An Envisioned Future for
Space Optjcal Systems

Canadian Optical Satcom Consortium =

Bernard Edwards
' Deputy Communications. & Naviéation_S
‘Space Technology Mission Directorate
NASA hie




A Vision for NASA Communications Jssﬁ
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Notional Examples of the Impact of Achieving the
Communications Vision
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NASA’s Transition to Commercial Communications Services

Trends Current NASA activities

Transition to End-to-end commercial services
commercial demonstrations using various technologies,
SATCOM orbits, and data pathways are taking place

through 2030.

Growing NASA is establishing a broader direct-to-
direct-to-Earth Earth commercial market and is
market transitioning from service provider to
commercial user.

Adoption of NASA is increasing engagement with
standards and commercial standards bodies such as 3GPP
technologies (39 Generation Partnership Project) Cellular
Standards Group and investing in critical
technologies like wideband terminals.

Impact on 2030+ Near Earth
communications

Users will transition from the NASA Tracking
and Data Relay Satellite System to
commercial SATCOM services.

Users will be able to access and seamlessly
switch between a variety of service provider
options based on real-time mission needs.

Adoption of commercial standards in
addition to the continued use of CCSDS
stnardss where appropriate will provide
operational efficiencies and interoperability
benefits to NASA missions.

Commercial Services Can Meet NASA’s Near Earth and Lunar Communications and Navigation Needs




Near Earth Optical (1 of 3)

Direct-to-Earth User and Ground Terminals —
Investments Paving the Way for Future Ops

COTS-based Small User Terminal is demonstrated

on the TeraByte InfraRed Delivery (TBIRD) mission
Launch: May 2022, 6-month primary mission

« Data rate: 200 Gbps

« Collaboration with STMD/SST

» Ready for operational infusion once TBIRD has completed full
capability testing

Low-Cost Optical Terminal (LCOT)

« Initial Article: 2026

« 1 m aperture capable of coherent lunar DTE support
» International collaboration target

« Atmospheric correction system

* In development

Optical Ground Terminals — Need minimum set of

ground locations
« Would like to use commercial ground terminals
* NASA Experimental optical grounds stations in HI, CA and NM

* 6U CubeSat Payload
» 2TB On-board Storage
* 200 Gbps LEO to Earth

* 1 meter
» In Development

LCOT

il

TBIRD LCOT

Launch: May 2022 Initial Article 2026

Optical User + Ground Terminals



Near Earth Optical (2 of 3)

Experimental GEO Relay Optical Terminal in

Operations LCRD

1.244 Gbps
Optical Relay
(622 Mbps RF down)

Laser Communications Relay Demonstration (LCRD)

* Launch Date: December 2021

* Purpose: Demonstrate GEO optical relay (Similar to
TDRS for RF)

» Hosted payload: US Air Force; STPSat-6 (GEO satellite)

« Date rate: 1.244 Gbps user rate (2.88 Gbps uncoded)

ILLUMA-T on ISS

1.244 Gbps / 155 Mbps
Relay User (ISS)

LEO User Relay Terminal ready for Demonstration

Integrated LCRD LEO User Modem and Amplifier

Terminal (ILLUMA-T) Kﬁg - .. |

« Launch Date: Late 2023 on SpaceX-27 to ISS 5

* 6-month primary mission
* Purpose: Demonstrate optical communication via GEO
relay with ISS/ILLUMA-T as the LEO user

LCRD ILLUMA-T
Launch: Dec. 2021 Launch: 2023

Optical Ground Terminals



Near Earth Optical (3 of 3)

Six SATCOM vendors were selected in June 2022 for the first cycle of development and demonstration activities, laying the groundwork to
replace TDRS with commercial services
Two of the six will demonstrate optical communication
Numerous commercial communications service providers and aerospace companies are developing optical communications with primary
focus on intersatellite links

Inmarsat

Commercial GEO L-
band relay network
Low-rate SATCOM
services

Support to routine
missions, contingency
operations, launch,
ascent, and early
operations

Kuiper Government

Solutions

Optical LEO network
High and low-rate
services

Supporting routine,
contingency, and early
operations

SES Government
Solutions

GEO and MEO network
with C-band and Ka-
band

High and low-rate
services

Supporting routine,
contingency, launch
and ascent, and early
operations

SpaceX

Optical LEO network
High-rate services
Routine, contingency,
launch and ascent, and
early operations
support

Telesat
U.S. Services

RF relay networks
offering C- and Ka-band
services for high and
low-rate
communications
Support to routine
missions

