlight of
this work. We also made comparisons of our results
obtained with retrievals from data received at the two
ground stations ( IDSN, Byalalu and UDSC, Japan) with
results from Venus Express for similar SZA conditions for
validation.

1. Introduction
1.1 The Ionosphere of Venus

The ionosphere of Venus is characterized in four different
layers: V3, V,, V, and V,. The dayside ionosphere has a
dominant ion layer between 135-145 km peaking around
140 km. This layer, called V, , primarily constitutes O,"
ions produced by the charge exchange reactions of CO,"
ions, with CO," ions being produced by solar EUV
radiation and secondary ionization by energetic electrons
[3,4,5]. A secondary layer produced by the soft X-rays
and secondary electron impact ionization [6,7] peaks at
about 125 km, known as the V, layer [4]. A sporadic V,
layer has been detected below 120 km, which appears to
be independent of solar activity and SZA [8,9]. The
mechanisms underlying the occurrence of this layer
remain unresolved and are an ongoing subject of
investigation. A ledge-like layer formed due to diffusion
above 180 km, with no dominant peak was reported from
VeRa measurements [2], termed as V; layer, dominated by
O" ions. However, the existence and source of the
nighttime ionosphere is still not well understood.
Transportation of superthermal electrons/O* ions from

higher altitudes from the dayside is speculated to produce
ions in the nightside by secondary impact ionization [13].

1.2 Radio Occultation Technique

The full structure of the ionosphere can only be assessed
by remote sensing radio occultation methods. It is a
powerful technique that utilizes the concept of path delay
experienced by a radio ray due to refraction while
propagating through different media to retrieve
atmospheric pressure, temperature, sulfuric acid vapor
mixing ratio, electron and neutral number densities. The
Venus ionosphere was first detected by the radio
occultation (RO) experiment on Mariner -5 in 1967 [1].
The dayside profiles showed a peak of electron density
between 5 x 10° cm™ to 6x 10° cm ™ near 142 km. Also, a
minor layer approximately 15 km below the maximum
ionization was found [1]. Electron density profiles were
subsequently derived from similar measurements by
spacecraft like Mariner 10, Venera 9, 10, 15, 16, Pioneer
Venus Orbiter (PVO), and Venus Express (VEX) etc.
These missions contributed significantly in enhancing the
understanding of the Venus ionosphere [2,6,10]. Venus
Express Radio Science (VeRa) experiment provided more
than 200 RO profiles during 2005-2013 [6] and
contributed significantly toward the current understanding
of Venus ionosphere. At present, the Akatsuki spacecraft
is orbiting Venus, providing additional electron density
profiles and further enriching our insights into the
Venusian ionosphere.

2. Data acquisition and Methodology
2.1 Data Source

The 8.4 GHz radio signal transmitted from the Ultra
Stable Oscillator (USO), sitting on the spacecraft is
received at the ground station at Indian Deep Space
Network (IDSN), Byalalu in the open loop mode. The
signal is then heterodyned using a local oscillator and
sampled at 200 KHz rate. Data is recorded in an
internationally accepted raw data exchange format
(RDEF). RDEF data comprises two sections: Section 1 is
the header and contains information about Section 2
(including data size) which contains the data. Data size
depends upon the sampling rate and is stored in baseband
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complex form of in-phase and in-quadrature components
in the time domain.

2.2 Data Processing
Analysis of data consists of two major components:

1. Estimation of frequency residuals
2. Obtaining and profiling atmospheric parameters
from frequency residuals

2.2.1 Frequency Residual Estimation
The phase of the residual signal is computed using:
llJres = (qJS + llJLO) b lIJDL - lpstr (1)

Where, W, is the residual signal phase, ¥ is the
sampled signal phase, W, is the phase of the Local
Oscillator, W}, is the phase of the downlink signal at the
USO and W4, is the phase of the straight line doppler.

The sampled I and Q data is used to calculate the phase
and amplitude of the signal. The Local Oscillator (LO)
phase is calculated to reconstruct the sky frequency using
product information available for each data record. The
sky frequency is the received frequency at the ground
station antenna. Phase of the downlink signal is also
computed using the header description.

