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Table 3-15. Flight System Element and  
Total Spacecraft Mass—Option 3 

 Mass Driving Average Power 

 
CBE 
(kg) % Cont. 

MEV 
(kg) 

CBE  
(W) % Cont. 

MEV  
(W) 

Structures and mechanisms 
(including S/C adapter & 
harness) 

726.7 30 944.7 

See details in Flight System 
Element Power Modes tables. 

Thermal control 67.5 30 87.8 
Propulsion (dry mass) 154.6 30 201 
Attitude control 31.2 30 40.6 
Command & data handling 24.4 30 31.7 
Telecommunications 71.4 30 92.8 
Power 249.4 30 324.2 
Total Flight Element Dry Bus 
Mass 

1325.2 30 1722.8 

Instruments 128.6 30 167.2 
Systems Contingency - 13 189 
Total Spacecraft Dry Mass 1453.8 43 2078.9 

 
Table 3-16. Flight System Element Power and Modes—Option 1 
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Table 3-17. Flight System Element Power and Modes—Option 2 

 

 
Table 3-18. Flight System Element Power and Modes—Option 3 

 

 
Table 3-19. Flight System Element Characteristics 

Flight System Element Parameters  Option 1 Option 2 Option 3 
General 
Design Life, months ~ 113 ~ 116 ~ 121 
Structure 
Structures material  Aluminum, titanium, composites 
Number of articulated structures 1 scan platform 
Number of deployed structures 3 solar panels, 1 Magnetometer boom 
Thermal Control 
Type of thermal control used  Active and Passive 
Propulsion 
Estimated delta-V budget, m/s 2762 2762 2662 

Subsystem/Instrument Power [W]

Launch Cruise Fly-by
Ganymede 

Pump

Science + 
Telecom (1-3 

months)

Science + 
Telecom (3-6 

months) Science Telecom SAFE
Jupiter 
Eclipse

Instruments 11.6 12.5 42.0 30.5 52.2 50.5 23.4 12.5 12.0 12.5
Structures and Mechanisms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Thermal Control 13.0 20.3 20.3 20.3 19.9 20.3 20.3 19.9 22.2 33.9
Propulsion 51.6 3.3 51.6 51.6 3.3 3.3 3.3 3.3 51.6 3.3
Attitude control 33.7 39.1 39.1 39.1 37.0 37.0 37.0 33.4 33.7 33.4
Command & data handling 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7
Telecommunications 76.0 76.0 15.0 15.0 80.0 70.0 15.0 70.0 76.0 15.0
Power 13.0 20.3 20.3 20.3 19.9 20.3 20.3 19.9 22.2 33.9
TOTALS 292.1 254.7 273.0 260.5 299.4 287.1 197.8 241.1 302.6 196.5
Systems Contingency % 43% 43% 43% 43% 43% 43% 43% 43% 43% 43%
Subsystems with Contingency 417.8 364.2 390.4 372.5 428.2 410.6 282.9 344.8 432.7 281.0
Duration (hours) 3.0 24.0 6.0 2.0 24.0 24.0 24.0 8.0 3.0 9.0

Subsystem/Instrument Power [W]

Launch Cruise Fly-by
Ganymede 

Pump

Science + 
Telecom (1-3 

months)

Science + 
Telecom (3-6 

months)

Science + 
Telecom (6-12 

months) Telecom SAFE
Jupiter 
Eclipse

Instruments 17.6 18.3 48.0 36.5 58.2 56.5 69.3 18.5 18.0 18.5
Structures and Mechanisms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Thermal Control 13.4 20.6 20.6 20.6 20.1 20.6 20.6 20.1 22.6 35.1
Propulsion 51.6 3.3 51.6 51.6 3.3 3.3 3.3 3.3 51.6 3.3
Attitude control 33.7 39.1 39.1 39.1 37.0 37.0 37.0 33.4 33.7 33.4
Command & data handling 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7 52.7
Telecommunications 76.0 76.0 15.0 15.0 80.0 70.0 70.0 70.0 76.0 15.0
Power 54.1 51.4 52.9 51.9 54.9 53.9 55.1 49.9 55.0 46.4
TOTALS 299.1 261.3 279.8 267.3 306.2 293.9 308.0 247.9 309.6 204.4
Systems Contingency % 43% 43% 43% 43% 43% 43% 43% 43% 43% 43%
Subsystems with Contingency 427.6 373.7 400.1 382.2 437.9 420.3 440.4 354.5 442.7 292.3
Duration (hours) 3.0 24.0 6.0 2.0 24.0 24.0 24.0 8.0 3.0 9.0
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Flight System Element Parameters  Option 1 Option 2 Option 3 
Propulsion type(s) and associated propellant(s)/oxidizer(s) Bi-propellant Hydrazine/NTO 
Number of thrusters and tanks 1 main engine, 4 main engine control 

engines, 16 attitude control engines; 2 
propellant & 2 pressurant tanks 

Specific impulse of each propulsion mode, seconds 325 & 215 
Attitude Control 
Control method  3-axis 
Control reference  Solar 
Attitude control capability, degrees 0.028 
Attitude knowledge limit, degrees 0.014 
Agility requirements (maneuvers, scanning, etc.) Body mounted HGA tracks Earth, with 

scan platform for nadir pointing 
Articulation (#, axes, solar arrays, antennas, gimbals, etc.) Scan Platform/2 DOF 
Sensor and actuator information (precision/errors, torque, 
momentum storage capabilities, etc.) 

