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Foreword
NASA is leading the way with a balanced program of space exploration, aeronautics, and science research. 

technology candidates in each section.



2015 NASA Technology Roadmaps
TA 5: Communications, Navigation, and Orbital Debris Tracking and Characterization Systems

TA 5 - 3

Executive Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-4

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TA 5.1: Optical Communications and Navigation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

TA 5.2: Radio Frequency Communications  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

TA 5.3: Internetworking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

TA 5.4: Position, Navigation, and Timing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

TA 5.5: Integrated Technologies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-4
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

TA 5.6: Revolutionary Concepts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

TA 5.7: Orbital Debris Tracking and Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Appendix  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-59
Acronyms  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 



2015 NASA Technology Roadmaps
TA 5: Communications, Navigation, and Orbital Debris Tracking and Characterization Systems

TA 5 - 4

science instruments, greatly enhance human missions beyond Earth orbit, and enable entirely new mission 

Goals

mission classes. 

• 

• 

• 
throughout the solar system.

• 

• 

• 

• 

• 

• 

and
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mission lifecycle cost reduction.

for future mission architectures.

to beyond Earth orbit.

Table 1. Summary of Level 2 TAs
5.0 Communications, 
Navigation, and Orbital Debris 
Tracking and Characterization 
Systems

Goals: ncrease erformance and ef ciency in the systems that rovide communications, 
navigation, and orbital debris tracking and characterization capabilities for all mission 
classes.

5.1 Optical Communications 
and Navigation

Sub-Goals:
deep-space.

5.2 Radio Frequency 
Communications

Sub-Goals: Enable higher data rates and data throughput for near-Earth and deep-space to ground 
communications. Provide communications through harsh environments, such as rocket plumes 
and reentry ionization.

5.3 Internetworking Sub-Goals: Provides dynamic, high-speed internetworked communications and navigation services for 
space applications

5.4 Position, Navigation, and 
Timing

Sub-Goals: Reduce reliance on Earth-based systems for ground-based tracking, ranging, trajectory and orbit 
determination, and maneuver planning and execution functions.

5.5 Integrated Technologies Sub-Goals: Develop highly integrated, multifunctional systems to reduce mass and power requirements on 
spacecraft, and reduce dependence on manual control from Earth.

5.6 Revolutionary Concepts Sub-Goals: Provide orders of magnitude increase in data throughput, guaranteed data integrity, and robust 
navigation for near-Earth and deep-space applications.

5.7 Orbital Debris Tracking and 
Characterization

Sub-Goals: Maintain detailed knowledge of orbital debris characteristics in order to predict future collisions 
and potentially take action to avoid them.
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safety.

is extended into space. 

challenging opportunities for researchers and through educational outreach programs.
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Figure 2. Technology Area Breakdown Structure Technology Areas for Communications, Navigation, and Orbital Debris 
Characterization Systems
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5.1 Optical Communications and Navigation

• 

• 

• 

• 

• 

• 

• 

5.1.1 Detector Development: 

5.1.2 Large Apertures:

5.1.3 Lasers: 

5.1.4 Acquisition and Tracking: 

5.1.5 Atmospheric Mitigation: Measurement and modeling of the atmospheric channel and its effects on 

5.1.6 Optical Tracking: 
communications signal.

5.1.7 Integrated Photonics: 
modulators, demodulators, encoding, and decoding.

5.2 Radio Frequency Communications

• 

• 

• 

• 
•

• 

 

5.2.3 Propagation: 

5.2.4 Flight and Ground Systems: 
5.2.5 Earth Launch and Re-Entry Communications:

5.2.6 Antennas:
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5.3 Internetworking

without relying on ground support to manage communications.

• 

• 

• 

• 

5.3.1 Disruption-Tolerant Networking: 

5.3.2 Adaptive Network Topology:

5.3.3 Information Assurance:

5.3.4 Integrated Network Management:

5.4 Position, Navigation, and Timing

• 

• 

• 

• 

• 

5.4.1 Timekeeping and Time Distribution: 

5.4.2 Onboard Auto Navigation and Maneuver:

5.4.3 Sensors and Vision Processing Systems: 

5.4.4 Relative and Proximity Navigation:

5.4.5 Auto Precision Formation Flying: 
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• 5.4.6 Autonomous Approach and Landing: 
landings on or contacts with any solid body in the solar system.

5.5 Integrated Technologies

• 

• 

• 

• 

• 

• 

5.5.1 Radio Systems: 

5.5.2 Ultra Wideband (UWB): 
by transmitting extremely narrow pulses. Such extremely narrow time pulse systems can be used for 

5.5.3 Cognitive Networks: 

5.5.4 Science from the Communications Systems: 

5.5.5 Hybrid Optical Communications and Navigation Sensors: 

5.5.6 Radio Frequency and Optical Hybrid Technology: A system that can be used to support 

5.6 Revolutionary Concepts

timeframe of this roadmap.

• 5.6.1 X-Ray Navigation: 

Earth.



2015 NASA Technology Roadmaps
TA 5: Communications, Navigation, and Orbital Debris Tracking and Characterization Systems

TA 5 - 13

• 

• 

• 

• 

• 

• 

5.6.2 X-Ray Communications:

capabilities.

5.6.3 Neutrino-Based Navigation and Tracking:

5.6.4 Quantum Key Distribution (QKD):
are essential to encrypt messages with tamper proof information assurance.

5.6.5 Quantum Communications: 

signal detection process.

5.7 Orbital Debris Tracking and Characterization

• 

• 

5.7.1 Tracking Technologies: 

5.7.2 Characterization Technologies: 
modeling of orbital debris based on input from many different sensors. 
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spectrum that will support the data rates needed by the future generation of science instruments and crewed 

magnitude.

Sub-Goals
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Table 2. Summary of Level 5.1 Sub Goals, Ob ectives, Challenges, and Bene ts
Level 1
5.0 Communications, 
Navigation, and Orbital Debris 
Tracking and Characterization 
Systems

Goals:
and orbital debris tracking and characterization capabilities for all mission classes.

Level 2
5.1 Optical Communications 
and Navigation

Sub-Goals:
deep-space.

Level 3
5.1.1 Detector Development Objectives: Improve photon-counting detectors.

Challenges:
decreasing jitter and improving radiation tolerance.
Enables at least a 10x increase in data rate over current deep-space radio frequency systems 
for science and exploration missions.

5.1.2 Large Apertures Objectives: Provide lower-cost, large apertures for deep-space-to-Earth optical communications.
Challenges: Clouds, attenuation, and background radiance disrupting transmission through Earth’s 

atmosphere.
Increases the data rate, and hence the data return, on deep-space optical communications links.

5.1.3 Lasers Objectives:
Challenges:

and packaging, including thermal design.
Paves the way for higher power lasers needed for communications from deep-space. 
Improves laser beam pointing capability.

