‘Artemis I

DISTRIBUTION STATEMENT A. Approved for public release.
Distribution is unlimited.

This material is based upon work supported by the National
Aeronautics and Space Administration under Air Force Contract
No. FA8702-15-D-0001 or FA8702-25-D-B002. Any opinions,
findings, conclusions or recommendations expressed in this
material are those of the author(s) and do not necessarily reflect
the views of the National Aeronautics and Space Administration.

© 2025 Massachusetts Institute of Technology.

Delivered to the U.S. Government with Unlimited Rights, as defined
in DFARS Part 252.227-7013 or 7014 (Feb 2014). Notwithstanding
any copyright notice, U.S. Government rights in this work are
defined by DFARS 252.227-7013 or DFARS 252.227-7014 as
detailed above. Use of this work other than as specifically
authorized by the U.S. Government may violate any copyrights that
exist in this work.

httpé://www.nasa.gov/wp-content/uploads/2023/05/background-02.png




@ Outline

Introduction

Human space exploration

020* mission

Summary

*Orion Artemis 2 Optical Communications

FTh1B.1, Optical Comm- 2 LINCOLN LABORATORY

F. Khatri 10/30/2025 MASSACHUSETTS INSTITUTE OF TECHNOLOGY



@ Benefits of Laser Communications

Beam Size From Moon

« Extremely narrow beams with
small apertures

* Unlimited, unregulated spectrum

* High data rates

— Provides high speed real-time data

RF Ka Band (26 GHz) Optlcal C Band (1550 nm)

(e.g. for video) 75-cm Antenna - 6400 km Spot 10-cm Antenna -6 km Spot
— Enables shorter contact times L Sateline Fiber Optic (infrared) .\~
— Delivers large data volume over the "°°]  Communications felecomuuniestions  Light
duration of mission e / THz \ /
10° Hz 1012 Hz 1015
» Historic technical challenges 1 | l
. 1 1
— Efficient transmitters and receivers | . !
.. 0.3 m 0.3 mm 0.3 um
— Pointing narrow beams _ e \/
Linear Scale
— Atmosphere and weather | .|
| |
0 Hz 100 THz 200 THz

FTh1B.1, Optical Comm- 3 LINCOLN LABORATORY

F. Khatri 10/30/2025 MASSACHUSETTS INSTITUTE OF TECHNOLOGY



@ Operational Differences between

RF & Optical Comm Systems

Beam width

Point / Acquire
Beam

Stabilize / Track
Beam

Atmosphere
Interactions

Regulatory /
Permissions

0.5 - 30° 1 - 100 prad (<0.006°)

Open loo Scan or wide-field sensor
P P (cooperative)

Optical-based tracking (cooperative),
N/A inertial sensors-based tracking,
passive jitter rejection

Clouds can block lasers;

Rain can degrade > 20 GHz turbulence must be considered

Spectrum is regulated and Unregulated; need care with
licensed sensor satellites / aircraft

From: Khatri & Robinson, “Operational Considerations for Future Laser Communications Systems,” AIAA Improving Space
Operations Workshop, Pasadena, CA, May 5-6, 2015.
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@ LLCD*: A Successful Operational Lasercom Demo

*Lunar Laser Communication Demonstration

OPTICAL — NOW KNOWN!

* In 2013, NASA’s LLCD showed operational utility WT*‘;LeIeS:nft':s,
of lasercom ‘Egerife ’
622 Mbps downlink, 20 Mbps uplink & Narrow beam (<0.006°)
Automated point/acqg/track of 15 prad beam
Daily downlink of entire 1 GB s/c buffer Is space craft position information ¢
. good enough to point?

File transfers up / down

* Demonstrated reliable data delivery over Is it possible to stabilize if "

lasercom links through Earth atmosphere: space craft jitter is >> beam? {7

Link worked through thin cirrus clouds
, Can clouds, weather, and
Multiple ground sites and higher layer data =G turbulence be managed? .

protocols to combat clouds / —— Z _j‘“» 3 LADEE " 7

(r‘.—

T [ "
Data interleaving and multiple apert(lres to . ant'e\' : Can sensor satellites / aircraft be e?‘:ll
mitigate turbulence PrT TS < avoided and not disruptive to link .

Aircraft/sensor sat avmdance ea’ |Iy Faoa - gt S
achieved : 8 A and automated?

