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X-ray Pulsar Navigation (XNAV)
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A slow-motion (x3) movie of the Crab Pulsar taken at 800 nm wavelength using a Lucky Imaging camera from Cambridge University, showing the bright pulse and fainter interpulse; frequency of ~30Hz; http://en.wikipedia.org/wiki/Crab_Pulsar

https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20190001154.pdf
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Applications

« XNAV can provide autonomous navigation and timing
that is of uniform quality throughout the solar system

— Is enabling technology for very deep space
missions

— Provides backup autonomous navigation for
crewed missions

— Augments Deep Space Network (DSN) or op-nav
techniques

— Allows autonomous navigation while occulted,
e.g., behind Sun

History

» Pulsars were discovered in 1967 and immediately
recognized as a potential tool for Galactic navigation

- US Naval Research Laboratory (NRL) (1999-2000) Pioneer plaque (Pioneer 10,11 1972-73)

.....

— Unconventional Stellar Aspect (USA) Experiment with pulsar periods and relative
 DARPA XNAV, XTIM Projects (2005-2006, 2009-2012) distances to our Sun
» Significant body of research (international interest, Credit: NASA Ames

academic research, several Ph.D. dissertations, etc.)

 NICER/SEXTANT successfully demonstrates real-
time, onboard, autonomous XNAV (Nov 2017)

https://solarsystem.nasa.gov/resources/706/pioneer-plaque/
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Rival atomic clocks as time-keepers on long time scales (>year)
Pulse phase and Doppler can be precisely measured 
MSPs are distributed throughout the Galaxy	

Navigation Experiment #1 Highlight Text:
Technology First: SEXTANT successfully demonstrates fully autonomous, real-time X-ray pulsar navigation on-board NICERIn a technology first, the Station Explorer for X-ray Timing and Navigation Technology (SEXTANT) team has successfully demonstrated fully autonomous, real-time X-ray pulsar navigation (XNAV) on-board the Neutron-star Interior Composition Explorer (NICER) mission.  SEXTANT's primary demonstration goal, or Key Performance Parameter (KPP), sought to achieve an orbit determination error of less than 10 km worst direction, taken as 17 km of Root-Sum-Squared (RSS) 1-σ error, using up to 2-weeks of X-ray pulsar observations.  A future 'stretch' goal will seek to reach an error of less than 1 km worst direction, or 1.7 km RSS 1-σ, using up to 4-weeks of X-ray pulsar observations.On 2017-11-09, the SEXTANT and NICER team developed and loaded a millisecond pulsar rich observation schedule informed by lessons learned through recent analysis of navigation performance in numerous ground processing evaluation campaigns using NICER flight data. At 20:33:27 UTC, the SEXTANT flight software was initiated, and the Goddard Enhanced Onboard Navigation System (GEONS) navigation filter was initialized with a degraded state, i.e., position and velocity knowledge, designed to diverge rapidly from the truth state without X-ray pulsar observations.  During the following 2.2 day autonomous experiment, the SEXTANT flight software significantly surpassed the primary KPP by reaching <10 km RSS error in approximately 7.5 hours and remaining well below that threshold for the duration of the experiment.  A total of 78 measurements were generated from the X-ray "beacon" pulsars J0218+4232 (33), B1821-24 (30), J0030+0451 (13), and J0437-4715 (2).In the accompanying figure, the flight system's predicted performance without measurements, represented in blue, rapidly diverges from the initial state, as expected.  The autonomous flight software performance, while processing measurements, is shown in green and initially displays error growth similar to the no measurement case.  Within 7.5 hours, the real-time error reaches and remains below 10 km RSS for the duration of the experiment.This successful demonstration firmly establishes the viability of X-ray pulsar navigation as a new autonomous navigation capability to enable and enhance deep-space exploration anywhere within the Solar System, and potentially beyond.  The current flight results will be used to update and tune the flight software, as well as the ground segment software, for a second navigation experiment later in the NICER nominal mission, where SEXTANT's pulsar timing models will be developed using only NICER data.The SEXTANT team includes Munther Hassouneh/596, Jason Mitchell/590 (SEXTANT PM), Sam Price/596, Sean Semper/596, Luke Winternitz/596, Wayne Yu/595, Paul Ray/NRL, Zaven Arzoumanian/662 (NICER Science Lead), Keith Gendreau/662 (NICER PI).

https://solarsystem.nasa.gov/resources/706/pioneer-plaque/

Launched on June 3, 2017 on
Space-X CRS-11 to ISS

Neutron-star Interior Composition
Explorer (NICER)

Fundamental investigation of ultra-
dense matter: structure, dynamics,
& energetics

Nearly ideal XNAV detector
combination: low-background, large
effective collecting area, precise
timing, scalability, and low-cost

Assembly of 56 X-ray concentrators
and detectors, ~1800 cm? effective
collecting area in soft X-ray band

Scalable design, e.g., reduce to
1,4,10, etc. concentrators

SEXTANT — Successful
demonstration results reported in
Mitchell (2018) and Winternitz
(2018)
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Structure—Reveal the nature of matter in the interiors of neutron stars
Dynamics—Uncover the physics responsible for the dynamic behavior of neutron stars
Energetics—Determine how energy is extracted from neutron stars
18+6  which includes some form of guest ops, not sure if it's guest observer or guest investigator
Mention weak signal, all sextant targets are nicer targets.


