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]@[ Communications for Human Space Exploration

National Aeronautics and
Space Administration

NASA’S

MOON TO MARS
STRATEGY AND
OBJECTIVES

DEVELOPMENT

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

https://www.nasa.gov/wp-content/uploads/2023/04/m2m_strategy_and_objectives_development.pdf

Monitor and
maintain crew
health

Characterize and
monitor space
and surface
environments

Remote support of
astronaut and
science missions
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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
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ILLUMA-T: First lasercom user
terminal for human exploration

ILLUMA-T: Integrated LCRD LEO User Modem and Amplifier Terminal
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]@[ ILLUMA-T

Develop an optical communications

Py Eet“m:?-z““Gbps user terminal to demonstrate
AP Tyl orward: 155 Mbps
LCRD (GEO Relay) S Terminal) _ data transfer between low Earth
orbit and the ground through
—> Optical link i a geosynchronous relay

=P RF link

* Mature lasercom systems as precursor to

f
il — e
1

_ RF Ground - / optical relays at the moon and Mars
§ JPL Optical S O (
|| Ground Station | crp Ops v « Foster development of lasercom industry
S o B through tech transfer
. gg"l‘:";‘l'('j%f;'t‘l’g:l | Y  Provide high rate forward and return links
Sea for human spaceflight on ISS to alleviate
o | existing bandwidth bottlenecks
* Provide bi-directional Ethernet data
connection to ISS
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@ Maturing Lasercom Systems

 Expanding beyond point-to-point

Return: 1.244 Gb Nis :
PR , e technology demonstrations
S . Relay architecture with multiple
—> Optical link space nodes & multiple ground
=P RF link stations

== Data, CMD, TLM

Sl - Data delivery beyond “physical
Wi o layer” considerations

ILLUMATT
Ops Cfer

Eﬂ
et |
' RF Ground

JPL Optical Station &

Y Ground station | e & * Operations and coordination

Including relay, 1SS (host),
payload, and multiple ground
stations

Hawaii Optical
~.Ground Station

I

\ J

Ground user datanetwork
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ILLUMA-T: ISS Space Terminal

ILLUMA-T Space Terminal
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ILLUMA-T: ISS Space Terminal

ILLUMA-T Space Terminal

— N UStry
NASA GSFC
MIT LL

GSFC: Goddard Space Flight Center
ISS: International Space Station

em—

Modular, Agile, Scalable
Optical Terminal
(MAScOT)

it % PN
Controller Electronics
(E=AR)

.
'

Latch and Gimbal (ATA)

Backend Optics (MIT LL)

Sled (GSEC)

Power Converter
(GSFC)
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% Supporting Lasercom Proliferation

Telescope

é‘:‘ﬂ-

Research and Devel
suuma"wmm

Star
Tracker

OPTICAL HIGH DATA : A s
RATE (HDR) QEQB;QI ay) modem

COMMUNICATION—
1550 NM

EXPERIMENTAL SPECIFICATION
CCSDS 141.10-0-1

ORANGE BOOK
June 2022
' : ~ . ILLUMA-T (ISS) modem
Vo S S Backend Optics
el 3 Assembly (BOA)
MAScOT: a multi-mission optical head design Multi-rate high data rate communications
* Near-hemispherical field of regard * Multi-rate communications to accommodatea
_ range of link distances, support multiple
* Modular design users, and provide fall-back modes
* Customizable - Development of standards to foster
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&3 ILLUMA-T Timeline

System Req’ts
Review 2017

Preliminary Design
Review 2018

Critical Design
Review 2019

Assembly, Payload
Integration and  |ntegration and  Launch
Test at MIT LL Test at NASA

2017 2018-2021 2021-2022 2022 11/9/2023  11/11/2023 11/2023 12/2023-6/2024

Industry
Build

ISS Docking

and Transfer Commissioning Expe

Backend Optical
s

BOA
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E> On-Orbit Performance

« Summary
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ILLUMA-T Launch, Installation. and Commissioning ”%f‘

Installation and all initial checkouts successful!
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& On-Orbit Experiments

Lasercom Link Engineering Lasercom as Network Service Operational Use
Pointing, Acquisition, Tracking Applications (file transfer, streaming video) Routine establishment of links
Communications (physical layer) Handovers Reliable application performance
Delay tolerant networking User experience
Autonomy
DEC 2023 JAN 2024 FEB 2024 . .
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Successful completion of 36 experiments
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Orbit Visualization