Can lasercom ever be routine \

From: Khatri & Robinson, “Operational Considerations for Future Laser Communications Systems,” AIAA Improving Space Operations
Workshop, Pasadena, CA, May 5-6, 2015.
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@ Commercialization of Lasercom

Components Space Modules and Sub-Modules Ground Terminals Standards Systems and services

Optical Module

— ILLUMA-T
Examples of Industries with ties to lasercom technologies
< T sony

HIIHOSAT SEAWEST

. OBSERVATORIES
TELEMT
cailabs ;%:N
o. voum seace NORTHROP

anf m /! Il Anrospac ; sxsyon i LASERLIGHT
MICROWAVE Technologles project kuiper \

,RC'JANGEL T\ TRANSCELESTIAL %TESAT

 Technologies and end-to-end systems demonstrated by LLCD mission are commercially
available and lasercom standards have emerged

Lasercom systems are now offering network layer services




@ Free Space Lasercom Projected Market Growth

e 2013 2021-2023 2030-2034
$33M $42M $0.5-1.6B $3.6-15B
Early Demos Mature Demos & Operational Systems

?’l 42001 GEOLITE = ‘ \ <N\ ILLUMA-T Orion EM-2
78 (%  GEO-Gnd S - ‘ o LEO-GEO - ™ Moon-Gnd
Gr ﬁ/ff (MITLL) S 2023 (NASA/MITLL) (NASA/MITLL)

DSOC
Deep Space-Gnd
= (NASA/JPL)

LLCD

Moon-Gnd g Zion Market Research: $1.6B (2022) >

(NASA/MITLL) & (NASA/MITLL) $10.2B (2030), CAGR 26.2%
- Mandrake Straits Research: $11.1B (2032), CAGR
Alphasat B~ LEO-LEO 25.7% (2024-2032)
(ESA) By (DARPA) Visiongain: $1.6B (2023), CAGR 13.6%

(2024-2034)

EDRS/

1S Sentinel - _ o »  Global Market Insights: $0.7B (2023) >
: B 32 5| (ESA) - .. Starlink — $15B (2032), CAGR 40% (2024-2032)
OSIRIS LEO-LI_E‘O ) «  Astute Analytica: $0.5B (2021) - $3.6B
(DLR) S e _U "'5 (2030), CAGR 24.2%
JJr

Service [ = )
. project kuiper
Providers J
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https://www.astuteanalytica.com/industry-report/laser-communication-market
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NASA Human Exploration

Moon...
ARTEMIS ~400,000 km

...to Mars
~225,000,000 km
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[E]

Communications for Human Space Exploration

NASA’S

MOON TO MARS
STRATEGY AND
OBJECTIVES

DEVELOPMENT

A blueprint for sustained
human presence and
exploration throughout
the Solar System

Monitor and
maintain crew
health

Characterize and
monitor space
and surface
environments

Remote support of
astronaut and
science missions

FTh1B.1, Optical Comm- 10
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International Space
Station (ISS):
Continued human presence
in space since Nov 2, 2000

Critical proving ground for

human presence on Moon
and ultimately Mars

All photos courtesy of NASA

Ultrasound scan on
Canadian astronaut
Chris Hadfield

Scientific
experiments

8K HD Video




ARTEMIS |

First Mission
{(Uncrewed Flight Test)

Completed (2022)
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NASA’s Artemis Campaign

ARTEMIS I

First Crew

2026 Launch

ARTEMIS Il

First Human Surface Landing

ARTEMIS IV

First Lunar Space Station
Assembly Mission

e

[
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A
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ARTEMIS V

Crewed Mobile Surface Exploration,
Gateway Expansion

ARTEMIS
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NASA Artemis/Orion

« Artemis Program is NASA’s
pathway for their Journey to Mars

 Artemis | uncrewed mission
successful flight in 2022

- Radio Frequency comm link, S-band
downlink of ~ 1 Mbps at lunar ranges

 Artemis Il crewed mission to launch
in 2026

- Optical communications capability |
provides 80 Mbps return link and 20 "
Mbps forward link from Lunar vicinity

- Crew brings more mission video
up/downloads, file transfers, and

real-time video conferencing to the
Mission

 Artemis lll to land astronauts on
Lunar surface

020: Orion Artemis-2 Optical Comm / Image: NASA
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Prox Ops
Demonstration

ARTEMIS I

Artemis Il Map

ICPS Earth
disposal

.