5.1.4 Acquisition and Tracking Objectives: Provide accurate pointing, acquisition, and tracking to support high-data-rate, deep-space 
communications

Challenges: Stabilizing small optical payloads by lowering mass and implementing active-passive techniques.

Supports high data rate, deep-space communications.
5.1.5 Atmospheric Mitigation Objectives:

Challenges: Atmospheric compensation for > 10 meter apertures with low losses.
Increases data throughput.
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Table 2. Summary of Level 5.1 Sub Goals, Ob ectives, Challenges, and Bene ts  Continued
Level 3
5.1.6 Optical Tracking Objectives: Generate range, range-rate, and bearing products from the optical communications link for 

spacecraft navigation.
Challenges:

Ranging modulation signals for ground-based lasers.
Increases tracking precision for better orbit determination for any mission carrying an optical 
communications system.

5.1.7 Integrated Photonics Objectives: Provide highly integrated systems combining lasers, modulators and demodulators, encoders 
and decoders, detectors, and associated electronics to combine photonic and digital systems 
into one unit.

Challenges: Attenuation, blockage by clouds, background noise from atmospherically-scattered solar 
radiation, and scintillation from Earth’s atmosphere.
Ensures extremely high data rates for Inter-Satellite Links (ISLs).

TA 5.1.1 Detector Development

Table 3. TA 5.1.1 Technology Candidates – not in priority order
TA Technology Name Description

5.1.1.1 Tungsten Silicide (WSi) Photon 
Counting Detector Array

Tungsten Silicide (WSi) large-area superconducting nanowire single photon counting 
detector array.

5.1.1.2
Indium Gallium Arsenide (InGaAs) 
Flight Photon Counting Detector 

Array
Indium gallium arsenide (InGaAs) kilopixel radiation-tolerant photon counting detector array.
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TA 5.1.2 Large Apertures

monolithic apertures or by using arrays of smaller aperture antennas. 

Table 4. TA 5.1.2 Technology Candidates – not in priority order
TA Technology Name Description

5.1.2.1 Virtual, Large, Ground-Based 
Apertures Arrays of smaller telescopes to provide a larger equivalent aperture.

5.1.2.2 Lightweight, Space-Based, Large 
Aperture Optics Lightweight space-based large aperture optics.

5.1.2.3 Space-Based Optical Arrays Arrays of optical telescopes to provide larger equivalent aperture.

TA 5.1.3 Lasers
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Table 5. TA 5.1.3 Technology Candidates – not in priority order
TA Technology Name Description

5.1.3.1

High Direct Current (DC)-Optical 

Position Modulation (PPM) Laser 
Transmitter

5.1.3.2 Outer Planet/Oort Cloud Laser 
Transmitter Laser transmitter for multi-Mb/s communications beyond Saturn.

TA 5.1.4 Acquisition and Tracking

optical communications technology throughout the solar system.

optical beams are isolating the telescope from the spacecraft 

the necessary systems below current solutions.

Disturbance-Free Platform

Table 6. TA 5.1.4 Technology Candidates – not in priority order
TA Technology Name Description

5.1.4.1 Disturbance-Free Platform Non-contact isolation of laser terminal from spacecraft disturbances.

5.1.4.2 Autonomous High-Accuracy Star 
Tracker Highly accurate, advanced celestial attitude determination technology.
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TA 5.1.5 Atmospheric Mitigation

bodies in the solar system.

Table 7. TA 5.1.5 Technology Candidates – not in priority order
TA Technology Name Description

5.1.5.1 Solar Differential Image Motion 
Monitor (DIMM) Daytime atmospheric optical channel characterization.

5.1.5.2 Daytime Adaptive Optics Daytime adaptive optics for > 10 meter apertures with < 1 dB Strehl loss.

TA 5.1.6 Optical Tracking 

the laser is also critical, because instability can lead to miscounts of the photons.

signals.
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mission carrying an optical communications system.

Table 8. TA 5.1.6 Technology Candidates – not in priority order
TA Technology Name Description

5.1.6.1 Embedded Optical Tracking for 
Spacecraft Navigation

Generate range, range-rate, delta range rate, and bearing products from optical 
communications link for spacecraft navigation.

TA 5.1.7 Integrated Photonics 

integrate it with the spacecraft data systems.

Table 9. TA 5.1.7 Technology Candidates – not in priority order
TA Technology Name Description

5.1.7.1 Multi-Mode Coherent Transceivers Integrated photonics providing lasers, modulators, detectors, encoding, decoding, and 
electronics for coherent Inter-Satellite Links (ISL).
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which include communications through launch plumes and communications through plasma during Earth 
reentry. NASA needs to mitigate these problems to ensure mission safety and success.

Sub-Goals

space operations. Since radio spectrum is controlled by international law, the challenge is to get as much 

Table 10. Summary of Level 5.2 Sub Goals, Ob ectives, Challenges, and Bene ts
Level 1
5.0 Communications, 
Navigation, and Orbital Debris 
Tracking and Characterization 
Systems

Goals:
and orbital debris tracking and characterization capabilities for all mission classes.

Level 2
5.2 Radio Frequency 
Communications

Sub-Goals: Enable higher data rates and data throughput for near-Earth and deep-space to ground 
communications. Communicate through harsh environments, such as rocket plumes and reentry 
ionization.
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Level 3

Technologies
Objectives:
Challenges:

other.
Allowing multiple links to operate at the same time and in the same frequency band.
Achieves high data rate from the International Space Station (ISS) via TDRSS to ground using 
approaches that provide operational data rates of at least 1 Gb/s or higher.

Technologies
Objectives:

reduced mass.
Challenges: Integrating advanced data compression, coding, and modulation techniques with data sampling.

mass.
5.2.3 Propagation Objectives: Develop better-performing transmission and detection algorithms, including atmospheric 

modeling and simulation.
Challenges: LEO propagation studies limited to short passes, often during non-meaningful times of the day, 

Provides ability to design high reliability Earth-space LEO communications systems.
5.2.4 Flight and Grounds 
Systems Flight and Ground Systems is covered in section TA 5.5 Integrated Technologies.

5.2.5 Earth Launch and Re-
Entry Communications

Objectives:
through the hypersonically induced plasma enveloping a reentering space vehicle.

Challenges: Operational testing opportunities of communications through reentry ionization may be limited.
Supports multiple missions, such as the Multi-Purpose Crew Vehicle (MPCV) mission as well as 
the Space Launch System (SLS) and Orion Asteroid Redirect Mission.

5.2.6 Antennas Objectives:
Challenges:

Supports multiple missions such as Mars Relay Satellite, Next Generation Communications and 
Navigation Architecture Systems, future Discovery class missions, New Frontiers, near-Earth 
object detection missions, and missions extending reach beyond LEO into the solar system.

Table 10. Summary of Level 5.2 Sub Goals, Ob ectives, Challenges, and Bene ts  Continued
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Table 11. TA 5.2.1 Technology Candidates – not in priority order
TA Technology Name Description

5.2.1.1 Advanced Interference 
Management

Signaling strategies (e.g., coding and signal processing) to enable multiple wireless links to 
operate at the same time and in same band.

