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Radio occultation for outer planets and moons using smallsatsTBD Conference

• Radio occultations refers to the process of measuring the 

Doppler shift due to atmospheric bending in a transmitted signal from one 

satellite as measured from anther satellite due to the apparent bending as 

it passes through the atmosphere.

• This Doppler shift due to the atmosphere is used to derive the 

temperature and pressure of the atmosphere as a function of altitude. 

• Monitoring from space enables global coverage but the number of

profiles generated depends on the orbit location and number of satellites. 

• JPL helped pioneer this technique for planetary exploration using radio 

communication on Mars, Venus, and other planets.

• NOAA currently processes Earth based RO measurements form JPL 

provided instruments (Cosmic-1, Grace) in order to update weather 

forecasts operationally.  

WHAT ARE RADIO OCCULTATIONS?  

RADIO OCCULTATION IN THE OUTER PLANETS: 

A SELECTED, BRIEF HISTORY

o Radio occultations of the outer planets have been carried 
out using Voyager 1 and 2 as well as other probes [e.g., 
Tyler, Proc IEEE, 1987]

o Recent data from Cassini provided six profiles of 
refractivity of Titan using radio occultations between the 
Cassini Spacecraft and the DSN.  [P. J. Schinder et. al, “The 
structure of Titan’s atmosphere from Cassini radio 
occultations from the Prime and Equinox missions.”  Icarus 
221 (2012) 1020-1031.]

o Cross-link RO test data was published by C. Ao, et. al, 
Radio Sci, in 2015 which demonstrated occultations 
between Odyssey and MRO.

o Our proposal would use a small constellation of satellites 
to provide a more frequent and spatially diverse set of 
refractivity vs. altitude profiles resolve seasonal 
variation and transport in the climate of the outer 
planets

KEY SYSTEM DESIGN PERFORMANCE METRICS FOR RO SCIENCE IN THE NEUTRAL ATMOSPHERE (TITAN)  

SMALLSAT CONSTELLATION MISSION COMPONENTS
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The CubeSat concept is based on the MarCO
(Mars Cube One) design, which will demonstrate 
radio relay during EDL of the Insight probe.  

Method 1:  Small sats equipped with the RO instrument are 
carried to the outer planet as part of a larger mission and 
deployed as the primary satellite enters orbit.  

Method 2: The small sats operate independently and 
perform their own orbit insertion maneuvers at the desired 
altitudes.  

Deployment

Method 1: After orbit insertion, 
deploy one CubeSat.  At a later 
time and lower altitude, deploy 
the second and then the third.

Future JPL RO missions will continue to support 
Earth science and weather forecasting. 

Cosmic-2 (2018)

Grace-FO (2018)

Sentinel-6 (2020, 2026)

These missions use the Global Positioning 
System (GPS) to provide source signals. 

Spacecraft Concept:

MarCO has many features needed for RO:

A) Attitude control system 

B) High gain, directional antennas. 

Instrument Concept:
Radio occultation cross link instruments can be built around existing radio 
designs such CION, a low Earth orbiting receiver on a 6U CubeSat. The receiver 
will simultaneously transmit and receive X-band signals to and from the other 
satellites in the constellation.

Key Architecture Parameters:
TX Power:  1 Watt (see below)
TX Antenna Gain: 9-12 dBi
RX Antenna Gain: 9-12 dBi
Operational Power: 12 Watts
Dual Frequency for measurement
of the ionosophere. 

The radio will perform dual one way 
ranging to enhance the navigation 
solution and remove clock errors. (USO 
not required.)

This same radio will be used to transmit
data to an orbiting communication
satellite for re-transmission to Earth. 

1) Provide occultations with bending angle uncertainty of less than 0.2 micro 
radians

a) Derived from a requirement of 1 deg C temperature variation.
b) Assumes a vertical resolution of 1 km for the profile.
c) Verified by link margin analysis at simulated 2500 km radial orbit height.
d) Navigation accuracy (to be reported in a subsequent report) meets this 

requirement.
2) Provide measurements in the altitude range -50 to +1500 km Straight Line 
Tangent Height (SLTH)
a) Defines amount of time required for scheduling an occultation
b) Defines the power needed to operate the receiver during the occultation

Coverage example at Mars:  With four satellites at 92 deg inc at altitudes of 330, 706, 
1350, 3098 km, global coverage is achieved within a 15 deg Longitude and 5 degree 
Latitude spacing with good revisit time.  Over a one Martian year mission lifetime 
including deployment.  