Viasat

GEO Ka-band relay
network

High- and low-rate
communications
services

Routine launch and
mission support




Lunar Optical

Future Lunar
Optical Relay

020 on Orion

80 Mbps return
20 Mbps forward
Direct to ground
(Genl rates)

.
2
i

LLCD 020 Coherent Modulation for Future Lunar Optical
2013 2024 lunar trunk links Relay

Optical Ground Terminals

Lunar Laser Communications Demonstration (LLCD)

« Launch Date: Sep 2013

« Demonstrated fundamental concepts of laser communications
from Moon for Direct-to-Earth links at 622 Mbps

Lunar user optical terminal demonstration on Orion

Artemis Il Optical (020)

* Lunch Date: 2024 (Artemis II)

« Demonstrate crewed DTE optical link capability from Moon

« Enables return of all onboard data before vehicle Earth return

Higher data rates for lunar trunk links

« Current deep space optical links support data rates < 1 Gbps
» Coherent optical links enable 5-10 Gbps from Moon

« Could be available for lunar demo in late 2020s

Lunar Optical Ground Terminals for Artemis

« Existing experimental optical ground terminal in HI, CA, and NM

« Would like an additional 3-4 optical ground terminals around the
globe to support Artemis; gaining southern hemisphere
coverage is especially important



Potential Optical Communications for Future Artemis Missions '&"*‘
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Deep Space Optical

, m DSOC Gen-1 User Terminal
£V DSOC on Discovery Psyche
- “&f}  Asteroid Mission

\ N 267 Mbps / 1.6 kbps maximum

1 Mbps @ 2.6 AU to Palomar
~2 Mbps @ 2.6 AU w/ RF/optical

Deep Space Optical Communications (DSOC) on ;
Discovery Pysche Mission /
* Launch Date: Oct 2023 2
* Purpose: Demonstrate deep space optical links on )

outbound trajectory to 2.6 AU (Mars-far-like distance)
+ Collaboration with STMD/GCD and SMD

RF/Optical Hybrid Antenna
Integrate 8-m optical

apertures into a DSN

34m Beam Waveguide

antenna

RF/Optical Hybrid Antenna
» Lowest cost option for large, 8m, ground terminals

- Two can be arrayed for 11.3m aperture o= T - .HHMWWW
« Maximally leverages existing DSN infrastructure i‘@é’g IR YT

] n

Optical will be essential for future human missions to Mars
* RF insufficient even for first missions to collect planning

H e :.'L'*‘s— - TALER p _ i
data/imagery PSVChe’DTSe?r%iggl“ca' 0 RF/Optical Hybrid Antenna
 Up/down-link rates needed for crewed operations
P P Launch: Delayed (TBD) (Ready to SUREES.

Optical Ground Terminals



Deep Space Optical Architecture
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Mars Direct to Earth Example g
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Achievable Future Capability — Antenna Size and Power are Challenging but Doable 34m DSN

Future Capability — Antenna Size Challenging, Power an Extreme Challenge

. 22
| ~1Mbps - o 40 W @
=~ Current Capability — DSOC Reference E:
Foj— . . . oevdiooment 1 B | 5%™
© Achievable Future Capability — Power Achievable Now, 8m Receive Aperture in Development 5 o 200 W
Q =
(¢o] I:l
O >100 Mbps = 50 cm
“© Achievable Future Capability — Array of Two 8m, 11.3m equivalent, in line with NASA/JPL Planning I o 200 W Array of 2 8m
O
oy >100 Mbps S
®) Achievable Future Capability — Space Hardened Long Life 50 Watt HPOA Required I o 500 W
E Array of Six 2.5m
Spacecraft RF Spacecraft Power for RF Spacecraft Power for Optical Spacecraft Optical Optical Receive Not to scale
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International Standards (1 of 2)

* NASA is working closely with other civil
space agencies and industry to develop
optical communications standards via
the Consultative Committee for Space

Data Systems (CCSDS) CCSDS Transfer Frames

C -_ e Qe el OPTICAL HIGH DATA RATE
- s Tlio e COMMUNICATIONS R COMMUNICATIONS
I nt S140 pe ra bl I Ity O f I ey PHYSICAL LAYER PHYSICAL LAYER 4 (HDR) COMMUNICATION —

ground optical communications
terminals

* (2) Recommendations for
characterizing the atmosphere
channel and for the concept of
operations for space-to-ground
links 13

Free-Space Optical Channel



International Standards (2 of 2)
* Published Books:

NAS / \ S/JAXA/NICT Orange Book: Opt h Data Rate oqmunucatuons—lSSO nm

Blue Book: Optical Communications Physical Layer (Covers High Photon Efficiency)