Spacecraft power is a precious commodity for many missions, and the communications system is a traditional 
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Table 12. TA 5.2.2 Technology Candidates – not in priority order
TA Technology Name Description

5.2.2.1 (TWTAs)

5.2.2.2 (SSPAs)
Gallium-Arsenide (GaAs) and Gallium-Nitride (GaN) high electron mobility transistor (HEMT) 
and monolithic microwave integrated circuit (MMIC) technology based SSPAs.

TA 5.2.3 Propagation

future concepts for arraying spacecraft and ground antennas, as well as robust reentry communications. 

are desirable.

Table 13. TA 5.2.3 Technology Candidates – not in priority order
TA Technology Name Description

5.2.3.1 Low-Earth Orbit (LEO) Ka-Band 
Propagation Studies

Studies of Ka-band propagation as they apply to low-Earth orbiting satellites for system 
design margins.

TA 5.2.4 Flight and Ground Systems
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TA 5.2.5 Earth Launch and Re-Entry Communications

the most critical portions of an exploration mission.

Table 14. TA 5.2.5 Technology Candidates – not in priority order
TA Technology Name Description

5.2.5.1 Mitigation of Reentry Plasma 
Effects

Maintain RF communications to re-entering vehicles during one of the most critical portions 
of an exploration mission.

TA 5.2.6 Antennas

directed towards antenna combining in the transmit direction.

performance architectures.  

• 

• 
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• 

• 

Table 15. TA 5.2.6 Technology Candidates – not in priority order
TA Technology Name Description

5.2.6.1 Deployable Antennas
5.2.6.2 Phased Array Antennas Electronic beam steering.

5.2.6.3 Atmospheric Phase Compensation 
for Uplink Arrays at Ka-Band

Compensation of atmospheric turbulence effects to maximize transmit power of ground 
based arrays.

5.2.6.4 Small-Satellite Distributed Multiple 
Input Multiple Output (MIMO) 

Distributed communications architecture based on deployment of MIMO antenna arrays on 
multiple small satellites.

5.2.6.5 Conformal, Low-Mass Antenna 
Systems Conformal, low mass antenna systems.

5.2.6.6 Antenna Array Architecture 
Enablers RF components, beamformers, and algorithms for enabling antenna arrays.
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Sub-Goals

Availability: 

appear and disappear.

Latency: 

Autonomous operations: 

Complex network topologies:

Minimizing spacecraft burden: 
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Table 16. Summary of Level 5.3 Sub Goals, Ob ectives, Challenges, and Bene ts
Level 1
5.0 Communications, 
Navigation, and Orbital Debris 
Tracking and Characterization 
Systems

Goals:
and orbital debris tracking and characterization capabilities for all mission classes.

Level 2
5.3 Internetworking Sub-Goals: Provide dynamic, high-speed internetworked communications and navigation services for space 

applications.
Level 3
5.3.1 Disruption-Tolerant 
Networking

Objectives: Provide space internetworking capable of supporting high data rate and data storage 
requirements that is tolerant to disruptions.

Challenges:
memory.

5.3.2 Adaptive Network 
Topology

Objectives: Allow data to be routed and prioritized on planetary surfaces or over disrupted links. Maximize 
quality of service.

Challenges: Protocols allowing nodes to relay data to other nodes in a multi-hop fashion across changing 
topologies. 
Adaptive routing that can discover resources and adapt to failures.

and routing protocols.
Allows networks to automatically adjust in size and data paths as they become increasingly 
complex.

5.3.3 Information Assurance Objectives: Develop security and key management protocols and techniques for DTN networks.
Protect science and information assets and operations. 

Challenges: Information is vulnerable to many factors, including hardware corruption, software corruption, 
viruses and malware, and intentional human intervention. 

processing requirements, as well as the management and distribution of keys in a disconnected 
or delayed environment.
Allows networking-based space communications to operate securely.

5.3.4 Integrated Network 
Management

Objectives: Develop integrated network management architectures and protocols to effectively support 
autonomous operations.

Challenges: Allow network style operations and control in this unique space-internetworking scenario.
Provides effective support of network operations when network topology includes nodes with 
disrupted or long delay links.

TA 5.3.1 Disruption-Tolerant Networking

the process of being upgraded for operational support of science payloads and mission support applications. 
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Table 17. TA 5.3.1 Technology Candidates – not in priority order
TA Technology Name Description

5.3.1.1 Disruption Tolerant Networking 
(DTN) Basic Services Licklider Transport Protocol and Bundle Protocol.

TA 5.3.2 Adaptive Network Topology

increasingly complex.
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Table 18. TA 5.3.2 Technology Candidates – not in priority order
TA Technology Name Description

5.3.2.1 Ad Hoc and Mesh Networking of 
Mobile Elements

Algorithms for establishment of ad hoc and mesh networks for coordinated communications 
among mobile elements.

5.3.2.2 Disruption Tolerant Networking 
Routing

Adaptive routing in disruptive networks to enable discovery of resources and adapt to failures 
to form routes expanding connectivity coverage and increasing end-to-end capacity and 
latency performance.

5.3.2.3 Disruption Tolerant Networking Extensions of differentiated services.

TA 5.3.3 Information Assurance

patterns of operation to detect anomalies that may indicate information assurance breaches, system failures, 

critical systems are compromised or destroyed.

operations, facilitate seamless authentication of users, and ensure that all messages are transferred without 
compromise.

end information assurance.
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TA 5.3.4 Integrated Network Management



2015 NASA Technology Roadmaps
TA 5: Communications, Navigation, and Orbital Debris Tracking and Characterization Systems

TA 5 - 32

 range for 

Sub-Goals

PNT Development Timeline
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Table 19. Summary of Level 5.4 Sub Goals, Ob ectives, Challenges, and Bene ts
Level 1
5.0 Communications, 
Navigation, and Orbital Debris 
Tracking and Characterization 
Systems

Goals:
and orbital debris tracking and characterization capabilities for all mission classes.

Level 2
5.4 Position, Navigation, and 
Timing

Sub-Goals: Reduce reliance on Earth-based systems for ground-based tracking, ranging, trajectory/orbit 
determination, and maneuver planning and execution functions.

Level 3
5.4.1 Timekeeping and Time 
Distribution

Objectives: Reduce atomic-based space clock complexity and cost while maintaining their high-end 
performance. 
Provide nanosecond-level time transfer capability across the solar system.

Challenges: Reducing sensitivity to onboard thermal environment conditions and susceptibility to magnetic 

resonators.
Reducing complexity while maintaining high-end performance for atomic clocks.
Couples ability to perform precise time and frequency transfer with technology developments for 
space clocks.
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Level 3

Table 19. Summary of Level 5.4 Sub Goals, Ob ectives, Challenges, and Bene ts  Continued

5.4.2 Onboard Auto Navigation 
and Maneuver

Objectives:
enough to detect and handle hardware and software failures without compromising the success 
or safety of the mission.

