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Lunar Exploration

 The Moon is now an international space exploration priority

« Current lunar exploration efforts more diverse and collaborative
« >80 national space agencies
* numerous private companies and partnerships

« 28 nations have signed the Artemis Accords to cooperate in the
exploration and use of the Moon

 International Space Exploration Coordination Group (ISECG)
currently comprised of 27 international space agencies

* Global Exploration Roadmap (GER) identified 14 planned Moon
missions

* 100-m performance target for precision landing
« GNSS will play a meaningful role in Lunar PNT

» International space agencies are developing lunar PNT capabilities
now; we need to ensure these are interoperable, compatible and
available to all

i
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FY 2024 President’s Budget Request
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Lunar PNT Challenges
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Phased Expansion of Lunar PNT

GNSS-only Lunar GNSS Lunar GNSS + Lunar PNT .
. . . Broad Infusion
demonstrations Operations Service Demos

Lunar PNT Services
(e.g. LunaNet)

Relative use of signal sources

Today

Transit use of GNSS and Lunar PNT Services

Lunar PNT Services
(e.g. LunaNet)

< Transit Distance

Use of GNSS and lunar PNT services are considered as a key part of the broader navigation ecosystem including ground-based on on-board sources. 5
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Operational U.S. Missions Using GPS in the Space

Service Volume & Beyond

GOES-R Weather Satellite Series:

» Next-generation U.S. operational GEO weather
satellite series

» First series to use GPS for primary navigation

» GPS provides rapid maneuver recovery, enabling
continual observation with <2 hour outage per year

 Introduction of GPS and new imaging instrument are
game-changers to humanity, delivering data
products to substantially improve public and
property safety

GOES-16 GPS Visibility:
e Minimum SVs visible: 7
« DOP: 5-15

GOES-16 Nav Performance (30):

» Radial: 14.1 m
* |n-track: 7.4 m
e Cross-track: 5.1 m

. - * Compare to requirement:

(100, 75, 75) m

Magnetospheric Multi-Scale (MMS) Mission:

* Four spacecraft form a tetrahedron near apogee for
magnetospheric science measurements (space
weather)

« Highest-ever use of GPS
— Phase |: 12 Earth Radii (RE) apogee (76,000 km)

— Phase 2B: 25 RE apogee (~150,000 km) (40%
lunar distance)

— Apogee raising beyond 29 RE (50% lunar
distance) completed in 2019

» GPS enables onboard (autonomous) navigation and
potentially autonomous station-keeping

MMS Nav Performance (10)

Description Phase | Phase

2m 5m

Semi-major
axis est. under
3 R (99%)

Orbit position 12m 55m

estimation
(99%)




Lunar Gateway Study — Sep 2020
GPS Expected Performance

Update to Feb 2019 preliminary study
Position and velocity goals: 10 km and 10 cm/s, respectively

Analyzed max OD error at the Data Cutoff (DCQO) and at the
final two perilunes and apolunes

Observations:

* GPS can provide greatly improved performance vs.
DSN

« GPS is real-time, on-board, without reliance on ground-
based assets.

Max steady-state errors, crewed assumptions

Case DCO | Apolune | Perilune All
c DSN 1469.7 | 1326.4 319.8 |2353.6
% E GPS 60.4 84.5 73.0 118.7
o DSN+GPS S7.7 81.7 107.0 117.4

A\ s

Elapsed Time (days)

pEox
‘r

15 20
Elapsed Time (days)

- GPSonly

25




Evolutionary Milestones in Lunar PNT

Lunar PNT Services
(e.g. LunaNet)

.
o i .-" g A

- B itk f_‘{
w ] .

Artemnis-1 LUGRE Lunar Pathfinder Gateway Lunar PNT
(LEO receiver) (NASA) (ESA) (International) (International)
2022 2024 2026




September 2021 A

Early Lunar Communications and Navigation
Architecture Concept

Orbital Relays

A y :51"
| LINKING LUNAR USERS TO EARTH
& TO EACH OTHER

Gateway LunaNet :
Additional re Framework of standards for Earth Stations
open, interoperable networks 2ded DSN and
# - Data, PNT & other services ots including
A orb | al stations

Spac
U

“arl
Artemis surface
ssions

AN

- Surface communications
and navigation assets

Communication and navigation infrastructure lowers the barriers to entry for new missions
: and capabilities and supports expanding robotic and human activities on the Moon.

r []
i i "
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NASA LCRNS

JAXA LNSS

Lunar Communication & Navigation Systems
Proposed by USA, Europe, Japan, China

LCNS




Initial Lunanet PNT System of Systems:
Lunar Augmented Navigation Service (LANS)

Augmen!:ed . Augmented
Forward Signal Oy - RN Forward Signal

(AFS) B/ o O\ (AFS)

All broadcast
a standardized AFS to

form LANS, similar to
GNSS around the Earth

JAXA LNSS (Lunar

Navigation Satellite
System) satellite

NASA LCRNS (Lunar

Communications Relay
and Navigation Systems)

ESA Moonlight LCNS satellites

(Lu nar Communications Figure 10 - LANS PNT Concept Provided by LunaNet Nodes

and Navigation Figure is copied from the LunaNet Interoperability

Services) satellite ecification (LNIS) and Modified with Planned
L N Space Agency Constellations
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SVN74 EC L1 RHCP Pattern, Phi Cuts Every 10 Deg.