First Crewed Test Flight to the Moon Since Apollo

® LAUNCH @ PERIGEE RAISE @ INTERIM CRYOGENIC
Astronauts MANEUVER PROPULSION STAGE
|ift off from pad (ICPS) DISPOSAL BURN
398 at Kennedy @ APOGEE RAISE BURN
Space Center, TO HIGH EARTH ORBIT @ MIGH EARTH ORBIT
Begin 24 hour checkout CHECKOUT
of spacecraft. Life support, exercise,
and habitation equipment
evaluations.

JETTISON ROCKET
BOOSTERS
FAIRINGS, AND ® rrROXOPS
LAUNCH ABORT DEMONSTRATION
3 Orion proximity @ TRANS-LUNAR INJECTION
operations L) C N'S MAIN
demonstration and INE
manual handling
qualities assessment
for up to 2 hours.,

CORE STAGE MAIN
ENGINE CUT OFF
With separation. Initiated with European

service module.

OUTBOUND TRANSIT
TO MOON
4 days outbound transit
along free return trajectory.
£N
LUNAR FLYBY Enter Earth's atmosphere.
4,000 nmi (mean)
lunar farside altitude. @ SPLASHI
Ship recovers astronauts

RANS-EARTH RETURN and capsule,
Retum Trajectory Correction
(RTC) burns as necessary
to aim for Earth's
atmosphere; travel ime
approximately 4 days.

PROXIMITY
OPERATIONS
DEMONSTRATION
SEQUENCE

https://www.nasa.gov/image-article/artem map-2/
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https://www.nasa.gov/image-article/artemis-ii-map-2/
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https://www.nasa.gov/image-article/artemis-ii-map-2/
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https://www.nasa.gov/image-article/artemis-ii-map-2/

3 Artemis |l Flight Trajectory

ARTEMIS Il
MISSION ANIMATIC

BROLL

Animation of segments of NASA's Artemis |l mission.
Segments include an animated m ssion trajectory, Orion
spacecraft separation from the rocket’s upper stage, ele
of a rendezvous and proximty operations demonstration
frans-lunar injection burn, ard Moon flyby.

TRT: 6:41
HQ Contact Racnel Kraft, Rachel.h. kreft@nasa.gov
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Artemis Il / OpCom Mission Objectives

Development Test Objective (DTO):

Implement a laser communications capability for the Orion series of

spacecraft, starting with Artemis I, in order to enhance its operational

utility by

1.  Transferring files from Mission Control Center(MCC) in Houston
to/from Orion

2. Transferring real-time video downlinks from Orion to MCC

3. Utilizing operational performance envelope by demonstrating
optical comm during various conditions

Optical Link Direction Data Rates (Mbps)

Up/Fwd 10, 207

*Nominal Rate

Orion
Operations

Optical Ground Ground

Segment Terminal
SN) (WSC & TMF )




]:[ Orion Storage and Data Rates

* Orion subsystems expected to
generate ~250 GB of data by FD1
alone and ~300GB by end of

mission

« Using S-Band alone, Orion limited
to ~ 7GB of data downlink per day.
Can not downlink all recorded data

« With just 1 hour/day of Optical
Comm, Orion could downlink ~
36GB of data per day, a 6x increase
per day!

« At the 260Mbps link capacity, Orion
could downlink 117GB per day
almost 20x increase

Storage Utilization (G Bytes)

« Two 1 Hr 260Mbps contacts per
day, Orion could downlink 234GB
per day, and all of the recorded
data on the second day

300

250

200

150

100

50

Orion Recorder Utilization

Lunar Obs / Perilune
I_I_l

Recorded Imagery

—

Storage
with 2

OpCom
260 Mbps

Downlinks
1

~ L

Storage with OpCom
260 Mbps Downlink

]

2 3 4 5 6

MET (Day)

Storage with constant
1Mbps S-Band Downlink

Storage with OpCom
80 Mbps Downlink

—
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BE

OpCom Mission Level Architecture Diagram

LEMNOS / 020 Optical Caommunication Sustem

Orion
Spacecraft
Element

S-Band RF link via DSN;
STE TLM, CMD

_UserData__:}]
(Video, CFDP) =%
80 Mbps

Orion Mission Control
Center (MCC)

' Metadata

J STE TLM,

srformance Data, =

3S Weather, File
Transfers

Voice loops

Lasercom Space Terminal

Internet/E-mail

D and

Power

Space
Conv P

Terminal
Element
(STE)

Controller

Electronics

2
ol

Free Space Optical Comm Link
Downlink: 20 — 250 Mbps
Uplink: 10 — 20 Mbps

Ground Data Element (GDE)