8 coarse sun sensors; 
2 star trackers with  
6 arcsec accuracy; 

2 IMUs each containing 3 gyros  
with 0.005 deg/hour bias; 

4 reaction wheels 
with 5 Nms, 0.07 Nm capability 

Command & Data Handling 
Flight Element housekeeping data rate, kbps 2  
Data storage capacity, Gbits 768 
Maximum storage record rate, kbps 25,600 
Maximum storage playback rate, kbps 102,400 
Power 
Type of array structure (rigid, flexible, body mounted, 
deployed, articulated) 

Rigid, Deployed 

Array size, meters x meters 64.4 64.7 69.4 
Solar cell type (Si, GaAs, multi-junction GaAs, concentrators) GaAs TJ 
Expected power generation at beginning of life (BOL) and end 
of life (EOL), Watts 

15.5 kW (BOL @1 AU); 530 W (EOL 
@ 5.6 AU) 

On-orbit average power consumption, Watts 409 
(Science & 
Telecom) 

430 
(Science 

& 
Telecom) 

440 
(Science 

& 
Telecom) 

Battery type (NiCd, NiH, Li-ion) Li-Ion 
Battery storage capacity, amp-hours 40 

Subsystem Descriptions 

Structure 
All three options in this study would include a hexagonal bus structure containing two propellant tanks 
and two pressurant tanks placed around a 1-m×1-m×1-m central radiation vault used to house the 
spacecraft’s sensitive electronics. The bus shape and layout were driven by the desire to place the 
electronics vault between the propellant tanks to utilize the vault’s waste heat to keep the propellants 
warm and minimize the need for dedicated heater power for propellant heating. The radiation vault design 
is modeled after and scaled from the Juno vault design. Also included are external instrument vaults to 
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provide protection for radiation-sensitive external pieces such as the medium resolution camera head. 
Table 3-20 shows the shielding masses required for the central radiation vault and external vaults for 
each of the three mission options. The indicated shielding masses would permit achievement of a 50-krad 
total radiation dose inside the vaults with RDM=2. The models used for the radiation estimates are the 
JPL–SPE1 [1] model for solar protons and GIRE2 [2] for trapped proton and electron fluences at Jupiter. 
When in Ganymede orbit, Ganymede shielding is assumed to account for a 50% reduction in the trapped 
fluences. Total ionizing dose (TID) is calculated from the combined fluences using a radiation model 
called Novice3 [3]. For all options, structure would be provided to accommodate a 3-m diameter fixed 
HGA on one end of the spacecraft bus and a magnetometer mounted on a 1-m-long rigid deployable 
boom.  

Table 3-20. Radiation Vault Design 

Opt. 

Total 
Radiation 

(100 mil. Al, 
RDM=2) 

Primary 
Electronics 

Vault 
Thickness 

Primary 
Electronics 
Vault Mass 

(CBE) 

External 
Instrument 

Vault 
Thickness 

Number of 
External 

Instrument 
Vaults 

Total 
External 

Instrument 
Vault Mass 

(CBE) 

Total Star 
Tracker 

Shielding 
Mass 
(CBE) 

1 680 krad 3.07 mm 49.4 kg 3.95 mm 5 3.1 kg 8 kg 
2 820 krad 4.63 mm 74.3 kg 5.75 mm 7 6.1 kg 8 kg 
3 1110 krad 6.93 mm 112 kg 8.32 mm 10 12 kg 8 kg 

Thermal Control 
The thermal design for the mission would be driven by the requirement to maintain the propulsion module 
within specified temperature limits while minimizing heater power so as to keep the spacecraft power to a 
minimum. As a result, the thermal design would use both active and passive thermal control. The 
dissipated power from the vault would be used to provide thermal energy to the propulsion module. 
Therefore, the vault would be placed between the large propellant tanks, and a capillary pumped heat 
pipe (CPHP) would transfer the thermal energy from the vault to the tanks. Additionally, a total of 35 
radioisotope heater units (RHUs), regular and variable, would be used in the bus and at the thruster 
clusters to minimize heater power. Other heritage components used in the thermal design would include 
multi-layered insulation (MLI), thermostats, temperature sensors, and thermal surfaces. Due to the Venus 
gravity assist, a Venus shield would also be included in the design. This thermal design would be the 
same for all three options, with only slight variations resulting in small mass differences. 

Propulsion 
The propulsion system would be designed to provide three-axis control during cruise and Jovian tour, 
momentum wheel unloading, and main engine burn control authority. The deterministic ∆V requirement 
for the mission would be 1762 m/s, but the propulsion system would be designed with 1000 m/s 
allowances for various trajectory correction maneuvers (TCMs) and for orbit trims during Ganymede orbit 
phase. It would be a bi-propellant system and would be composed of the following elements: (1) one 
Aerojet R-42DM 890N main engine used for all deep space maneuvers (DSMs), orbit insertions, and orbit 
pump down; (2) four Aerojet MR-107P 90N engines used for main engine control authority; (3) sixteen 
Aerojet MR-103D attitude control engines in two redundant branches used for three-axis control and 
momentum wheel unloading.  

There would be single Hydrazine fuel and NTO oxidizer tanks, which are composite overwrapped with 
Titanium liners and propellant management devices (PMDs) for propellant expulsion, and single fuel and 
oxidizer pressurant tanks, which are composite overwrapped with Titanium liners. The propulsion 
subsystem would be composed of all high TRL heritage hardware with no need for development. 