Challenges:
using optimizers to autonomously plan and replan missions.

Reduces the burden of routine navigational support and communications requirements on 
network services in the near-term.
Increases platform’s operational agility, and enables near real-time re-planning and opportunistic 
science. 
Enables classes of missions that are freed from round-trip light time constraints in the long-term.

5.4.3 Sensors and Vision 
Processing Systems

Objectives: Develop sensors and vision processing systems to improve image acquisition and processing, 
and to increase the amount of useful data that is extracted for navigation.

Challenges:

passive target vehicles or bodies.

Radiation-hardened or tolerant FPGAs and Graphical Processing Units (GPUs) that have fast 

stringent mission requirements.
5.4.4 Relative and Proximity 
Navigation

Objectives: Provide high resolution or high frame rate visible and infrared imaging sensors, and high-speed 
sensor data processing electronics to support cooperative and collaborative space platform 
operations.

Challenges:
pixel range accuracy of better than 1 centimeter.
Provides mission safety and success at lower cost.

5.4.5 Auto Precision Formation 
Flying

Objectives: Provide autonomous planning and optimization algorithms and higher performance relative 

Challenges: Off-nominal performance, particularly in the presence of sensor and effector failures.
Allows more precise placement of the chaser relative to the target than can be obtained from 

Precludes ground involvement, other than possibly higher-level plan approval and authority to 
proceed, thus reducing costs.

5.4.6 Autonomous Approach 
and Landing

Objectives: Provide real-time situational awareness and platform response in uncertain operational 
environments.

Challenges:
images, incorporating known terrain models, and generating safe sites reliably and accurately.
Enables crews to walk less than 1,000 meters to their habitat, transporter, and return vehicles 
without damaging prepositioned assets.
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TA 5.4.1 Timekeeping and Timing Distribution

estimate.

• 

• 

• 

Deep-Space Atomic Clock
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Table 20. TA 5.4.1 Technology Candidates – not in priority order
TA Technology Name Description

5.4.1.1 Trapped Mercury Ion Clock 

5.4.1.2 Trapped Ion Optical Clocks

5.4.1.3 Cold Atom Lattice Optical Clocks High-stability clock based upon holding cold atoms in a dipole lattice trap during optical 
interrogation.

TA 5.4.2 Onboard Auto Navigation and Maneuver

communications with the ground.

without communications with the ground.

• 

• 

• 

• 

• 

•

• 
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• 

• 

need to be addressed. 

Low-Thrust Trajectory
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Table 21. TA 5.4.2 Technology Candidates – not in priority order
TA Technology Name Description

5.4.2.1
Low-Thrust Trajectory 

Optimization 

5.4.2.2 Fault-Resistant, High Performance 
Navigation Architectures

Fault-resistant, high-performance navigation architectures using advanced dis-similar sensor 
navigation FDIR for error detection from robust, high-performing sensors.

5.4.2.3 Onboard Trajectory Planning and 
Optimization Algorithms 

5.4.2.4 Advanced Onboard Navigation 
Algorithms

5.4.2.5 Onboard, Real-Time Mission Re-
Sequencing Onboard maneuver planning and sequencing algorithms.

5.4.2.6 Autonomous Outer Planet Tour 
Navigation

Techniques and algorithms for estimating and controlling spacecraft trajectories in outer 
planet satellite tours, based on data derived and computations performed onboard.

5.4.2.7 Advanced Deep-Space Trajectory 
Design Techniques Advanced deep-space trajectory design techniques.

5.4.2.8 Deep-Space Positioning System 
(DPS)

A compact, low-mass, low-power hardware and software system capable of performing 
deep-space autonomous navigation for robotic and human missions virtually anywhere in the 
solar system.

5.4.2.9 High Rate Spacecraft Guidance, 
Navigation, and Control (GN&C)

A highly capable spacecraft GN&C system capable of accurately controlling a spacecraft 
during rendezvous phase with an uncooperative target with high relative velocities.

TA 5.4.3 Sensors and Vision Processing Systems

awareness displays.



2015 NASA Technology Roadmaps
TA 5: Communications, Navigation, and Orbital Debris Tracking and Characterization Systems

TA 5 - 39

Table 22. TA 5.4.3 Technology Candidates – not in priority order
TA Technology Name Description

5.4.3.1 Improved Deep-Space Network 
(DSN) Radiometric Data

Improvement of deep-space tracking systems and calibrations to yield more accurate, 
robust, and timely Doppler, ranging, and interferometric tracking data.

5.4.3.2 Optimetric Data for Navigation Data types derived from an optical communications signal that are analogous to or improve 
upon tracking techniques using communications signals’ microwave frequencies.

5.4.3.3 Miniature, High-Accuracy, Multi-
Function Star Tracker Celestial attitude and orbital object detection sensor.

5.4.3.4 Fast Light Optical Gyroscopes for 
Precision Inertial Navigation Enhanced-performance optical gyroscopes.

TA 5.4.4 Relative and Proximity Navigation
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this technology area include, but may not be limited to, high 

other data between cooperating spacecraft.

safety and reliability that will be crucial to future missions. 

Table 23. TA 5.4.4 Technology Candidates – not in priority order
TA Technology Name Description

5.4.4.1 Optical-Navigation-Grade 
Cameras

Optical-navigation-grade cameras that can be used as sensors for onboard autonomous 
navigation.

5.4.4.2 High-Resolution Infrared Cameras High-resolution infrared cameras that can be used as sensors for onboard autonomous 
navigation.

5.4.4.3 Flash Light Detection and Ranging 
(LIDAR), Scanning LIDARs Rendezvous LIDARs and landing LIDARs.

5.4.4.4 High-Performance Light Detection 
and Ranging (LIDARs) Improved performance in LIDARs as sensors for onboard autonomous navigation.

Orion Docking to the Asteroid Redirect 
Robotic Vehicle

TA 5.4.5 Auto Precision Formation Flying
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authority to proceed. 

Table 24. TA 5.4.5 Technology Candidates – not in priority order
TA Technology Name Description

5.4.5.1 Rapid Trajectory Design Near 
Small Bodies

Prototype software and algorithmic framework to support rapid exploration of transfer options 
near small bodies and close-proximity operations of small body missions.

5.4.5.2 Radio (SDR), Antenna, and 
Protocol

SDR for bearing measurements to AR&D targets and to natural quasar and planetary RF 
sources for navigation and timing.

TA 5.4.6 Autonomous Approach and Landing

planetary bodies. 
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perform safe and controlled precision landings on or contacts with the surface of any solid body in the solar 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



2015 NASA Technology Roadmaps
TA 5: Communications, Navigation, and Orbital Debris Tracking and Characterization Systems

TA 5 - 43

Table 25. TA 5.4.6 Technology Candidates – not in priority order
TA Technology Name Description

5.4.6.1 Primitive Body/Lunar Proximity 
Operations and Pinpoint Landing

Techniques and algorithms for estimating and controlling spacecraft trajectories in proximity 
to the Moon or small bodies (including pinpoint landing scenarios), based on data derived 
and computations performed onboard.