The J2 gravity term causes precession of the orbital 
planes at different rates based on altitude enabling 
global coverage over the mission lifetime. 
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KEY SCIENCE OBJECTIVES TO BE ADDRESSED

There is great scientific interest in investigating detailed 
atmospheric properties of Titan and the outer planets generally. 
[See “Scientific Goals for Exploration of the Outer Solar System,” 
3/7/18, https://www.lpi.usra.edu/opag/).  Here are some key 
topics that can be addressed with Radio Occultations.
Titan: 
• Provide daily profiles of refractivity vs. altitude.
• Provide seasonal variation of refractivity vs. altitude over the entire 

surface. 
• Measure the refractivity in the upper atmosphere with high sensitivity 

to infer Hydrogen and Methane escape rates. 
• Estimate temperature, pressure, and (average) horizontal winds to 

understand the general circulation and mixing down to the surface. 
• Measure the charged atmosphere to determine how it interacts with 

Jupiter’s magnetosphere.
• Possibility of methane precipitation detection through polarimetry.

Jupiter: 
The same methods can be used to answer additional questions 
about Jupiter and other outer planets.
• What drives Jupiter’s long-lived storms and wind patterns? 
• Do these systems control gas abundances in the upper atmosphere?

Low Alt Case (Surface) S X Ka Notes
Frequency (Hz) 2.5E+09 8.0E+09 3.4E+10
TX Power (dBm) 30.00 30.00 30.00 1 Watt Transmitter
TX Antenna Gain (dB) 12 12 12 Directional
FSPL (dB) -178 -189 -201 2000 km orbit
Max Atmospheric Loss (dB) -15 -15 -15 Worst case.
RX Antenna Gain (dB) 12 12 12 Directional
Received Power (dBm) -139 -150 -162
SNRv (1 Hz) 54 17 4 1 bit sampler
Integration Time (s) 27.26 27.26 27.26 for 1 km resolution
Bending Angle Error (urad) 0.23 0.23 0.23
N Error 2.37E-02 2.37E-02 2.37E-02 n=(1+1e-6N)

Link Margin:
This table shows that a 1 Watt transmitter with a directional
antenna (12dBi) can achieve dN = 2.4e-2 refractivity error at the 
surface of Titan given a 1 km vertical resolution. This is less than 0.01% 
of the refractivity.

In Schinder et. Al (2012), Cassini provided
profiles of Titan’s refractivity vs altitude
as shown below (T27 Ingress).   

The refractivity measured at Titan
can be used to predict the defocusing loss
of the signal showing both the variation
atmosphere and helping to design the 
mission.

Refractivity 
vs. Altitude (km) 
at Titan

Resulting signal defocusing
loss (dB) for an 
RO instrument.

The average, per orbit instrument power
is 3-8 Watts for a 2-5 satellite constellation based on 
projected number of contacts between s/c. 

ANALYSIS OF THE TITAN ATMOSPHERE INDICATES LINK MARGIN CLOSES WITH 1 WATT TRANSMITTERS.

Navigation and orbit determination
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As the satellite rises so that
the signal is above the atmosphere,
both satellites continue to record phase
data to be used for navigation.

Based on the predicted data, the
two satellites begin transmitting and
recording at a specified time.

Because the antenna is directional,
and to minimize power consumption, 
the cubesat must be programmed
(weekly) with the predicted contacts
with the other satellites.  

Clock errors are removed using the concept 
of  dual-one-way range measurements 
(same as GRACE/GRAIL).  Both satellites 
transmit tones simultaneously at offset 
frequencies. 

Using the constellation of four satellites 
plus contacts with a  “Mother Ship” 
(Method 1) or the Earth (Method 2) enables 
navigation accuracy that pushes the effect 
of navigation error to an order of 
magnitude below the bending
angle requirement. 

The relative position of each satellite in the constellation is estimated through the use dual one 
way Doppler measurements made above the atmosphere combined with JPL orbit 
determination software.  The radio instrument already provides the necessary measurements.  

CONCLUSION:  RADIO OCCULTATIONS OFFER A LOW POWER TECHNOLOGY IMPLEMENTABLE ON SMALL SATS AND

CAPABLE OF PROVIDING DATA TO HELP EXPLORE KEY NEUTRAL AND CHARGED ATMOSPHERIC PHENOMENON.

Data Link Requirements

Each occultation pair produces approximately 2 Mega bytes of

data per day for each spacecraft.

With four satellites, each satellite measures data from 3 pairs.  

Each spacecraft generates ~6 Mbytes/day of data.

Each satellite will transmit this data to a larger communication 

satellite for download to Earth (Method 1), or transmit directly to 

the DSN (Method 2) similar to Marco. 

Earth based operations will upload a schedule of predicted 

occultation events to each satellite weekly or monthly to be

used for prediction of the next occultations. 

Low Power Instruments are Required in the Outer Planets.

https://www.lpi.usra.edu/opag/