Attitude Control 
The attitude control subsystem (ACS) would be a dual-string, cold-spare design that would provide three-
axis stabilization using reaction wheels for fine pointing control. The medium resolution camera would 
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drive the ACS design: it would require pointing within 0.028 degrees and pointing stability within 0.003 
degrees/second relative to a target on the surface. The fixed HGA would require boresight pointing within 
0.05 degrees of Earth. ACS sensors used for attitude determination would include star trackers, gyros in 
inertial measurement units, and sun sensors. Sixteen 0.9 N-thrusters would be used for momentum 
unloading and small orbit correction maneuvers, and four 90 N-thrusters would be used for orbit 
maintenance maneuvers and thrust vector control during main engine burns. A 2-DOF scan platform 
would be used to maintain nadir pointing for the instruments that require nadir pointing. Instrument data 
post-processing would be used to remove the effects of instrument rotation about the spacecraft ground 
track. Optionally, at extra cost, a third degree of freedom (rotation about the scan platform boresight) 
could be added to the scan platform to eliminate the effects of instrument rotation. Star trackers can 
experience high rates of false star indications in environments where highly energetic particles are 
present. Additional shielding would therefore be added around each star tracker to provide mitigation. The 
ACS design would be identical for all three mission options. 

Command and Data Handling 
The command and data handling (C&DH) subsystem would be a dual-string system that utilizes cold 
sparing. Storage requirements are driven by the data volume of the Ganymede and Calisto flybys. In the 
flyby phase, approximately 20 GB would need to be stored. Additionally, the number of instruments in the 
payload would drive the interface design. 

The C&DH design assumes build-to-print heritage components with no additional development 
requirements. The design would include a RAD750 processor, critical relay control card (CRCC), flash 
memory controller (96 GB non-volatile memory), telecommunication interface card, serial interface 
assembly, compute element power converter unit (CE-PCU), remote engineering unit, and a 6U-extended 
chassis. All of the avionics would be housed inside the vault in a 50-krad radiation environment. Since not 
all C&DH components would be hardened to 50 krad, some additional spot shielding would be placed 
around those components.  

Option 1 would have the fewest number of instruments and consequently would require only two serial 
interface assembly cards. Options 2 and 3 would require three serial interface assembly cards due to the 
increased number of instruments (interface requirements).  

Telecommunications 
The telecommunications subsystem would be required to support a two-way X-band link with Earth during 
the mission for command uplinks and engineering telemetry downlinks. Additionally it would need to 
support a Ka-band downlink of 28 kbps (maximum achievable with one 34-m BWG DSN antenna) for 
science data return, as well as simultaneous X-band up and down and Ka-band up and down for gravity 
science. The telecommunications system for all options would be a fully redundant X-band and Ka-band 
system. The design would consist of one 3-m X-/Ka-band HGA, one X-band medium-gain antenna 
(MGA), and two X-band low-gain antennas (LGAs) along with two Ka-band 20-W TWTAs, two X-band 25-
W TWTAs, and two X/Ka up/down universal space transponders (USTs). The design would assume that 
high-rate downlinks and science acquisition occur simultaneously during the Ganymede orbit science and 
telecom mode. In all other cases, data flow to/from Earth would be its own event/mode.  

The design for all three options would be the same with the exception of the data rate. After the first three 
months of Ganymede orbital operations, the downlink data rate would be reduced to 25 kbps due the 
further Earth range of 6.35 AU (as opposed to 6 AU).  

Power  
A solar-powered approach would be selected and, consequently, the power subsystem design would be 
similar to that of the Juno mission. Three solar array wings would supply approximately 530 W at end of 
life (EOL) and at a solar range of 5.6 AU. The non-articulating wings would be composed of rigid 
composite panels with GaAs triple junction cells with a total area of 64.4, 64.7, and 69.4 m2 for options 1, 
2, and 3, respectively. String switching of varied length strings would be utilized for power control at 
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different solar ranges. Conventional power electronics would be housed within the spacecraft electronics 
radiation vault. Four 40 A-hr lithium ion batteries would support all primary operations, including launch 
and eclipses, with an additional 40 A-hr battery for redundancy. Due to the battery chemistry, the 
electronics package would include charge control boards to prevent overcharge on the high capacity 
cells. The design of the battery would be based on a one-time estimated depth of discharge (DoD) of 50–
60% during the Jupiter Eclipse power mode (option 1 = 52% DoD, option 3 = 57% DoD).  This one-time 
deep DoD on the battery should be beneficial for general battery state of charge and possible 
assessment of remaining capacity during mission operations.       

Since the added instruments in options 2 and 3 would be assumed to operate in their own power mode—
so as to not significantly impact the flight system design—the power subsystem for all three options would 
be very similar. In all options the solar array size would be driven by the “Telecom & Science” mode, and 
the battery size was driven by the nine-hour “Jupiter Eclipse” mode (~2400–2600 W-hr energy, including 
43% margin on the 28-V bus). 