5.4.6.2 Multi-Altitude Terrain Recognition 
Navigation (TRN) Sensor System Imager, altimeter, and image processor.
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means on the ground.

Sub-Goals

Table 26. Summary of Level 5.5 Sub Goals, Ob ectives, Challenges, and Bene ts
Level 1
5.0 Communications, 
Navigation, and Orbital Debris 
Tracking and Characterization 
Systems

Goals:
and orbital debris tracking and characterization capabilities for all mission classes.

Level 2
5.5 Integrated Technologies Sub-Goals: Develop highly integrated, multifunctional systems to reduce mass and power requirements on 

spacecraft, and reduce dependence on manual control from Earth.
Level 3
5.5.1 Radio Systems Objectives:

Challenges: Supporting multiple signal formats and interfacing with different ground and space assets during 
the various mission phases.

decisions or behavior, and methods to verify decision-making algorithms as compared to known, 
planned performance.
Allows for more autonomous operations by reducing dependence on Earth-based control. 

Enables ground control oversight of the system with less needed direct manual interaction.
Enables low cost ground assets that support human exploration missions as well as short 
duration CubeSat and small satellite missions.
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Table 26. Summary of Level 5.5 Sub Goals, Ob ectives, Challenges, and Bene ts  Continued
Level 3
5.5.2 Ultra Wideband Objectives:

Challenges: Radio frequency (RF) interference with other onboard RF systems.
Coordination of spectrum allocation and usage with regulatory agencies.
Provides non-interfering local area networks as well as high precision location technology.

5.5.3 Cognitive Networks Objectives: Develop communications and navigation subsystems that can interpret information about their 
situation autonomously, understand their options, and select the best means to communicate or 
navigate without relying on communications with the ground.

Challenges:
autonomously optimize their operational parameters in response to changes in user needs or 
environmental conditions.
Optimizes performance for networks of spacecraft, increasing data return and making 
communications more resilient to changing conditions.

5.5.4 Science from the 
Communications System

Objectives: Enhance the use of RF communications systems to perform science measurements.
Develop the capability to use optical communications links to make science measurements.

Challenges:
isotropic radiated power (EIRP), and resolution from the ground radars in RF science and 
communications assets.

5.5.5 Hybrid Optical 
Communications and Navigation 
Sensors

Objectives: Develop dual-use sensor systems that can provide both communications and navigation 
functions.

Challenges:
Reduces SWaP and lifecycle cost for multiple functions.

5.5.6 Radio Frequency and 
Optical Hybrid Technologies

Objectives: Provide hybridized RF and optical communications in the same asset that functions in diverse 
atmospheric (weather) and in-space conditions.

Challenges:
Creates SWaP savings and provision of an RF beacon for acquisition and pointing.

TA 5.5.1 Radio Systems

systems that support multiple signal formats and interface with different ground and space assets during the 

that they need communications during all mission phases starting from launch and ascent, through the return 
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cost for crewed exploration missions while enabling it to interface with different infrastructure assets including 

• 

• 

• 

• 

• 

• 

• 

phases, 

communications system needs. 

wider temperature operational ranges, radiation tolerance, and higher performance, such as what could be 

allows for more autonomous operation, which will be critical as future missions call for increased autonomy and 

direct manual interaction.

Table 27. TA 5.5.1 Technology Candidates – not in priority order
TA Technology Name Description

5.5.1.1 Intelligent, Multipurpose Software Software-based communications and navigation functions in a reprogrammable signal 

increase data transfer and reduce user burden.
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TA 5.5.2 Ultra Wideband

single system, but may also reduce power by using a single burst to perform all three functions. Any potential 

technology.

Table 28. TA 5.5.2 Technology Candidates – not in priority order
TA Technology Name Description

5.5.2.1 Ultra-Wideband Impulse Radio Ultra-wideband impulse radio for real-time location estimation, time synchronization, and 
data transport.

TA 5.5.3 Cognitive Networks

in the research stage.
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be capable of interpreting information about their situation autonomously, understanding their options, and 

Table 29. TA 5.5.3 Technology Candidates – not in priority order
TA Technology Name Description

5.5.3.1 Automated Intelligent Networked 
Systems

Develop a system in which each communications node on the network is dynamically aware 

parameters in response to changes in user needs or environmental conditions.

TA 5.5.4 Science from the Communications System

science capability compatible in future optical communications systems and the optimetric capabilities.

less than a dedicated instrument.



2015 NASA Technology Roadmaps
TA 5: Communications, Navigation, and Orbital Debris Tracking and Characterization Systems

TA 5 - 49

TA 5.5.5 Hybrid Optical Communications and Navigation Sensors

to users.

multiple functions.

TA 5.5.6 Radio Frequency and Optical Hybrid Technologies

antenna and weather elements within the system. 

Table 30. TA 5.5.6 Technology Candidates – not in priority order
TA Technology Name Description

5.5.6.1 Large Aperture Combined Radio 
Frequency (RF)/Optical Apertures

Develop required technology to enable ground-based large combined optical and RF 
apertures to utilize large infrastructure development and reduce operating costs.
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infrastructure.

Sub-Goals

increased performance or decreased user burden to be considered.

Table 31. Summary of Level 5.6 Sub Goals, Ob ectives, Challenges, and Bene ts
Level 1
5.0 Communications, 
Navigation, and Orbital Debris 
Tracking and Characterization 
Systems

Goals:
and orbital debris tracking and characterization capabilities for all mission classes.

Level 2
5.6 Revolutionary Concepts Sub-Goals: Provide orders of magnitude increase in data throughput, guaranteed data integrity, and robust 

navigation for near-Earth and deep-space applications.
Level 3
5.6.1 X-Ray Navigation Objectives: Autonomously determine position anywhere in the solar system using X-ray emitting pulsars.

Challenges: Volume and pointing constraints.
Provide the ability to autonomously determine position anywhere in the solar system.

5.6.2 X-Ray Communications Objectives: Provide high-rate deep-space, low transmit power, and highly physically secure data links and 
enable new penetrating communications.

Challenges: Platform isolation and pointing accuracy.

enables new penetrating communications capabilities and communications through harsh 

5.6.3 Neutrino-Based 
Navigation and Tracking

Objectives: Provide long-distance signaling when line-of-sight cannot be guaranteed.
Determine position and attitude of spacecraft anywhere in the universe.

Challenges: Neutrino generator and detector sizes and event detection rates are currently orders of 
magnitude removed from practicality for either deep-space communications or navigation.
Uses angle of arrival (AoA) to known sources for attitude and position knowledge and is an 
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Level 3

Table 31. Summary of Level 5.6 Sub Goals, Ob ectives, Challenges, and Bene ts  Continued

Objectives: Provide absolute secure transmission of the key codes that are essential to encrypt messages 
with tamper-proof information assurance.