The straight line doppler is induced because of the relative
motion between the spacecraft and the receiver ground
station. We used the SPICE toolkit by NAIF (Navigation
Ancillary Information Facility, NASA) to calculate the
positions and velocities of both the VCO and IDSN32
with respect to the solar system barycenter (SSB) in the
J2000 frame of reference. The relationship between a
transmitted frequency f, and a received frequency fj is

[11]
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Here v (t,) is the velocity of the receiver at reception time
tg, rAzB(tB)is the unit vector along which the radio wave
propagates into the receiver, U,(t,) is the gravitational
potential at the receiver, v (¢t,) is the velocity of the
transmitter, n ,(t,) 1s the unit vector along which the radio
wave propagates away from the transmitter, and U (t,) is

the gravitational potential at the transmitter. This
expression is accurate to order (v/c)>.

Using Eq.(2), we calculated the phase of the straight line
doppler and applied Eq.(1) to compute the residual signal
phase. The signal is reconstructed using the amplitude and

phase information and removal of any DC bias present is
applied.

The residual signal is resampled with a sample size of 2'%,
to increase the time resolution from 1 sec to ~0.082 sec.
This takes care of the doppler spectrum broadening due to
change in Line of Sight (LOS) velocity as well as the FFZ
correction [12]. We applied a hamming window to each
sample packet to avoid spectral leakage. Then FFT was
applied to the signal with interpolation of 2'° points in
each frequency bin. Finally a gaussian fit is applied to the
power spectrum to estimate frequency residuals. Lastly a
polynomial fit was applied by taking initial 10-15 min
data as baseline and removing it from the entire time
series. A running average of 12 points (each 1 sec data
was divided into 12 parts) was also taken to remove short
scale fluctuations. Fig.1(a) showing the final residual
obtained for the ingress occultation period while Fig.1(b)
is a zoomed portion for the ionospheric shift.
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Figure 1. (a) Frequency residual w.r.t earth reception time
for complete ingress period; (b) Frequency shift due to the
ionosphere of Venus, for DOY 190, 2017. Here each time
count corresponds to 0.082 sec.



2.2.2 Electron Density from Frequency Residuals

Fig.2 illustrates the geometry of the radio occultation
observation.
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Figure 2. Geometry for an occultation involving
transmitter A, receiver B, and target object P at the origin.
credit: Withers et al. (2014)

The point A and B demonstrate the position of the center
of mass of the transmitter (x,) and the tracking station
(xg) at time t,, tg respectively. The point of closest
approach of the radio ray to the center of the target object
P is x, and the time at which this radio signal is at this
position is t,. The time of closest approach to the planet t,
and state vectors of the target object at that time is
calculated using ephemeris data from SPICE. Similarly,
positions and velocities of VCO, IDSN at their respective
transmission and reception time are estimated.

If there is no refraction at the target object P. In this case,
the radio signal travels directly from the transmitter to the
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is known as the frequency residual, Af (¢). It can be

related as[11]
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But in order for a particular radio ray to remain confined
to the plane outlined in Fig. 2, the frame of reference
needed to be converted to a relevant r-z plane which is
done according to the method described in Withers et
al.(2014)[11]. This method enables us to calculate the
bending angle and impact parameter as a function of time
using Eq.(3) and the geometry of the occultation. An Abel
Transform is then applied to determine the refractive
index of the medium.
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Where, R, is the distance of closest approach, « is the
bending angle and a is the impact parameter.

The refractivity and radial distance is calculated from the
refractive index. For typical radio occultation experiments
in planetary ionospheres, refractivity v, satisfies

N\‘3 e 5
V= - ———
) r— 5)
Thus, electron number density is calculated as a function
of radial distance from the center of the planet.
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Figure 3.(a)Bending angle profile; (b) Refractivity profile
for Venusian ionosphere/atmosphere for DOY 190, 2017.
Here, the radius of Venus is taken as 6051.8 km.



3. Results and summary
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Figure 4. Electron density profiles from Akatsuki for
(a) DOY 190, 2017 ; (b) DOY 212, 2017 and (c) DOY
117, 2016.

Both V, and V, are observed to be peaking at the same
height (V,~ 140 km and V, ~ 125 km) in all three cases
suggesting minimal influence of solar activity and SZA on
peak altitudes. While Fig. 4(c) differs from 4(a) and 4(b),
above the V, layer where it is showing a ledge-like
structure suggesting further analysis.

Additionally, the third profile reveals the presence of the
V, layer at ~109 km. This layer appears to be completely
independent of solar ionization, suggesting it is a sporadic
layer. The identification of the V, layer in Akatsuki data
highlights its unique nature and provides valuable insights
into the complex electron density structure in Venus'
ionosphere.
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