Mission Design and Concept of Operations  
Mission Design 
Launch Opportunities: A comprehensive search of launch opportunities during the 2016 to 2026 
required launch window of interest was conducted. Various trajectory types using Earth and Venus 
assists were considered, and corresponding mass performances were measured in conjunction with the 
use of Atlas V launch vehicles. The proposed trajectory E-VEE-J to be launched in May 2021 was 
selected as the best for the following reasons: 1) it has superior mass delivery potential; 2) it satisfies the 
preferred Jupiter arrival dates of 2026–2029; and 3) there are two other launch opportunities in 2023 and 
2024 with nearly identical performance and key system design parameters suitable as back-up launch 
opportunities. 

Mission Phases: A candidate trajectory with three mission phases was developed for the mission: 
Heliocentric Phase, Jupiter (JOI to GOI) Phase, and Ganymede Orbital Operations Phase (Post-
Ganymede Orbit Insertion Phase). 

Heliocentric Phase: This phase would provide for transfer of the spacecraft from the Earth to Jupiter and 
Jupiter orbit insertion. The nominal trajectory is characterized by a VEE gravity-assisted path without 
post-launch ∆Vs. It would utilize a flyby of Callisto prior to JOI to reduce the JOI ∆V requirement. To 
minimize spacecraft radiation, JOI would be performed at 15 Rj. Figure 3-3 summarizes the phase. 

Jupiter (JOI to GOI) Phase: This phase would provide for spacecraft insertion into Ganymede orbit. Five 
Callisto flybys would be performed to satisfy the science team requirement for six Callisto flybys and to 
simultaneously pump down the size (orbit period) of the Jupiter-centered orbit. After the Callisto flybys are 
implemented, three more gravity assists of Ganymede would be used to achieve Ganymede orbit 
insertion (GOI). Figure 3-4 summarizes the phase. 

Ganymede Orbital Operations Phase: This phase would provide for pump-down to the final required 
Ganymede polar circular orbit and orbital operations. The phase would include 10 Ganymede elliptical 
orbits prior to the start of pump-down. The objectives of the 10 elliptical orbits are: 1) minimize gravilty 
loss in GOI, and 2) provide an opportunity for magnetosphere study. Due to the presence of Europa and 
Io nearby, the envisioned scenario (two-body assumption) is not quite accurate, but the objectives could 
still be met with future N-body analysis. Table 3-21 describes the phase. 
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Figure 3-3. Heliocentric Phase 
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Figure 3-4a. Jupiter (JOI to GOI) Phase (Trajectory Plot) 
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Figure 3-4b. Jupiter (JOI to GOI) Phase (Key Characteristics) 

 Table 3-21. Ganymede Orbital Operations Phase  

Events 

Time 
(days 
from 
GOI) 

ΔV 
(m/s) 

Orbit Size 
(Peri-alt [km] x 

Apo- 
alt [RG or km]) 

Orbit 
Period 
(days) 

Comments 

GOI-1 0 220 200 x 10 1.288 

• This elliptical orbit is intended for 
magnetospheric measurements. 

• It reduces the gravity loss in ∆V if inserted 
to the 200-km circular orbit in one step. 

• It is envisioned to stay in this orbit for 10 
orbits, requiring about 13 days. 

• Due to non-trivial perturbations from other 
Galilean satellites, significant distortion in 
the orbit shape is expected. 

GOI-2 12.88 128 200 x 4.67 0.482 • Next four gradual reductions in orbit size 
before entering the 200-km circular orbit 
is intended for minimizing the potential 
gravity losses. 

GOI-3 13.37 128 200 x 2.87 0.274 
GOI-4 12.64 128 200 x 1.43 0.139 
GOI-5 13.78 128 200 x 1.08 0.111 

GOI-6 
(Final) 13.89 128 200 x 200 0.105 

• This is the final mapping orbit. 
• The orbit offers imaging with phase 

angles roughly 63 degrees. 
Total  861    
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Table 3-22 provides a summary of the key mission design parameters for the three mission options, and 
Table 3-23 summarizes key information pertinent to mission operations uplink and downlink. Note option 3 
in Table 3-22 has a small negative launch vehicle mass margin of −1 kg. This margin is within the margin of 
error of the launch vehicle capability calculations and is therefore small enough to confirm option viability.  

Table 3-22. Mission Design Parameters 
Parameter Option 1 Option 2 Option 3 
Orbit At Ganymede; circular, polar, 90-deg inclination, 

200-km altitude, 63-deg phase angle  
Mission lifetime (months) 113 116 121 
Maximum eclipse period (min) 540 (Jupiter Eclipse); 26 (Ganymede orbit eclipse) 
Launch site KSC 
Total flight element dry mass with contingency 
(includes instruments, 43% contingency) (kg) 

1752 1858.6 2079 

Propellant mass without contingency (kg) 2457 2652.2 2664.8 
Propellant contingency (%) 8.4 8.9 9.4 
Propellant mass with contingency (kg) 2683.1 2910.8 2941 
Launch adapter mass with contingency (kg) 38.2 (S/C side) 40.9 (S/C side) 42.6 (S/C side) 
Total launch mass (kg) 4435 4769 5020 
Launch vehicle Option 5 per Decadal Survey Study guidelines 
Launch vehicle lift capability (kg) 4560 4953 4953 
Launch vehicle mass margin (kg) 124.7 183.2 -67.6 
Launch vehicle mass margin (%) 3 4 -1 

Table 3-23. Mission Operations and Ground Data Systems 

 

Helocentric2 Jupiter 
(JOI to 
GOI) 