ISS orbits every ~9'(>)yfihinut‘es
Each LEO-GEO pass lasts 20-40 minutes
LCRD operations 8 hrs / day, 5 days per week

~4-6 passes available per day ) e
120 5]y mmm——a el ] ) M ) )
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@ Outline @

* On-Orbit Performance
> ILLUMA-T Pass Overview
— Lasercom Link Engineering
— Lasercom as Network Service

« Summary
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ILLUMA-T Pass Overview e

g * Receive initial knowledge of ephemeris of
;’\LCRD Field of View LCRD and ISS
“ . +/-1mrad i
N — This tells the lasercom systems where to
N initialize pointing

 ILLUMA-T orientation calibrated to ISS

ILLUMA-T Beacon
260 prad L4, Y, . : : :
%‘*"Wﬂ’ Appropriate configurations on all segments

for selected experiments
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Lasercom Beam Examples

Quarter from across a football field
218 prad

0.012 degrees
d‘

ISS as seen from Earth:

275 prad
0.015 degrees
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[E] ILLUMA-T Pass Overview e

 ILLUMA-T beacon scans in a spiral pattern

\ LCRD Field of View « LCRD stares at expected location while
\,. *-1mrad transmitting forward comm beam

LCRD comm
14 yrad

ILLUMA-T Beacon \

260 prad M[l
/ . -y
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I&] ILLUMA-T Pass Overview

Eommunications

B Mo M e

 ILLUMA-T beacon scans in a spiral pattern

\ LCRD Field of View  LCRD stares at expected location while
N\, H-1mrad transmitting forward comm beam

e Once LCRD detects ILLUMA-T beacon, it can
p track on the beacon and maintain the
forward comm beam in the correct direction

LCRD comm
14 prad

ILLUMA-T Beacon

/ W e
N ”
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[E] ILLUMA-T Pass Overview e

T I TN

x. LCRD Field of View
.. +-1mrad

LCRD comm

14 yrad
ILLUMA-T comm

15 prad

ILLUMA-T Beacon

260 prad %%}/ﬂ
AN o
/4

ILLUMA-T beacon scans in a spiral pattern

LCRD stares at expected location while
transmitting forward comm beam

Once LCRD detects ILLUMA-T beacon, it can
track on the beacon and maintain the
forward comm beam in the correct direction

Once ILLUMA-T sees the forward comm
beam, it can track on it and maintain the
return comm beam back to LCRD

LCRD can then use the return comm beam to
refine its tracking
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[E] ILLUMA-T Pass Overview e

« LCRD & ILLUMA-T can maintain tracking using
comm beams

* Multiple comm modes available
LCRD comm — Return: 155 Mbps, 311 Mbps, 622 Mbps, 1.244 Gbps

14 prad ILLUMA-T comm — Forward: 51 Mbps, 155 Mbps
15 prad

« Each LEO-GEO pass lasts 20-40 min
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@ Outline

|:> Lasercom Link Engineering
— Lasercom as Network Service

« Summary
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@ Results: Pointing & Acquisition

Pointing Acquisition con

« Acquisition relies on initial ephemeris

— Initial acquisitions were not reliable due to multiple
GEO relay maneuvers and stale ISS ephemeris

Acquisition Performance
120%

0
0
& 100%
O % o o o
o : : , :

7 o" oo £ e * Multiple improvements made during experiments
c L] .O" .m
o  80% . bm. — Better updates of ISS ephemeris
(% oo — Re-calibrate orientation between ISS and ILLUMA-T
2 60% % Re-calibration of
2 ¢ ILLUMA-T orientation

L
S 0% ¢
S ® Commissioning  Additional time needed to improve acquisition
E 209, .. ® Experiments (Part 1) (12/18-4/18) success rates
= ¢ Experiments (Part 2) (4/18-6/27) — Evidence of slow mechanical orientation drift between
3 ISS & ILLUMA-T

0%
12/1/2023 1/1/2024 2/1/2024 3/3/2024 4/3/2024 5/4/2024 6/4/2024 7/5/2024

Date

— Solar weather may impact acquisition success

Successful acquisition rate of ~90%
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@ Results: Tracking

communications

« Tracking maintains beam alignment on fiber

HD

 |nitial performance exceeded requirement of
~4 urad on quad sensor

N

Quad Y Position [prad]
o

—Initial Tracking
== Specifcation

-8 -6 -4 -2 0 2 4 6 8
Quad X Position [prad]
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@ Results: Tracking