Challenges: Improve the quantum key distribution rate.

Objectives: Enable long-range quantum communications.
Challenges: Generating entangled photons.

communications systems.

Interference Filter Microwave 
Objectives:

to enable a new type of signal detection.
Challenges:

quantum limited noise performance.

magnitude of improvement in communications systems.

Apertures
Objectives: Develop large, space-based apertures from smaller apertures or multiple spacecraft.
Challenges: Miniaturizing communications components.

TA 5.6.1 X-Ray Navigation

Table 32. TA 5.6.1 Technology Candidates – not in priority order
TA Technology Name Description

5.6.1.1 X-Ray Navigation (XNAV) Pulsed X-ray signals from millisecond pulsars (MSPs) enable GPS-like absolute position 
determination to support autonomous navigation throughout the solar system and beyond. 

X-Ray Navigation
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TA 5.6.2 X-Ray Communications

isolation and pointing accuracy. 

Table 33. TA 5.6.2 Technology Candidates – not in priority order
TA Technology Name Description

Exploit extremely low beam divergence of X-rays to provide high-rate deep-space, 
low transmit power, highly physically secure data links, and enable new penetrating 
communications capabilities.

5.6.2.1 X-Ray Communications (XCOM)

TA 5.6.3 Neutrino-Based Navigation and Tracking

neutrinos is to modulate the neutrino output from a nuclear reactor or particle accelerator on a spacecraft and 

the use of neutrinos for communications.
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date for the technology due to its potential impact, ongoing efforts should be maintained within NASA, other 

Table 34. TA 5.6.3 Technology Candidates – not in priority order
TA Technology Name Description

5.6.3.1 Neutrino-Based Navigation and 
Tracking Technologies

Neutrino sources as navigation beacons enable navigation and tracking directly through 
normal matter.

TA 5.6.4 Quantum Key Distribution

solutions. 

Table 35. TA 5.6.4 Technology Candidates – not in priority order
TA Technology Name Description

5.6.4.1 Entangled Photon Sources Creation of entangled photons by backward quasi-phase matched interaction in waveguide.
5.6.4.2 Waveguide Single Photon Source Single photon waveguide source for quantum key distribution.

TA 5.6.5 Quantum Communications
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communications performance.

Table 36. TA 5.6.5 Technology Candidates – not in priority order
TA Technology Name Description

5.6.5.1 data rates.

the refrigeration system included need to be assessed.

Table 37. TA 5.6.6 Technology Candidates – not in priority order
TA Technology Name Description

-15 Tesla. An integrated 

temperature that is inversely proportional to the square root of N.
5.6.6.1
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affordable.

exploration.

Table 38. TA 5.6.7 Technology Candidates – not in priority order
TA Technology Name Description

5.6.7.1 Technologies
Large, space-based apertures formed from smaller apertures on multiple spacecraft that 
have the ability to quickly respond to changing needs.
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• 

• 

Sub-Goals

Table 39. Summary of Level 5.7 Sub Goals, Ob ectives, Challenges, and Bene ts
Level 1
5.0 Communications, 
Navigation, and Orbital Debris 
Tracking and Characterization 
Systems

Goals:
and orbital debris tracking and characterization capabilities for all mission classes.

Level 2
5.7 Orbital Debris Tracking and 
Characterization

Sub-Goals: Maintain detailed knowledge of orbital debris characteristics in order to predict future collisions 
and potentially take action to avoid them.
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Table 39. Summary of Level 5.7 Sub Goals, Ob ectives, Challenges, and Bene ts  Continued
Level 3
5.7.1 Tracking Technologies Objectives: Maintain detailed knowledge of orbital debris characteristics in order to predict future collisions 

and potentially take action to avoid them.
Challenges: Increasing output power, size of effective aperture, and bandwidth.

Increases capability to identify and track orbital debris thus increasing the number of items 

5.7.2 Characterization 
Technologies

Objectives: Provide a better understanding of the orbital debris and prediction of potential effects upon 
orbital assets.

Challenges:
Allows better understanding of the orbital debris and prediction of potential effects upon orbital 
assets.

TA 5.7.1 Tracking Technologies

Table 40. TA 5.7.1 Technology Candidates – not in priority order
TA Technology Name Description

5.7.1.1 High-Power Wideband X-Band 
Klystron High-power wideband X-band klystron.

5.7.1.2 Ka-Band Objects Observation and 
Monitoring

A ground-based phased array of widely separated antennas operating in the Ka-band that 
can provide both high range and spatial resolution.

TA 5.7.2 Characterization Technologies

the debris.
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runtime.

orbital assets.

Table 41. TA 5.7.2 Technology Candidates – not in priority order
TA Technology Name Description

5.7.2.1 Improved Modeling Improved modeling of orbital debris characteristics, such as orbits, size, and density.
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Appendix

Acronyms
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SSA  Space Situational Awareness



2015 NASA Technology Roadmaps
TA 5: Communications, Navigation, and Orbital Debris Tracking and Characterization Systems

TA 5 - 62

Abbreviations and Units

Abbreviation

%

cm

cm

deg

g

K

Kilobits per second

Kilogram

Kilometer

Kilorad

lbm

m Meter

M

Megabyte

Mb/s Megabit per second

μm Micrometer

μs Microsecond

mm Millimeter

Megapixel

mrad Milliradian
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Abbreviation

NbN Niobium Nitride

nm Nanometer

nrad Nanoradian

ps

s or sec Seconds

Contributors

Stephen Townes Dave Israel Faith Chandler

Neil Dennehy Chris Dsouza Felix Miranda

Denise Podolski Sharada Vitalpur Tom Bryan

Mark Redlinger Ryan Stillwater
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Technology Candidate Snapshots

5.1.1.1 Tungsten Silicide (WSi) Photon Counting Detector 
Array

TECHNOLOGY

Technology Description: 

Technology Challenge: 

Technology State of the Art:
array.

Parameter, Value: TRL

Technology Performance Goal: 

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability: 

Capability Description: 

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal: Match atmospheric blurred 

formats.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.1.1.2 Indium Gallium Arsenide (InGaAs) Flight Photon 
Counting Detector Array

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:
photon counting array.

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:
communications.

Capability State of the Art: None

Parameter, Value: 
Not applicable

Capability Performance Goal:

Parameter, Value: 

interplanetary ranges.

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.1.2.1 Virtual, Large, Ground-Based Apertures

TECHNOLOGY

Technology Description:

Technology Challenge:
data rates are challenges.

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:
ground terminal.

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.1.2.2 Lightweight, Space-Based, Large Aperture Optics

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
forming complete aperture.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:
meter aperture.

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.1.2.3 Space-Based Optical Arrays

TECHNOLOGY

Technology Description:

Technology Challenge:
eliminate data rate limits from piston errors are challenges.

Technology State of the Art:

Parameter, Value: TRL
Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: 
telescopes, and alignment capability.