Ganymede 
Orbital 

Operations Cruise 
Quiet 
Cruise 

Downlink Information  
Number of contacts per week1 7 1 10 21 
Number of weeks for mission phase, weeks1 14 205 16 12 
Downlink frequency band, GHz Ka-band, 31.8–32.3 
Telemetry data rate (Ka-band), kbps > 28 > 28 28 28 
Transmitting antenna type(s) and gain(s), DBi 3 m, X/Ka-band Parabolic HGA 

X-band = 45.8; Ka-band = 57.5 
Transmitter peak power, Watts Dual-band, 80 
Downlink receiving antenna gain, DBi 34 m beam wave guide (BWG) 
Transmitting power amplifier output, Watts (RF) 25 for X-band; 20 for Ka-band 
Total daily data volume (with 7% overhead, 20% 
margin) (MB/day) 

692 132 26 208 

Uplink Information  
Number of uplinks per day 1 0.15 0.3 3 
Uplink frequency band, GHz X-band @ 7.145-7.190; Ka-band @ 34.2-34.7  
Telecommand data rate, kbps 2  
Receiving antenna type(s) and gain(s), DBi 3 m, X/Ka-band Parabolic HGA;  

X-band 44.4; Ka-band 58.1  
1 See Appendix C for details 
2 Includes flybys 
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Science Data Observation/Acquisition Phases 
The Ganymede mission’s science observations are divided into three phases: 1) Ganymede Nominal 
Science (Orbital Tour) Phase, 2) Ganymede Pump-down Phase, and 3) Flyby Phase.  

The core principle (or goal) underlying the science data acquisition strategy for all mission options is to 
satisfy the Ganymede STM science objectives in priority order, with the highest priority objectives first. 
This leads to a unique data acquisition strategy for the Nominal Science (or Orbital Tour) Phases for each 
of the three missions options and a common strategy for the Flyby and Pump-down Phases and the 
Earth–Jupiter Cruise Phase (including Venus and Earth flybys), which is available in all options for 
instrument check-out and calibration. 

Key flight and ground system features pertinent to the data acquisition strategy, which have been built 
into the architecture described in this study, include, for the flight system a 28-kbps downlink data rate 
(flight-system power limited), 96-GB memory (Flyby Phase sized), and x3 science data compression. For 
the ground system, the features include 24/7 34-m Ka-band DSN coverage during the Orbital Tour and 
Pump-down Phases (requiring a DSN antenna dedicated to the mission at each ground station) and two 
8-hour passes per week during the Earth–Jupiter Cruise and Flyby Phases. Should the assumption of a 
dedicated 34-m DSN antenna at each station for the duration of the mission (three months for the Floor 
mission, six and twelve months, respectively, for the Baseline and Augmented missions) prove nonviable 
due to other demands on the tracking network, or for other reasons, the mission could alternatively 
provide its own ground station or stations.  

The three science observation phases are described below. 

Ganymede Nominal Science (Orbital Tour) Phase: This phase provides focused Ganymede science 
and satisfies the majority of the Ganymede science traceability matrix science objectives. 

Figure 3-5 shows the spacecraft in its circular polar orbit about Ganymede on July 25, 2030, just after 
entering the Orbital Tour (Nominal Science) Phase. The illustration is technically accurate and was 
developed with JPL’s Team X trajectory visualization tools. Table 3-24 shows the observation 
requirement fulfillment fractions (the fractions of the STM science objectives met) for the three mission 
options assuming 24/7 continuous DSN coverage. Note all STM science objectives are met by the Floor 
option (option 1) except spectroscopy. 

Ganymede Pump-Down Phase: This phase provides an opportunity to supplement the Ganymede 
spectroscopy observations taken during the Nominal Science Phase, which fall short of meeting the STM 
spectroscopy measurement requirements, as well as perform studies of the Ganymede magnetosphere 
from various altitudes during pump-down to the final Ganymede orbit. In addition to providing for the 
instruments studying the magnetosphere to be on continuously, this phase provides for spectrometer or 
other instrument measurements during the 10 available two-hour windows circa Ganymede closest 
approach during the 13-day pump-down period. Table 3-25 shows a notional plan for using the data 
volume available after downlink of the magnetospheric data for spectrometer data downlink. The fractions 
in the box on the right of the table for the V/NIR instrument show the fraction of the data volume that can 
be downlinked to the Earth for spectrometer data. This phase assumes 24/7 coverage. 

Flyby Phase: This phase provides an opportunity for focused Callisto science. Figure 3-6 shows the 
spacecraft one hour out from Callisto closest approach on its sixth and final pre-Ganymede-orbit-insertion 
Callisto flyby on March 27, 2030. The illustration is technically accurate and was developed with JPL’s 
Team X trajectory visualization tools. Ganymede can be seen to the far left of the image. The instrument 
scan platform is in its nadir pointing orientation. The closest approach is at 814 km. The plan would 
provide for two-hour windows circa closest approach for science observations at each flyby during the 
phase. The phase assumes two 8-hour DSN passes per week. The phase also would provide three 
Ganymede flyby science observation opportunities. Table 3-26 shows a notional plan for data acquisition 
during the phase. It is key to note the total data that could be returned during each flyby. 
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Figure 3-5. Ganymede Orbiter in Circular Polar Orbit (July 25, 2030) 
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Table 3-24. Observation Requirement Fulfillment Fractions 

 
 

 

Option 1 Option 2 Option 3
Instrument Observation requirement summary Fraction Fraction Fraction 