Nejo

m

« Tracking maintains beam alignment on fiber

HD

 |nitial performance exceeded requirement of
~4 urad on quad sensor

N

 Reduced bandwidth to improve rejection of
noise

— Conservative design robust against high
platform disturbances
— Initial Tracking

— On-orbit adjustment of parameters -6+ | — Improved Gain
== Specifcation

1
N

Quad Y Position [prad]
o

1
D

Quad X Position [prad]

On-orbit tracking performed better than required
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@ Results: Communications

Communications

o Mo 2 m

* Return Link: 1.244 Gbps 4 Return Link 1.244 Gbps
£
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@ Results: Communications

Communications

* Return Link: 1.244 Gbps Return Link 1.244 Gbps

LCRD Rx Fiber Power [dBm]

t Comm threshold: -57.6 dBm

Ground Station Rx Fiber Power [dBm]
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@ Communications at 1.244 Gbps

Communications

T T m

* Return Link: 1.244 Gbps 4 Return Link 1.244 Gbps
|
|
g |
3 |
5 -50 I Comm threshold: -58.2 dBm -
3 « [
[3)
o I
2 I
=
% |
o .55 I a
(a]
& |
9
— - L ———————————————
|
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-60 -55 -50 -45
Ground Station Rx Fiber Power [dBm]
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@ Communications at 1.244 Gbps

Communications

T T m

* Return Link: 1.244 Gbps 4 Return Link 1.244 Gbps
|
|
g |
3 |
=50 - | i
[<}]
3 |
o
. I
2 I “As-built” operating point
E | (conservative)
X .55 i
5 I 9dB .
O I 1.8 dB
U U . SR
|
_60 I L |
-60 -55 -50 -45

Ground Station Rx Fiber Power [dBm]
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@ Communications at 1.244 Gbps

Communications

T T M

* Return Link: 1.244 Gbps 4 Return Link 1.244 Gbps

(3]
o
T

11.6 dB

6.9dB

(3]
a
T
- O S S S S S e S e ..
A
v
>0

LCRD Rx Fiber Power [dBm]

-60 | L L
-60 -55 -50 -45

Ground Station Rx Fiber Power [dBm]

On-orbit link performed substantially better than (conservative) design
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@ Communications at 1.244 Gbps

Communications

T T M

* Return Link: 1.244 Gbps 4 Return Link 1.244 Gbps

I
I

E I

) I

w =50 - | =

[<}]

S I A®

]

o ! ¢

8 I

(1

3 ' o

-55 | -

a I ¢

e |

9
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I
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-60 -55 -50 -45
Ground Station Rx Fiber Power [dBm]
Space-to-space link performed at least as well as expected
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@ Communications at 1.244 Gbps

Communications

* Return Link: 1.244 Gbps

T

Return Link 1.244 Gbps

.45 |
1
—_ 1
5
) 1
w =50+ | .
()]
3 ' ¢
o 1 3.6dB ¢
3 I’ R e o ® >
E I XX -
.55 - ]
o ! ’
S 1
— L | L _— L} L} L] L] L] _— _— L] _— _— _. _— _— L |
1
-60 | ! L
-60 .55 -50 -45

Ground Station Rx Fiber Power [dBm]

Space to Ground link (through atmosphere) had errors above expected threshold
Additional data needed to fully characterize
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& Outline

|:> Lasercom as Network Service

« Summary
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&3 Lasercom as Network Service

Return: 1.244 Gbps

€T 4 Forward: 155 Mbps

LCRD (GEO Relay) VS SHERIIN 20\ ¥

=== Optical link
=P RF link
== Data, CMD, TLM

ILLUMAZT
Ops C#er

; RF Ground
JPL Optical Station &
Ground Station LCRD Ops

i Hawaii Optical
“.Ground Station

1

\ J
|

Ground user datanetwork
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@ Lasercom as Network Service

* Network connectivity instead of link
connectivity

» User applications

| &

l NASA Near Earth Network
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@ Lasercom as Network Service

« Network connectivity instead of link
connectivity

« User applications
« Handovers between ground stations

« Automation of ILLUMA-T pass
operations

« Data transfers between ISS & ground
« 4K streaming from ISS to ground

« 4K streaming from ground to ISS

>y
S

« Demonstration of Delay Tolerant
Networking (DTN) data custody
I between multiple nodes

NASA Near Earth Network

« Connectivity of ISS to aircraft through
NASA network
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@ Lasercom as Network Service

« Network connectivity instead of link
connectivity

« User applications

» Handovers between ground stations
Nowpthe beagle has landed! NASA is -

sending a video of Astrid the Beagle 2 , e Automation of ILLUMA-T pass
over laser links to and from space. - .
OperathnS