E nabl i n g LU nar P NT: —————_785;)0—%————

Background

* Knowledge of GNSS transmit antenna patterns is critical to
support high-accuracy applications & use of GNSS signals
within the Space Service Volume (SSV) and beyond into
Cislunar Space

40 —— - T - -
-90 -80 -70 -—-60 50 40 -30 -20 -10 0 10
8 Theta-deg

GPS data availability GPS Block Ill, SVN-74
* 2001: AO-40 initial gain pattern measurements o AR I T

e 2015: Initial IIR/IIR-M antenna gain pattern data release

» 2018: GPS ACE flight-measured patterns released by NASA
* 2020: lIR/IIR-M antenna gain pattern data (re-release)

* 2022: Public release of GPS Ill antenna gain patterns

* 2023: Public release of GPS-IIF antenna gain patterns

* The antenna patterns of all active GPS satellites are now e T e st
available at the NAVCEN GPS portal: NASA GPS ACE Reconstructed Patterns for Block
IIR-M (left) and IIF (right)
Source: https://doi.org/10.1002/navi.361

https://www.navcen.uscg.gov/gps-technical-references



https://www.navcen.uscg.gov/gps-technical-references

National Space Council (NSpC) Users’ Advisory Group (UAG)

Authority

= The NSpC is authorized under Title V of Public Law 100-685, to advise / assist
President on national space policy & strategy

= UAG required by Executive Order 14056 on the NSpC (dated 1 Dec 2021), and

governed by Federal Advisory Committee Act (FACA), Public Law 92-463, as amended
(6 U.S.C. App 2) —

Organization
= Reports to the Vice President’s Office. The VP is also Chair of the NSpC
= Managed by SCaN since 2019. Charter signed Dec. 3, 2021, by NASA Administrator.

= Six public meetings held-to-date, where the UAG deliberates on findings /
recommendations

Activities
= Gen Lester Lyles (USAF, ret.) appointed Chair on Sep. 8, 2022
= Board members for 2023-2025 term appointed/ reappointed on Jan. 26, 2023

meeting with VP Harris at White House
= Next public meeting planned on Oct. 6.

Established in 2017 to ensure that the interests of industry, non-federal entities, & persons mvoIved
in aeronautical & space activities are represented at the National Space Council

https://www.nasa.gov/content/national-space-council-users-advisory-group 14



https://www.nasa.gov/content/national-space-council-users-advisory-group

National Space-Based PNT Advisory Board

Organization

= Established under presidential authority & operates per FACA
provisions

= Provides independent technical and policy counsel to PNT EXCOM

= Members nominated by EXCOM depts/agencies, approved by EXCOM
Co-Chairs, and appointed by NASA Administrator

= Charter allows establishment of ad-hoc task forces & subcommittees y

= Managed by SCaN since 2007 & currently chaired by ADM Thad Allen
(USCG, ret.)

Recent Activities

= 27t session held Nov. 16-17, 2022, in Redondo Beach, CA

= Chair Recommendations Memo submitted to EXCOM Co-Chairs on
Jan 27, 2023

= Charter renewed by NASA Administrator on Apr. 25, 2023
= 28th session held May 3-4, 2023, in Annapolis, MD

Upcoming
= 29th session to be held Dec. 6-7, 2023, in Houston, TX



https://www.gps.gov/governance/advisory/

International Committee on GNSS (ICG)

Space Use Subgroup (SUSG) Work Package 4:
GNSS SSV and lunar PNT systems to support YIAAGD Global Navigation Satelite Syste
lunar operations

e \ .
International Committee on

Objective:

Work with GNSS providers and multilateral organizations, including the IOAG
and SFCG, to ensure interoperability, compatibility, and availability of GNSS
and lunar PNT systems that can be seamlessly employed together from the
Earth to the Moon

Outcome:

Full attainment of an interoperable, compatible, and available GNSS/lunar
PNT system of systems that can support the world’s ever-expanding human
and robotic space operations in transit, around and on the surface of the
moon.

_ 10
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Conclusions 8, e

 The Moon is the next frontier for in space use of GNSS and other PNT U Mg ’
services. " s L

* The first lunar GNSS demonstrations, such as LUGRE and Lunar Pafhffﬁ:
are around the corner. \0>§

New lunar PNT architectures, like LunaNet, Moonlight, LNSS and Queqlao ;’
are being devised. ot

Teams, encompassing the ICG, IOAG, space agencies and GNSS service i,
providers, are working to enhance the use of GNSS services in the lunar
environment and to develop and expand lunar PNT capabillities that are

available to all users and interoperable and compatible with all region-
developed PNT systems.

(

Technical and policy coordination is essential to develop an efficient robust o
lunar PNT architecture. . ( i