Observation Observation Observation
Fulfillment Fulfillment Fulfillment

Medium Angle Camera
Imaging 50% surface @ 200 meter/pixel over 1 band 1.00 1.00 1.00
Imaging 100% surface @ 500 meter/pixel over 2 bands 1.00 1.00 1.00
Imaging 100% surface @ 1000 meter/pixel over 4 bands 1.00 1.00 1.00

Vector Magnetometer
Measure time variable magnetic field @ 1 sec cadence 1.00 1.00 1.00

Radio Science (dual transponder)
Measure time variations in degree-2 gravity field 1.00 1.00 1.00
Characterize gravity field to degree 10 (using doppler at 
X & Ka bands with USO) 1.00 1.00 1.00

VNIR Imaging spectrometer
Characterize spectra properties of 1% surface @ 500 
meter/pixel over 1280 bands 0.10 1.00 1.00

Laser Altimeter
Measure topographic profiles @ 1 meter vertical 
resolution 1.00 1.00 1.00

Low/High Energy Plasma Packages
Measure fluxes of ions and electrons from 10 eV to 1 
MeV over 4π steradians 1.00 1.00 1.00

Ion and Neutral Mass Spectrometer
Measure the sputtered neutral and charged particles 1.00 1.00

UV imaging spectrometer
Characterize the auroral emissions (no quantitative) 1.00 1.00

Radio and Plasma Wave
Measure plasma and radio waves (no quantitative) 1.00

Narrow Angle Camera
Imaging 10% surface @ 10 meter/pixel 0.10

Subsurface Radar
Subsurface (no requirement, but fully mapped, twice in 
3 months) 1.00

Due to D/L data rate limitations, 
spectroscopy cannot be fulfilled 
solely during the Nominal 
Science Phase.  It is envisioned 
that Fly-by and Pump-down 
Phases will supplement 
spectroscopy requirements.

Due to D/L data rate limitations, 
high-resolution imagery cannot 
be fulfilled.  Extended mission 
operations and/or trading other 
science objectives will require 
further exploration.

Fulfillment fractions are 
calculated with consideration of  
D/L data rate limitations.
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Table 3-25. Ganymede Pump-Down Phase Notional Instrument Data Acquisition Plan 
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Altitude @ periapsis Altitude @ apoapses Period [hours] Date # of Days Downlink Option Data Vol [Gb]
200 11752 30.9226 7/8/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 11752 30.9226 7/9/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 11752 30.9226 7/11/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 11752 30.9226 7/12/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 11752 30.9226 7/13/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 11752 30.9226 7/14/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 11752 30.9226 7/16/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 11752 30.9226 7/17/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 11752 30.9226 7/18/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 11752 30.9226 7/20/2030 1.28844 21 pass/wk 2.783 0.000 1.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00
200 4735 11.5621 7/21/2030 0.481754 21 pass/wk 1.041 0.000 1.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00
200 2365 6.5828 7/21/2030 0.274285 21 pass/wk 0.592 0.000 1.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00
200 1178 4.4632 7/22/2030 0.185968 21 pass/wk 0.402 0.000 1.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
200 468 3.3333 7/22/2030 0.138887 21 pass/wk 0.300 0.000 1.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
200 200 2.6481 7/22/2030

Ganymede Pump-Down Science Phase

Maintaining continuous 
Magnetometer & Plasma

Packages operation.

Focus on Spectroscopy.
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Figure 3-6. Ganymede Orbiter during Callisto Flyby (March 27, 2030) 
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Table 3-26. Ganymede Flyby Phase Notional Instrument Data Acquisition Plan 
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Event Altitude [km] Latitude [deg] Date # of Days Downlink Option Data Vol [Gb]
VGA 1 3199 ? 6/16/2022 379 2 pass/wk 77.966 77.966 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
EGA 1 6544 ? 6/30/2023 842 2 pass/wk 173.211 173.211 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
EGA 2 2361 ? 10/19/2025 1003 2 pass/wk 206.331 206.331 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Callisto-1 300 ? 7/18/2028 357 2 pass/wk 73.440 0.000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.32 1.00
Callisto-2 200 51.9 7/10/2029 128 2 pass/wk 26.331 0.000 1.00 1.00 1.00 0.15 1.00 0.00 0.00 0.00 0.00 0.00
Callisto-3 242 29.9 11/15/2029 56 2 pass/wk 11.520 0.000 1.00 0.40 1.00 0.11 1.00 0.00 0.00 0.00 0.00 0.00
Callisto-4 5177 83.4 1/10/2030 50 2 pass/wk 10.286 0.000 1.00 0.30 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00
Callisto-5 1019 -28.2 3/1/2030 26 2 pass/wk 5.349 0.000 1.00 0.20 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Callisto-6 814 -3.7 3/27/2030 22 2 pass/wk 4.526 0.000 1.00 0.10 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00

Ganymede-1 519 -0.8 4/18/2030 15 2 pass/wk 3.086 0.000 1.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00
Ganymede-2 1963 0 5/3/2030 22 2 pass/wk 4.526 0.000 1.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00
Ganymede-3 3192 0 5/25/2030 44 2 pass/wk 9.051 0.000 1.00 0.00 0.00 0.49 0.00 0.00 0.00 0.00 0.00 0.00
GOI to 200 km 7/8/2030

Ganymede Fly-By Science Phase

Total data that can 
be returned.