- Centralized mission data I/F

- Real-time streaming of User
Data, GS Performance Data, GS
Weather Data, and STE TLM

( Ground
¥ Terminal
at WSC

Ground
’ Terminal
at TMF

- Data archive
- Stored data file transfers

Stored Data Retrieval,
STETLM

User Data §
80 Mbps :
Weather, Performance Data STETLM &
Service Configs, Pointing Files
Ground Segment Operations
& Analysis (GSOA) E-mail

Planning &
cheduling, Analysis
Data, Service
‘onfigs, Ephemeri§

Planning and Analysis
[E] center (LPAC)

1
1
1
1
1
1
1
1
: Console (LSTC)
1
1
1
1
1
1

Orion Ops Element

Voice loops 3 !

- GS planning & scheduling

- Generate GS pointing files
- Analysis of GS services

020 Ground Segment (020GS)

Planning & Scheduling,

Analysis Data, Service
Configs, Pointing Files

Voice loops

Legend

GSFC/ MITLL
“Developer”

JLEMNOS

“L2 Element”

JsC/m

User Data

............
s "
"""""

MetaData  ""fTraalii..c.esessct

6 organizations
— Johnson Space Center (JSC)
— Lockheed Martin (LM)
— Goddard Space Flight Center (GSFC)
— Space Network (SN)
— MIT Lincoln Lab (MITLL)
— Jet Propulsion Lab (JPL)

5 major system elements:
— Orion Spacecraft
— Space Terminal (OpCom Payload)
— Ground Terminal
— Ground Data Element
— Orion Operations

2 possible ground terminals
— White Sands
— JPL’s Table Mountain Facility (TMF)

FTh1B.1, Optical Comm- 19
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020 Space Terminal Payload

iModem Module

'— Optical Module

qrd-M CACI @ 13HARRIS BLUZHALG) =5g=
Space Fight Cortor

« 020 payload employs industry-built
modules/sub-assemblies
— Modem module
— Controller electronics module
— Gimbal subassembly
— Telescope subassembly
— Power converter unit

« Optical Module integrated in-house by
MIT Lincoln Laboratory

« Complete payload integrated and
tested at MIT Lincoln Laboratory

Status: 020 payload is currently
integrated on Artemis Il spacecraft!

FTh1B.1, Optical Comm- 20
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]:[ 020 Mission Ground Terminals

« White Sands Facility * Table Mountain Facility
— MIT LL/NASA GSFC collaboration — NASA JPL’s Optical Comm Telescope Laboratory
— Previously used as ground terminal for LLCD — Provided ground terminal for LLCD, LCRD, TBIRD

— 2 x40 cm apertures for downlink, SNSPD arrays
— 4 x 15 cm apertures for uplink

— 1 meter aperture
« SNSPD array for downlink receiver
* 4 sub-apertures for uplink

FTh1B.1, Optical Comm- 21
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]:[ 020 Payload as installed on Artemis Il Orion Vehicle

| —
s

h Crew Module

\

Crew Module

Y
N
Bliwiy

Controller
Electronics
Module

‘ Spacecraft E
I Adaptor
T

5 ] 1 i A -
ol o
! G . G
. R ! oy o
- »
- ! \ . -
| . 3 2
| =g A -’ i H -
A ' e i \ - il ! '
7 X | H d / !
’ F
i - f
—

March 7, 2025
Artemis Il solar wing
installation complete
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I&] Where is Artemis Il Orion Now?

YF;";' LT
[N A L

-

! |
ig g™ "

May 3, 2025:
Artemis Il Orion capsule on its way to Multi-
Payload Processing Facility

https://www.nasa.gov/wp-content/uploads/2023/03/s70-54121.jpg.

October 2025 (TBD)
September 19, 2025: Vehicle Assembly Building (VAB) for
launch abort system facility installation on top of rocket!!
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@ Summary

 Recent surge in laser communications for Low Earth Orbit fueled by easily available
telecom parts and newer specialty space-grade components, subsystems, and
systems

« Laser communications offers high bandwidth communications links required to
support human exploration to Moon and beyond

« Artemis Il mission will carry lasercom payload (260 Mbps downlink, 20 Mbps uplink)

- High-def video, file transfer, real-time bi-directional conference calling will all be enabled

« 020 payload is currently installed on Artemis Il Orion capsule and ready for launch in
2026

FTh1B.1, Optical Comm- 24 LINCOLN LABORATORY
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