Blue Book: Optical Communications Coding and Synchronization (Covers High Photon Efficiency)
Green Book: Atmospheric Characterization For Optical Communication Systems

Magenta Book: Atmospheric Characterization and Forecasting for Optical Link Operations
ESA/DLR Orange Book: Optical ngh Data Rate Commumcatlons — 1064 nm

-t & |
P— LSRN ] 2
RS aas & |
|

JLiLd Nl O

tld'ha Comhgand Synchronizatign (Will include

= .x‘

' s Recommendations)

 Future Work:

Adding Ranging and Time Transfer to High Photon Efficiency

Develop a Green Book on Optical Communications (Will provide background information and insights
into how to use the Blue Books)

Develop a Blue Book Recommendation for High Data Rate, High Performance Coherent Optical
Communications

14



International Standards (3 of 3)
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Summary

Near Earth

SCaN Foundation / Accomplished:

T-BIRD demonstration 2022 .
LCRD in demonstration operations
ILLUMA-T ready for ISS demo in 2023 .

Commercial SATCOM optical demos
awarded
Low-Cost Optical Terminal (Ground)

advancement .
Forward Strategy:

Transfer optical DTE capability to .

commercial

Bring commercial space-to-space optical .

services into operations

Extending Commercial
Capabilities to Space

SCaN Foundation / Accomplished:

Forward Strategy:

Mars and Deep Space

SCaN Foundation / Accomplished:

Building upon the 2013 Lunar Laser * Deep Space Optical Comm (DSOC)
Communications Demonstration (LLCD) terminal ready for flight

Optical demo on Orion on track for 2024 * DSN hybrid RF/optical progress — 7
(020) segment mirror installed on DSS-13

Forward Strategy:

Pursue optical trunk and local optical * Psyche demo to validate architecture
relay capability e Optical infusion essential for human
Leverage 020 terminal into future Orion Mars

flights

Diversify optical Earth ground sites with
partners and industry, build on LCOT
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Optical Communications Technology Demonstrations

From Near Earth/Moon

LCRD 020
1.244 Gbps Lunar: 250/20 Mbps
Optical Relay (Gen2 Rates)

(622 Mbps RF down)

ILLUMA-T on ISS

¥ 1.244 Gbps/ 155 Mbps
%3 Relay User (ISS)

TBIRD
2022

LCRD
2021

ILLUMA-T oyle) Lunar Relay
2023 2024 (Artemis IlI) TBD

)

PSC73_092419

To Deep Space

DSOC Gen-1 User Terminal

DSOC on Discovery Psyche
Asteroid Mission

267 Mbps / 1.6 kbps maximum

1 Mbps @ 2.6 AU to Palomar

~2 Mbps @ 2.6 AU w/ RF/optical

RF/Optical Hybrid Antenna
Integrate 8-m optical

apertures into a DSN

34m Beam Waveguide

antenna

Psyche/DSOC Optic
Terminal

(2023)

Advanced DSOC Opti
Terminal (2026




Terabyte Infrared Delivery (TBIRD) Mission

* Leverage fiber telecom equipment for
200 Gbps burst delivery (TBs per
pass)

 Downlinked 4.8 TB error-free in single
pass

» Body pointed with payload pointing...«
feedback

6U CubeSat in LEO
3U Lasercom payload

Gp,
sdo, *
- li “

Ground terminal at JPL’s
Optical Communication
Telescope Laboratory (OCTL)
In Southern California

LINCOLN LABORATORY

MASSACHUSETTS INSTITUTE OF TECHNOLOGY



TBIRD Data Delivery Example (5/17/23)

Total data delivered (TB)

« Operated in 200 Gbps mode (100 Gbps _ /
O | | | |

on two Wavelength channels) 08:50 08:51 08:52 08:53 08:54
May 17, 2023

N

N

Terabytes

Throughput (Gbps)

 Downlinked 4.8 TB error-freein 5 200
minutes (%100_
 Throughput is the end-to-end error free 0 - - - -
. 08:50 08:51 08:52 08:53 08:54
data rate (1-second averaging) May 17, 2023

Elevation angle (deg)

« Reached 200 Gbps throughput 328/\
> 40F -
T 20 -

1 1 1 1 1
08:50 08:51 08:52 08:53 08:54
Time (UTC) May 17, 2023

TBIRD has achieved the fastest downlink from space




Deep Space Optical Communications (DSOC)
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PPM Tra nsmitter DSOC Gen-1 Optical User Terminal ‘@
Wlth Photon DSOC on Psyche Asteroid Mission 2023
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Counting Receiver
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Optical Communications for Human Space Exploration @[

ILLUMA-T | 020
(Integrated LCRD LEO User Modem and (Orion AM-2 Optical Comm)
Amplifier Terminal)