Magnetometer + Plasma packages 
continuously on after JOI.

First Callisto Fly-by offers 
large science return.

Initial Ganymede encounters
focuses on spectroscopy.

Unallocated initial fly-bys 
may be used for instrument 

checkout and calibration.

# of days is the time 
between events.
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Planetary Protection  
In accordance with NPR 8020.12C, the Ganymede mission is expected to be a planetary protection (PP) 
Category II mission. Accordingly, the Ganymede project would demonstrate that the mission meets the 
Category II planetary protection requirements per NPR 8020.12C, Appendix A.2. The planetary protection 
category of the mission would be formally established by the NASA PPO in response to a written request 
from the Ganymede Project Manager, submitted by the end of Phase A. 

The Ganymede project would prepare all PP documents and hold all reviews as required by the NASA 
PPO. The Ganymede project plans to demonstrate compliance, during the prime mission, with the non-
impact requirement for Mars and non-contamination requirement for Europa by a combination of 
trajectory biasing and analyses performed by the navigation team. After the prime mission, the orbit would 
be allowed to decay, causing the spacecraft to be disposed into Ganymede. Compliance with the 
probability of biological contamination of Ganymede requirement would be demonstrated by analysis. The 
Ganymede project would use the same approach to demonstrate contamination avoidance as is being 
used by Juno. The probability of contamination would be estimated based on the results of the following: 
probabilistic risk assessment (PRA) analysis; radiation transport analysis; total bioburden estimation over 
the time period required to sterilize the spacecraft by radiation; trajectory analysis to estimate the 
accidental impact of Europa and Ganymede over the time period required to sterilize the spacecraft by 
radiation; a spacecraft impact analysis; and a thermal/heat flow analysis to determine extent of ice 
melting due to RHUs. If the probability of contamination exceeds the requirement(s), then the spacecraft 
would be cleaned/microbially reduced as needed to meet the requirement(s) (note: this is not included in 
the cost estimate). The results of all of these analyses would be documented in the PP pre-launch report. 

Risk List  
The study identified four medium (yellow) risks and five low (green) risks, as defined by the JPL Team X 
risk classification methodology. The top four risks (medium) and their mitigation strategies are described. 
Table 3-27 provides the risk level definitions used in the risk classification process. Figure 3-7 shows the 
Ganymede mission’s risks on a 5x5 risk matrix. Table 3-28 provides details for the four risks and 
mitigation strategies. 
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Table 3-27. Risk Level Definitions 

Level 
Mission Risk Implementation Risk 

Impact Likelihood of 
Occurrence Impact Likelihood of 

Occurrence 

5 Mission failure Very High, 
>25% 

Consequence or occurrence is 
not repairable without 
engineering (would require 
>100% of margin) 

Very high, 
>70% 

4 

Significant reduction in 
mission return (~25% of 
mission return still 
available) 

High, ~25% 
All engineering resources will 
be consumed (100% of margin 
consumed) 

High, ~50% 

3 

Moderate reduction in 
mission return (~50% of 
mission return still 
available) 

Moderate, 
~10% 

Significant consumption of 
engineering resources (~50% 
of margin consumed) 

Moderate, 
~30% 

2 
Small reduction in mission 
return (~80% of mission 
return still available) 

Low, ~5% 
Small consumption of 
engineering resources (~10% 
of margin consumed) 

Low, ~10% 

1 
Minimal (or no) impact to 
mission (~95% of mission 
return still available) 

Very Low, 
~1% 

Minimal consumption of 
engineering resources (~1% of 
margin consumed) 

Very low, ~1% 
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Figure 3-7. 5 x 5 Risk Matrix 
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Table 3-28. Detailed Risk Description and Mitigation Strategy 

# Risk 

Le
ve

l 

Description 

Im
pa

ct
 

Li
ke

lih
oo

d 

Mitigation 

1 
Effects of high 
radiation 
environment on 
instruments and 
components  

M 

The total radiation and single effect upsets in the high radiation environment could have severe 
effects on the mission success. While there is a certain level of radiation shielding included in the 
design, there is still a risk that radiation effects will degrade the mission, especially for the longer 
duration missions (Options 2 and 3). For example, the star trackers which are essential for the 
attitude control for the mission are sensitive to energetic particles. The total radiation dose, rate of 
exposure and/or single event radiation effects experienced in the Jovian environment could 
significantly impact instrument performance. The high radiation environment may lead to increased 
costs in the implementation phase due to additional design and testing that may be required. There is 
a risk that the current assumptions about the radiation environment may not be accurate, leading to 
increased cost and potential for schedule slip.  

3 4 
Additional shielding, 
increased design margin to 
account for uncertainty 

2 
Continuous Ka-
Band DSN 
coverage not 
available 

M 
The design assumes continuous Ka-band DSN coverage for science data downlink during the 
science mission (3 months). Continuous coverage for extended periods will be very difficult to obtain 
from the DSN. If it is not available, the mission will have fewer science data downlink opportunities 
which will result in a reduction in science return.  

