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Opportunity: Optical Communications Systems

Deep-space optical links could
revolutionize space
communications

Those same links could also be
used for deep space navigation
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Opportunity: ESA’s Gaia Star Catalog

Will provide reference star positions
than can be used to perform
spacecraft astrometry at a level
comparable to that possible with VLBI

The Gaia spacecraft
Image courtesy: ESA

~37 million stars down to
15™accurate to 0.12 nrad

~1 billion stars down to 20™
accurate to 2 nrad

Gaia sources
Image courtesy: ESA
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Optimetrics and Astrometry for iNkavigigtion

Spacecraft position components
relative to telescope can be
measured optically:
« LOS Range (R) and Doppler (D)
« POS Astrometry (RA, DEC)

« Background star locations req’d for
pointing knowledge and frame tie

« Measurements processed on-board
or on-ground to determine trajectory

(X, y) define plane-of-sky (POS)
z defines line-of-sight (LOS) Credit: Chengxing Zhai
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Building blocks

* High-powered lasers

— Will be used for optical uplinks
« Could be used for passive ranging using retroreflectors up to lunar distances

e Spacecraft optical terminals

— Need to perform precise time-tagging or predictable turn-around
times to be usable for ranging
« On-board atomic clocks could allow for one-way ranging

 Ground-based Telescopes and Detectors

— 5 nrad spacecraft astrometry could be achievable witha 1 m
telescope, and 1 nrad with a 5 m telescope.

— It may be more efficient to have two different types of ground
telescopes:
« One with large apertures for telemetry and ranging

« Smaller, low-cost telescopes for all kinds of astrometry, including spacecratft
tracking
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Optical Comm Nav Pros and Cons

Pros:

« Single-station plane-of-sky measurements
— Possible without changes to the spacecraft optical terminal
— Feasible with smaller, low-cost apertures

« Not affected by charged particles (ilonosphere or solar
plasma)
— Solar plasma is the dominant error source for X-band tracking

* Improved ranging accuracy

— Ranging requires changes to the spacecraft optical
terminal
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Optical Comm Nav Pros and Cons
cons:

« Ground-based optical tracking precluded by cloud cover
— Could be mitigated by regional diversity

« Astrometry less accurate or impossible with increased
levels of sky brightness

— Astrometry not available for small Sun-Earth-probe angles

* Requires precise pointing, no optical LGA at deep-space
distances

— It may not be possible to track and operate the payload at the
same time

« Solvable with a gimballed optical terminal
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Optical Astrometry Constraints

30° off-zenith  Elevation:
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. Different mission scenarios

3 x MEDA Air Temperature Sensors

considered

— Mars lander case based
on Mars 2020

— Mars orbiter case based
on MAVEN (Mars
Atmosphere and
Volatile EvolutioN)

— Asteroid mission based
on the Psyche proposal

Mars 2020 schematic. Image courtesy of NASA.

MAVEN at Mars. Image courtesy of NASA.
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Comparing Radiometrics and Optometrics

| Radiometrics ___ Optometrics

Two-way Doppler,

Data types  two-way range Optical range,
& ADORy 2t ground-based astrometry

Range: 5 cm (360 sec integration)
Astrometry depends on:

e.g. for X-band: » elevation angle,
Data Doppler: 0.10 mm/sec « time of the day,
uncertainties Range: 3 m » telescope diameter,

ADOR: 60 ps (2.25 nrad) integration time
» 1 nrad for a 5 m telescope at zenith,

at night, with 1 hour integration
Error sources Earth orientation, station location, ephemeris, GMs, clock

Troposphere, ionosphere,

solar plasma Troposphere only

Quasar catalog Star catalog
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Mars Lander Results

MSM2020 B-Plane Plot, TCM5 Knowledge
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Mars Lander Results
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Mars Orbiter Results®*®

April 18-19, 2016

« Based on MAVEN,
currently in orbit at
Mars

* Reconstruct orbit to
within 3.0 km

* Optical outperforms
radio during tracking
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Asteroid-Mission Navigation

* Psyche is metallic main-belt asteroid with a diameter of 250 km.

« Simulated flyby at an altitude of 50 km at 0.25 km/sec on Dec 15,
2030

« Assumes an electric propulsion mission, but with a 28 day forced
coast before the flyby.

« For the covariance analysis, a 10-week arc before the flyby was
used.
— The last maneuver planned for 5 days before the flyby and the delivery
data cut-off is at 2 days before the maneuver
« Data sets:
— Radio: two-way Doppler & range
— Ground-based optical: spacecraft astrometry and two-way range
— Ground-based optical astrometry of the target
— On-board optical: target astrometry
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Trajectory Optimized for Astrometry

Psyche Mission - Flyby Dec.15, 2030

Psyche Flyby
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Asteroid Mission: Delivery Accuracy Results

Linearized
B-plane Ellipse | Time of Flight

Case (km, 1-o) (sec, 1-0)
Radio & on-board optical 20x1.9 112
Radio & on-board optical + asteroid observations 20x1.9 18
Optical, ground & on-board 20x1.9 25
Optical & asteroid observations 20x1.9 17
Ground optical only, including asteroid observations 2.4 x2.0 19

« Ground-based optical can replace ground-based radio, for this
scenario
— Much more favorable geometry at flyby.
« Ground imaging of the target improves the solution, could replace
on-board imaging during approach
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Conclusion

« Optical tracking has the potential to provide
viable deep-space navigation data types with
performance comparable to that achievable with
radio.

 Optical tracking will be affected by some unique
operational constraints that will limit its
availability:
— Cloud cover
— Sky brightness for astrometry
— Need for precise pointing — no optical LGA
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