1.2 Gbps return 80 Mbps return
155* Mbps forward 20 Mbps forward
To ground via LCRD relay (Genl rates)

Direct to ground (WSC, TMF)
“ﬂf Completed system level vibe
and TVAC — July 2023 8-21 day mission on first crewed il
Artemis Mission (AM-2) 7 /} '
- November 1, 2023 Launch '

on SpaceX-29 Handover and mechanical integration to @_ﬁ&n‘—

completed July 2023

~6 Month Mission
2024 Launch on Orion/SLS

@ (yNAsAJohnson LA N
2" Space Center PN

AsH () NASA Johnson /
@ @ LOCKHEED MARTIN _ S Space Center "&\Sﬁ

S0




2021 Laser Communications Relay Demonstration (LCRD)

Launched Decem ber 2021

"~ Mission duration:
~+» Two-year ops demo

Hosted payload: US Air Force %
Space Test Program Satellite — 6 (SfFPSat-G)

Gro_Und stations:
-+ California
 Hawalil

Partnership:

* NASA Goddard Space Flight Center
« NASA Jet Propulsion Laboratory

«  MIT Lincoln Laboratory

« STMD/Technology Demonstration Missions
« Space Communications and Navigation

Flight payload:

Two 10.8 cm Optiéal Modules and Controller
Electronics Modules

Two software-defined DPSK Modems with 2.88
Gbps data rate (1.244 Gbps coded user rate)

that can also support PPM .

622 Mbps Ka-band RF downlink

New High Speed Switching Unit to interconnect
the three terminals —

. ht ps llesc. gsfc ‘nasa. gov/prOJects/LCRD
ail: Icrd experlments@nasa onmicrosoft.com

% -~ 24



Lunar Laser Communications Demonstration (LLCD)

Launched Sep 6, 2013

Flown on Moon on the Lunar Atmosphere and Dust
Environment Explorer (LADEE)

» Goal: demonstrate fundamental concepts of laser
communications beyond GEO

* Led by NASA GSFC, space terminal and primary ground
terminal (Lunar Laser Communication System) built by MIT/LL

« LLCD resulted in record-breaking achievement using
broadband lasers for space communications

» Used pulsed laser beam to exchange data and high-definition
video between lunar-orbiting terminal and ground station at
White Sands, New Mexico

Popular, &5 2014 A&
Mechanics G
THE 2014 ° ,'_’/ A 5
RAD TEm
-
WINNER
2014 Popular Mechanics 2014 R&D 100 Winning Nominated for the National Winner of the National
Breakthrough Award for Technology in Aeronautic Association's Space Club’s Nelson P.
Leadership and Innovation for Communications Robert J. Collier Trophy Jackson Award for
LADEE category 2015

LLCD system:
50% less mass
25% less power

6x data-rate
than comparable
(LRO) RF system

€ IMMEDIATE LASER CONTACT on
October 17, 2013 \
N\ 0 \ A\ \ e
¢ LLCD returned data by laserto =~

Earth at a record 622 Megabits —
per.second (Mbps) =%

¢ = Streaming 30+ HDTV.
Channels Simultaneously

€ Ended Nov 22, 2013

Data received via

four 40 cm downlink
telescopes

(0.50 m? surface area)

Revolutionary capability for space users | 25




Field Guide to CCSDS Book Colors

BLUE BOOKS

Recommended Standards

Normative and sufficiently detailed (and pre-
tested) so they can be used to directly and
independently implement interoperable
systems (given that options are specified).

ORANGE BOOKS

Experimental

Normative, but may be very new technology
hat does not yet have consensus of
enough agencies to standardize.

MAGENTA BOOKS

Recommended Practices
Normative, but at a level that is not directly
implementable for interoperability. These
are Reference Architectures, APIs,
operational practices, etc.

YELLOW BOOKS

Administrative
CCSDS Procedures, Proceedings, Test
eports, etc.

\ SILVER BOOKS

' Historical

Deprecated and retired documents that are
pkept available to support existing or legacy
% implementations. Implication is that other
i agencies may not cross-support.

GREEN BOOKS

Informative Documents

Not normative. These may be foundational
for Blue/Magenta books, describing their
applicability, overall archtecture, ops
concept, etc.

PINK BOOKS/SHEETS

Draft Revisions For Review

Draft Revisions to Blue or Magenta books
hat are circulated for agency review.

Pink Books are reissues of the full book,
Pink Sheets are change pages only. 2g

RED BOOKS

Draft Standards/Practices

Drafts of future Blue/Magenta books that
re in agency review. Use caution with
these... they can change before release.