2 5 

Purchase a dedicated DSN 
antenna at each station (cost 
of an antenna ~$35M); 
Increase Phase E duration to 
achieve science goals with 
fewer downlinks 

3 
Reduction in 
science return 
from extended 
operations in 
Option 2 and 3 

M 

Option 2 (baseline) and 3 (augmented) include 3 and 9 months more of operations respectively 
compared to 3-month Option 1 (floor). The assumption for this study was that certain instruments for 
the baseline and augmented missions will not be used until after the first 3 months. There is the 
possibility that in the event of a failure on the spacecraft or radiation effects on the instruments which 
do not operate until late in the mission, a large proportion of the science associated with those 
instruments will be lost. However, the floor mission represents approximately 70% of the science 
return (if the augmented mission is considered 100%), so the loss of science for the baseline and 
augmented mission is approximately 15% to 30% respectively.  

3 3 
Schedule high priority science 
for all instruments in the first 
few months 

4 
Operational 
complexity due to 
power constraints 

M 

There will be a 76 min eclipse every 7 days coupled with 26 min eclipse over 2 hrs. The 76 minutes 
eclipse will cause an overall energy deficit for battery energy storage which must be regained 
numerous eclipse cycles prior to next 76 min eclipse. Otherwise, battery SOC will not be optimally 
maintained over mission life. This may lead to operational complexity during mission operations that 
is not accounted for in this study, and is beyond the assumptions of the Ground Systems model. In 
particular, scheduling which instruments can be on simultaneously may be complicated in order to 
stay within the power constraints. There may be an increase in the mission operations costs to 
account for this complexity.  

2 4 No immediately identified 
mitigations 
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4. Development Schedule and Schedule 
Constraints 

High-Level Mission Schedule 
The Ganymede mission would consist of a single instrument orbiter. The proposed schedule for all three 
options of the Ganymede mission is displayed on the following pages. The only difference between the 
schedules for the three options is in Phase E, as science operations for the options are 3, 6, and 12 
months, respectively. The mission complexity falls between a basic mission similar to a Discovery mission 
and a complex or large directed mission. The reference schedules used are derived from the JPL 
mission, schedule database which goes back to Voyager. 

The schedule is based on the assumption there will be no new technology development for the mission, 
only new engineering, consistent with the study team findings with regard to technology maturity. There 
are few analogous New Frontiers missions available for comparison to the Ganymede mission, although 
the Juno mission and Moonrise New Frontiers proposal, both of which are familiar to JPL Team X, offer 
useful references for comparison. Both have a 40-month Phase C/D and a long A/B phase. Using these 
schedules as a guide, considering that the Juno mission required significant additional time in Phase B to 
resolve design issues not required by the Ganymede mission, but that the Ganymede mission 
nevertheless could face significant design and testing challenges related to the radiation environment, a 
Phase B of 15 months was selected, 3 months longer than Moonrise. The selected Phase A schedule is 
nine months, consistent with the previous New Frontiers AO.  

Figure 4-1 shows the Ganymede notional schedule, and Table 4-1 shows the key phase durations. 

 

 
Figure 4-1. Notional Ganymede Schedule

Activities Start Date End Date

MCR 02/24/16 02/26/16 
Ph A  Project Definition 02/24/16 11/20/16
PMSR 11/24/16 11/26/16 
Ph B  Preliminary Design 12/01/16 02/24/18
CR/PDR/Tech Cutoff 02/24/18 02/27/18 
Ph C Design 02/24/18 10/29/18
Margin 10/29/18 11/24/18
CDR 11/24/18 11/27/18 
Ph C Fabrication 11/27/18 05/11/19
Margin 05/11/19 05/26/19
Ph C S/S I&T 05/26/19 11/07/19
Margin 11/07/19 11/24/19
ARR (ph D) 11/24/19 11/27/19 
Proj I&T (ATLO) 11/27/19 12/06/20
Margin 12/06/20 02/24/21
PSR 02/24/21 02/27/21 
Launch Ops 02/27/21 05/07/21
Margin 05/07/21 05/24/21
Launch 05/24/21 06/14/21 
L+30-end Ph D 06/14/21 07/14/21
Phase E 07/14/21 09/25/30
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Table 4-1. Key Phase Durations 
Project Phase Duration (Months) 

Phase A – Conceptual Design 9 
Phase B – Preliminary Design 15 
Phase C – Detailed Design 21 
Phase D – Integration & Test 15 
Phase E – Primary Mission Operations 112 (Option 1), 115 (Option 2), 121 (Option 3) 
Phase F – Extended Mission Operations 6 
Start of Phase B to PDR 15 
Start of Phase B to CDR 24 
Start of Phase B to Delivery of All Instruments #1–11 36* 
Start of Phase B to Delivery of Flight Element #1 36 
System Level Integration & Test 15 
Project Total Funded Schedule Reserve 5.5 
Total Development Time Phase B–D 54 

*Note: Indicated instrument develop duration is notional. 

Technology Development Plan 
No new technology would be required for the mission. However, due to the complexity of the instruments, 
additional time would be allocated for instrument design and test.  

While not considered a development risk, the telecommunications subsystem design would utilize a 
universal space transponder (UST) being developed by the 2016 ExoMars mission. 

Development Schedule and Constraints 
No long-lead time procurements would be required.  

Back-up launch options (5/15/2023 and 8/22/2024) with near-identical delivered-mass capability to 
Ganymede orbit permit easy accommodation of programmatic adjustments or changes (e.g., AO slip) or 
project technical delays. 
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Appendix C. Special Technical Analyses 
DSN usage was calculated using Table C-1. The breakout found in Table 3-23 of the main report is 
derived from this information. 

Table C-1. DSN Support Summary 
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