Operations Overview
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Ground station is part of a command sequence payload that travels from JSC to MSFC payload to GSFC NICER science operations team. SEXTANT is a subset within the NICER ground system.
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Inputs and Outputs

1: Ingest external Information for SEXTANT
2: Run tools to prepare ingest products for XNAV Schedule generation
3: Generate XNAV Schedule
4: Run ground simulation of schedule
5: Verification of current proposed schedule
6: Pass schedule through AGS scheduling tool
7: Re-Run Schedule if modifications are required
8: Verification of current proposed schedule
9: Deliver of XNAV Schedule to SMOC



Operations Architecture (2/3)
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NRL and NICER prepares products for SEXTANT

1: Ingest external Information for SEXTANT
2: Run tools to prepare ingest products for XNAV Schedule generation
3: Generate XNAV Schedule
4: Run ground simulation of schedule
5: Verification of current proposed schedule
6: Pass schedule through AGS scheduling tool
7: Re-Run Schedule if modifications are required
8: Verification of current proposed schedule
9: Deliver of XNAV Schedule to SMOC



Operations Architecture (3/3)
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SEXTANT’s contribution to use the input and output products. 

1: Ingest external Information for SEXTANT
2: Run tools to prepare ingest products for XNAV Schedule generation
3: Generate XNAV Schedule
4: Run ground simulation of schedule
5: Verification of current proposed schedule
6: Pass schedule through AGS scheduling tool
7: Re-Run Schedule if modifications are required
8: Verification of current proposed schedule
9: Deliver of XNAV Schedule to SMOC



Concept of Operations

Beginning of the SEXTANT C?ntiznnl;e
or
Demo Optional Optional Optional 2 week
Upload to NICER 2 day 2 day dlayd
uploa
T-0 davs upload upload
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Cycle Repeats for the 2nd
week of the SEXTANT
Demonstration.
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The science operations cadence will all ingest of ISS ephemeris and timing data that will decide planning products 2 days in advance but with onboard processing and uploads every 3 days. 
Pulsar data is good for up to 3-5 days.
MCC1: ISS ephem goes for 15 days. +/- 35 km downtrack error over 72 hours
MCC2: goes for 21 days
Polycos: 7 days
JSC5: 1 month
JSC2: 2 months


m ISS Critical Operations Event

6/5/2017 SpaceX Dragon (NICER payload) docks
6/16/2017 Progress 67 resupply ship docks
7/3/2017 SpaceX Dragon capsule departs

7/20/2017 Progress 66 departs
7/28/2017 Soyuz MS-05 docks
8/16/2017 SpaceX Dragon docks
9/17/2017 SpaceX Dragon departs
9/27/2017 ISS orbital reboost
10/16/2017 Progress 68 docks

https://heasarc.qgsfc.nasa.gov/docs/nicer/nicer gallery.html
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Daily changes to ISS products redesigns the planning
Multiple events occurred between NICER installation and the SEXTANT demonstration for a variety of 
Somehow add info about 30% duty cycle

https://heasarc.gsfc.nasa.gov/docs/nicer/nicer_gallery.html

On Orbit Demo Preparation

Ground-processed navigation performance
with NICER/SEXTANT flight data
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On Orbit Demo Preparation
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Daily changes to ISS products redesigns the planning
Multiple events occurred between NICER installation and the SEXTANT demonstration for a variety of 
Somehow add info about 30% duty cycle


XNAY Demonstration

SEXTANT Experiment 1 successfully demonstrates fully

5[5‘::L.,lt:‘.:-nt::vmt::u5. real-time X-ray pulsar navigation on-board NICER
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XNAY Demonstration




SEXTANT demonstrated XNAV on
board and in real time on the ISS in
2017

— 10 km settled RSS in 7.5 hours
with < 1 km point solutions

— 33% duty cycle of observations
on 4 pulsar targets

lllustrated the SEXTANT Ground
System used to execute the
demonstration

— Integrated with the NICER
Instrument/ops team, 1SS JSC
and MSFC payload operation
teams

— Performs navigation filtering
while simultaneously
supporting NICER science and
ISS mission operations

https://heasarc.gsfc.nasa.gov/docs/nicer/nicer gallery.html
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