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.1.3.2 Outer Planet/Oort Cloud Laser Transmitter

TECHNOLOGY

Technology Description:

Technology Challenge: Nonlinear damage thresholds are a challenge.

Technology State of the Art:

centimeter transmit aperture.

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: 

modulation capability

TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.1.4.1 Disturbance-Free Platform

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.1.4.2 Autonomous High-Accuracy Star Tracker

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:
distributed processing units.

Parameter, Value: TRL

Technology Performance Goal:

optical communications apertures.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:
intelligence in spacecraft attitude determination.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.1.5.1 Solar Differential Image Motion Monitor (DIMM)

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:
channel.

Capability Description:

Capability State of the Art:
measurements, and local weather data are currently used to predict 
minimal set of atmospheric effects for optical systems.

Parameter, Value: 

statistics.

Capability Performance Goal:
effects on the optical channel, including phase front distortions, 

Parameter, Value: 

daytime atmospheric channel.

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.1.5.2 Daytime Adaptive Optics

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL
Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.1.6.1 Embedded Optical Tracking for Spacecraft Navigation

TECHNOLOGY

Technology Description:

Technology Challenge:
ranging modulation.

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
communications signal.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: 

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

products.

Parameter, Value: 

Sub nanoradian angular accuracy

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.1.7.1 Multi-Mode Coherent Transceivers

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

limited large aperture.

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

apertures

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.2.1.1 Advanced Interference Management

TECHNOLOGY

Technology Description:
time and in same band.

Technology Challenge:

Technology State of the Art:

alignment demonstrated only in theory. 

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
and reduce the mass.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling
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TECHNOLOGY

Technology Description:

Technology Challenge: Electrical properties of semiconductor epitaxial layers, transistor reliability, thermal reliability, radiation hardness, 

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

and reduced mass.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing 

Enhancing
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5.2.3.1 Low-Earth Orbit (LEO) Ka-Band Propagation Studies

TECHNOLOGY

Technology Description:

Technology Challenge:

payload.

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
to separate atmospheric and orbital dynamics effects to obtain 

communications systems.

Parameter, Value: 

site.

TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:
to separate atmospheric and orbital dynamics effects to obtain 

communications systems.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.2.5.1 Mitigation of Reentry Plasma Effects

TECHNOLOGY

Technology Description:
an exploration mission.

Technology Challenge:

Technology State of the Art:
and aerodynamic shaping.

Parameter, Value: TRL

Technology Performance Goal:
phenomena induced by the reentry plasma by a dynamic and high 

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling

Enabling

Enabling
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5.2.6.1 Deployable Antennas

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
band operation and reliable deployment and shape accuracy.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:
geostationary satellite commercial communications are well 

Parameter, Value: 

Capability Performance Goal: High reliability, low mass, and 

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.2.6.2 Phased Array Antennas

TECHNOLOGY

Technology Description: Electronic beam steering.

Technology Challenge:

Technology State of the Art:

Parameter, Value: 

radiated power

TRL

Technology Performance Goal:

management problems.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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5.2.6.3 Atmospheric Phase Compensation for Uplink Arrays 
at Ka-Band

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art: Atmospheric phase compensation 

signal.

Parameter, Value: TRL

Technology Performance Goal:

communications systems.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

communications systems.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling

Enabling
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5.2.6.4 Small-Satellite Distributed Multiple Input Multiple 
Output (MIMO)

TECHNOLOGY

Technology Description:
satellites.

Technology Challenge:

Technology State of the Art:

mobile users simultaneously. Mobile users do not cooperate on 
transmission.

Parameter, Value: 

communications at long ranges.

TRL

Technology Performance Goal:

capability.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

one time.

Parameter, Value: 

applications.

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling

Enabling

Enabling
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5.2.6.5 Conformal, Low-Mass Antenna Systems

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal: Antenna elements constructed 

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

surface shape properties.

Capability State of the Art:

conforming to the antenna platform shape or the radome matching the 
surrounding system shape.

Parameter, Value: 

Capability Performance Goal: Ability to create antennas that 

enabling possibly larger apertures to be used as a result, and may 

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing
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5.2.6.6 Antenna Array Architecture Enablers

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

integration costs.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

systems.

Capability State of the Art:

systems.

Parameter, Value: 

Capability Performance Goal:
in implementation and integration costs, increased data throughput, 

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling

Enabling

Enabling
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5.3.1.1 Disruption Tolerant Networking (DTN) Basic Services

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Missions.

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.3.2.1 Ad Hoc and Mesh Networking of Mobile Elements

TECHNOLOGY

Technology Description:
elements.

Technology Challenge:
a challenge.

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal: Ad hoc establishment of high 

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:
missions by mobile elements.

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal: Ad hoc establishment of high data 

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.3.2.2 Disruption Tolerant Networking Routing

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

communications capabilities.

Parameter, Value: TRL

Technology Performance Goal:
successful routes.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

reliable data transfer with unplanned outages and possible additions 

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing 
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5.3.2.3 Disruption Tolerant Networking Quality of Service

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art: Simple, strict priority assignment and 
data handling.

Parameter, Value: 

class.

Capability Performance Goal:
return during degraded or otherwise constrained mission scenarios.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing 
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5.4.1.1 Trapped Mercury Ion Clock (DSAC)

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:
demonstration with local quartz ultra-stable oscillator (USO)—Deep 

Parameter, Value: TRL

6

Technology Performance Goal:

Parameter, Value: 

Various size, weight, and power (SWaP) stability 

TRL

7

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art: Laboratory and ground clocks at 
-16

Parameter, Value:
Laboratory based standards operating in a metrology laboratory 

Capability Performance Goal: Long-term stability of 10  for 

Parameter, Value:

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Planetary Flagship: Europa

Enabling or 
Enhancing

Enhancing

Mission 
Class Date

--

Launch 
Date

2022

Technology 
Need Date

2019

Minimum 
Time to 
Mature 

Technology

3 years
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5.4.1.2 Trapped Ion Optical Clocks

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
stability performance.

Parameter, Value: 

Same performance

TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:  

Parameter, Value: 

mass.

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.4.1.3 Cold Atom Lattice Optical Clocks

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
mature base technologies.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 
 accuracy

Capability Performance Goal:  

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling

Enabling
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5.4.2.1 Low-Thrust Trajectory Optimization 

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art: 

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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5.4.2.2 Fault-Resistant, High Performance Navigation 
Architectures

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:
including sensors with high bandwidth and large amounts of data.

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:
including sensors with high bandwidth and large amounts of data.

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing
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5.4.2.3 Onboard Trajectory Planning and Optimization 
Algorithms

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: 
Since this is done on the ground with powerful 
computers, the time to perform the mission planning is 

seconds.

TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enabling
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5.4.2.4 Advanced Onboard Navigation Algorithms

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
based on linear system theory and are capable of handling a large 

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description: No capability.

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing
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5.4.2.5 Onboard Real-Time Mission Re-Sequencing

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability: Autonomous crew return.