« Data transfers between ISS & ground

( v * 4K streaming from ISS to ground
N * 4K streaming from ground to ISS

« Demonstration of Delay Tolerant
I Networking (DTN) data custody

between multiple nodes
NASA Near Earth Network

« Connectivity of ISS to aircraft through
NASA network
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ILLUMA-T Operational Statistics . l @m
=3

-

Days
18 Dec 2023 — 27 June 2024

134 hours

Total experiment time

~5000 minutes

Active communications

~375 Thytes

First successful laser A - | Data from the ISS

communications terminal for

human spaceflight! : - ~45 TBytes
' Data to the ISS



]@[ What’s Next: Lunar

Source:NASA

ad

Vi N

Artemis Ilicrewed capsule Lunar Gateway concept

Similar hardware currently installed on Artemis Il crewed capsule
* Incorporated lessons learned from ILLUMA-T
« 9-day mission supporting human spaceflight in lunar environment

« Launch planned for Dec 2025

ILLUMA-T: Lasercom from the ISS - 41 LINCOLN LABORATORY
JPW 10/25/24 DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited. MASSACHUSETTS INSTITUTE OF TECHNOLOGY



SKYLA AGOSTINO
DENNIS ALTOBELLI
PETER ANDERSON
JAMES ANDRE
KENNETH AQUINO
ROY ARTHUR

TODD BAKER
ALICIA'BALDI
SCOTT BARTON
RITUPARNA BASU
MAGDALINE BATHORY
ROBERT BEAUDOIN
CASEY BENNETT
DON BOROSON
MELISSA BRENNAN
JOSHUA BROWN
ROBERT BUCHANAN
DAN BUD

JAMIE BURNSIDE
RAYMOND BUTLER
JESSICA CHANG
CHRISTIAN CONNOR
STEVEN CONSTANTINE
MICHAEL CROCKER
DAVID CROMPTON
ANDREW DAHIR

CATHERINE DEVOE
KIRSTEN DUGMORE
JUSTIN DUNBECK
JENNIFER FALCIGLIA

RICHARD FREDERICKSON

JAMES GARTEN
IGOR GASCHITS
DAVID GEISLER
NOAH GILBERT
STEVEN GILLMER
WILLIAM GINGRASS
YARI GOLDEN-CASTANO
OWEN GULDNER
SCOTT HAMILTON
DANIEL HAN
ROBERT HANLEY
MICHAEL HOGAN
DANIEL HOWE
WILLIAM.HUBBARD
SUNGEUN JEON
RICHARD KAMINSKY
ALEXANDRA KARLICEK
JOHN KAUFMA'NN
FARZANA KHATRI
ROBERT KIMBALL
STANLEY KOTOWSKI

Last known picture of ILLUMA-T, courtesy of Alan Hylton, GSFC

JAKE LAFORGE
JOSEPH LENNON
GLENN MATOT
ANTHONY MATT
KYLE MCANNEY
JOHN MCMAHON e
JOHN MERJANIAN
OLGA MIKULINAYE
JESSE MILLS
ELVIN MOQUETE
TASHA NAYLOR
IAN NEWMAN
PETER OBRIENA

MARK_PADULA | -
KHUSBU PATEL
MARK'PIERCE

e — K

ROBERT§{PROCTOR "™ *

_‘D
N

DAVID RADUE
MICHAEL® REED
ROBERT{REEVE

BRYAN ROBINSON

ARIEIASANDBERG

ROBERT SCHUL EIN
‘ ’

RAJDEEP. SHARMA
TINA SHIH

VISHWA SHUKLA
CORRIE SMEATON
MARSHALL SOLOMON
NEAL SPELLMEYER
MARK STEVENS
GERHARD STOECKEL
YIYOUNG SUN

JOHN SZABO

CRAIG THOMAS
JAMES TORRES
STEPHANIE TRUONG
LOUIS TUREK

BRIAN TWEED
JASON VEEREN
TROY VETH

JADE WANG
JOSEPH WARFEL
TERRI WELCH

JOHN WELLMAN
MATTHEW WILLIS
TIMOTHY. YARNALL
MICHAEL ZERVAS



@ Summary @

ILLUMA-T had substantial accomplishments in
short ~6 month mission

» Successfully validated optical
communications relay performance
for human spaceflight operations

* Provided “routine” operations of optical
communications links

 Matured processes for operational success

 |ldentified areas of improvement needed for
human operational use
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