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing
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5.4.2.6 Autonomous Outer Planet Tour Navigation

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art: Academic papers exist on this topic.

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

during critical operations.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing
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5.4.2.7 Advanced Deep-Space Trajectory Design Techniques

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 
Multiple parameters, such as, number of encounters, number of 

Capability Performance Goal:
generation.

Parameter, Value: 
Multiple parameters, such as, number of encounters, number of 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.4.2.8 Deep-Space Positioning System (DPS)

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
reusable system with low recurring and operations costs.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

impact missions

Capability Performance Goal:

determination and targeting anywhere in the solar system.

Parameter, Value: 

the solar system

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling

Enabling

Enabling
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5.4.2.9 High Rate Spacecraft Guidance, Navigation, and 
Control (GN&C)

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: 

and proximity operations necessary for some missions, 

TRL

Technology Performance Goal:

compromising accuracy.

Parameter, Value: 

and supporting sensors.

TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: 

CAPABILITY

Needed Capability:
for modern, nimble spacecraft.

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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Systems 

5.4.3.1 Improved Deep Space Network (DSN) Radiometric 
Data

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL
Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

sometimes collected and processed.

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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Systems 

5.4.3.2 Optimetric Data for Navigation

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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Systems 

5.4.3.3 Miniature, High-Accuracy, Multi-Function Star Tracker

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:
algorithms.

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: 
, < 

TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

reliability.

Parameter, Value:

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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Systems 

5.4.3.4 Fast Light Optical Gyroscopes for Precision Inertial 
Navigation

TECHNOLOGY

Technology Description:

Technology Challenge:
is a challenge.

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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5.4.4.1 Optical-Navigation-Grade Cameras

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: 

shutters.

TRL

Technology Performance Goal:
shutters.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:
shutters.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing
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5.4.4.2 High-Resolution Infrared Cameras

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing
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5.4.4.3 Flash Light Detection and Ranging (LIDAR), Scanning 
LIDARs

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art: Numerous commercial and 

Parameter, Value: 

scan.

TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:
accurate range.

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing
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5.4.4.4 High Performance Light Detection and Ranging 
(LIDAR)

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

accuracy, and longer range of operation.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing
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5.4.5.1 Rapid Trajectory Design Near Small Bodies

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art: Manual process

Parameter, Value: 
Manual process

TRL

Technology Performance Goal:
decreased from days to minutes.

Parameter, Value: 

Ability to compute onboard

TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

time.

Parameter, Value: 
Manual process

Capability Performance Goal:

options that might otherwise not be considered may be found and 

Parameter, Value: 

Ability to compute onboard

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing
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and Protocol

TECHNOLOGY

Technology Description:

Technology Challenge:
are challenges.

Technology State of the Art:

Parameter, Value: 

and units.

TRL

Technology Performance Goal: Hard mounted segmented 

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

measurements from gimbaled parabolic antennas.

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

communications.

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing
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5.4.6.1 Primitive Body/Lunar Proximity Operations and 
Pinpoint Landing

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:
autonomous fashion.

Capability State of the Art:

Parameter, Value:
onboard

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing
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5.4.6.2 Multi-Altitude Terrain Recognition Navigation (TRN) 
Sensor System

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
landing in rugged terrain.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

illumination, landing circles of hundreds of meters.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling
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(SDR)

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

transfer.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

accuracy.

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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5.5.2.1 Ultra-Wideband Impulse Radio

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

proximity applications.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

telemetry transport.

Capability State of the Art:
capability.

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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5.5.3.1 Automated Intelligent Networked Systems

TECHNOLOGY

Technology Description:

conditions.

Technology Challenge:

Technology State of the Art:

Parameter, Value: 

system performance.

TRL

Technology Performance Goal:

Parameter, Value: 

power.

TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal: Ability of all space and ground 

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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5.5.6.1 Large Aperture Combined Radio Frequency (RF)/
Optical Apertures

TECHNOLOGY

Technology Description:

Technology Challenge:
challenges.

Technology State of the Art:
antenna.

Parameter, Value: TRL

Technology Performance Goal: Minimal degradation on up to 

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.6.1.1 X-Ray Navigation (XNAV)

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value:

Station.

TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description: Autonomously determine spacecraft position anywhere in the solar system.

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling

Enabling

Enabling

Enabling
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5.6.2.1 X-Ray Communications (XCOM)

TECHNOLOGY

Technology Description:

Technology Challenge:
challenges.

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

communications capability.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:
power

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling
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5.6.3.1 Neutrino-Based Navigation and Tracking 
Technologies

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art: Neutrino detectors are able to 

Parameter, Value: 

per year

TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:
needed.

Capability Description:
spacecraft.

Capability State of the Art:

Parameter, Value: 

mrad.

Capability Performance Goal:

Parameter, Value: 

mechanisms, is the primary goal.

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling
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5.6.4.1 Entangled Photon Sources

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:
prototype.

Parameter, Value: TRL

Technology Performance Goal:
generation rate.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal: High rate of entangled photon 
generation.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.6.4.2 Waveguide Single Photon Source

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
distribution rate.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:
uses attenuated diode or nonlinear crystal sources.

Parameter, Value: 

Capability Performance Goal:
distribution.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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5.6.5.1 Quantum Communications

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
data rates.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability: Need to increase interplanetary communications data rates.

Capability Description:
illumination to increase interplanetary communications data rates.

Capability State of the Art:
space communications.

Parameter, Value: 

Capability Performance Goal: High interplanetary data rate.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enabling

Enabling

Enabling
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5.6.6.1 Superconducting Quantum Interference Filter (SQIF) 

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
performance.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:
performance.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing
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TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: 

tested

TRL

Technology Performance Goal:

Parameter, Value: 

month experiment duration

TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

processing.

Parameter, Value: 

cluster coordination

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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5.7.1.1 High-Power Wideband X-Band Klystron

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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5.7.1.2 Ka-Band Objects Observation and Monitoring

TECHNOLOGY

Technology Description:
range and spatial resolution.

Technology Challenge:
lower lifecycle cost that monolithc approaches is a challenge.

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal:

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing
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5.7.2.1 Improved Modeling

TECHNOLOGY

Technology Description:

Technology Challenge:

Technology State of the Art:

Parameter, Value: TRL

Technology Performance Goal:
with ability to handle more and smaller debris.

Parameter, Value: TRL

Technology Development Dependent Upon Basic Research or Other Technology Candidate: None

CAPABILITY

Needed Capability:

Capability Description:

Capability State of the Art:

Parameter, Value: 

Capability Performance Goal: Ability to identify areas of higher 
and lower density of small orbital debris.

Parameter, Value: 

Technology Needed for the Following NASA Mission Class 
and Design Reference Mission

Enabling or 
Enhancing

Mission 
Class Date

Launch 
Date

Technology 
Need Date

Minimum 
Time to 
Mature 

Technology

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing

Enhancing


