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& Timeline of Early Space Exploration

1957 1969
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(Marconi) radio broadcast (Marconi) (BBC) (Shannon) 0.3 Hz Modulation (Bell Labs) Moon
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Great Moments in Space Communications History
Apollo 11, 20 July 1969
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@ Great Moments in Space Communications History
- A Pale Blue Dot, 14 February 1990

You Are
Here

Consider again that dot. That's
here. That's home. That's us. On
It everyone you love, everyone
you know, everyone you ever
heard of, every human being who
ever was, lived out their lives.

Image of Earth captured by
Voyager 1 from ~ 6 billion km,
14 February 1990

— Carl Sagan

Space-Based Optical Communications - 4 http://visibleearth.nasa.gov/view_rec.php?id=601 LINCOLN LABORATORY

BR 4/01/25 MASSACHUSETTS INSTITUTE OF TECHNOLOGY



\ _.\\\
ipg
PIA21839.jp
- ipeg/PI
nal.jpl.ndsa.gov/jp
:/lphotojournal.
https://p



@ Great Moments in Space Communications History
- A Pale Blue Dot, 14 February 1990
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@ Communication Links to Great Distances
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X-band: 18 W
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& Timeline of Early Space Communications
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Optical Communications—A Decade
of Preparations

NILO LINDGREN
Despite the persistent work of a preciously small com-
munity of researchers, the past decade has produced so far,
only the bits and pieces for future systems whose forms of
implementation are in many ways still uncertain.

Moreover, the best judgement today is that practical
optical communication systems lie still far in the future.

“We are shown the way to enormous increases in
the present number of available communications
channels”

“We should be able to project light into very high-
intensity beams for space communications”

- T. Maiman, press conference
announcing invention of the ruby laser,
7 July 1960

1960
Invention of the
laser
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@ Leveraging Fiber Telecom Developments

HIGH-BANDWIDTH POINT-AHEAD MECHANISM

\
STEERING ——— sbe

MECHANISM = &5

DIAGNOSTICS g v
MODULE

Laser Intersatellite Transmission
Experiment (LITE) Engineering Model
(1988)

Brassboard Demo of First
Terminal w/ Fiber Components
(1990)

Terabyte Infrared Delivery
(TBIRD) Engineering Model w/
Fiber Telecom Transceivers
(2020)
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@ The First Space Lasercom Successes:
' GeoLITE and ALEX (1997-2002)

GeolLITE Airborne Laser Experiment
Lasercom Experiment ALEX Demonstrations (2002)

* Launch (18 May 2001) » World’s first successful demo of air-to-
« World’s first successful demo of high-rate, space duplex laser communications

space-based laser communications (12 June 2001)
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Lunar Laser Communication Demonstration (LLCD)
2013-2014

LADEE’s main science mission:
measure dust grains in lunar atmosphere
« 3 science payloads
 Lasercom tech demo
— 622 Mbps downlink from moon
— 20 Mbps uplink to moon
— ~1-cm ranging




@ Lunar Laser Communication Demonstration
- 2013-2014

Supercondcting nanowire
single photon detecting
(SNSPD) array

LLCD Space Terminal LLCD Ground
on LADEE* Terminal at WSC

High rate data delivery using lasercom (622/20 Mbps down/up)

Pointing, acquisition, and tracking of narrow laser beams
— Cooperative acquisition and tracking
— Inertial stabilization of space terminal

Error-free data delivery from Moon to Earth

Site diversity for cloud mitigation

Integration of lasercom into spacecraft and ground operations

NASA

Shace Based Optical Communicatiop ADEE: Lunar Atmosphere and Dust Environment Explorer  SCaN: Space Comm and Nav LINCOLN LABORATORY
ARC: Ames Research Center WSC: White Sands complex ESA: European Space Agency MASSACHUSETTS INSTITUTE OF TECHNOLOGY



LLCD Downlink Spot Size
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]@[ NASA Lasercom Technology Demonstrations

Laser Communication Relayv _
Demonstration (2022)

(ferwand) lasercom

N links to Earth on
e S first crewed
e N g mission to Moon

- =il

Q,U'\* il

% Geosynchronous o \

% relay with two -, il S
- % lasercom terminals- S

Jconnecting to space’
i - and ground
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NASA Deep Space Optical Comm
2023-Present

Superconducting nanowire
single photon detecting
(SNSPD) array

DSOC Space Terminal
on PSYCHE

Spacecraft en route to Psyche asteroid

NASA'’s first truly deep space lasercom-
demonstrated at up to 3.3 a.u.

8.3-267 Mbps return (depending on range)

Mutliple, distributed receive apertures in
southern CA

Hale Telescope receiver
OCTL transmitter

Photos courtesy of NASA
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TESAT LASERCOM FRoM 2008 T0 2025 Z TESAT

» 1997: First design for TELEDESIC, coherent 1064nm, 10 Gbps
» 2008: First LEO-LEO laser comms link - NFIRE /Terrasar X, 5.6 Gbps Binary Phase Shift Keying (BPSK) 1064nm

» 2014: Beginning of European Data Relay System, EDRS, 4 LEOs and 2 GEOs, >92.000 links so far and continuing
beyond 2030: 1.8 Gbps BPSK 1064nm, 7 terminals in space and operational, transmission volumes of up to
40 Terabytes per day

» 2021: Development of new space Scalable Optical Terminal SCOT 80 15" Gen for constellations like US Space
Development Agency

» 2024: In orbit validation of Scot80 laser comms for different customers

» 2025: Roll outs for Scot135 for MEO-GEQ, with up to 100 Gbps data rates and Nanosat Scot20 terminals
around 1550nm

» Other applications like Quantum Key Distribution and Navigation will be integrated into the SCOT product family

v
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@ Proliferated Low Earth Orbit Systems

« Emerging LEO satellite constellations provide
ubiquitous high-bandwidth untethered
terrestrial communications

« SpaceX, Amazon, Telesat, US Space
Development Agency, Qianfan, ...

Starlink Satellites in launch
configuration

« Optical intersatellite links greatly increase
system capacity

60

 Example: SpaceX Starlink*
— 200-Gbps crosslinks, in plane and cross plane
— >9,000 lasercom terminals in orbit
— >250,000 acquisitions per day
— >42 PB daily traffic over lasercom links
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—— No ISL
OISL 20.0 Gbps

« Capacity ultimately constrained by (RF) —— 0ISL 50.0 Gbps
space-to-ground links 0500 2000 2500 3000 3500 4000

# of gateway antennas [-]

System throughput [Tbps]
N
o
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@ TeraByte InfraRed Delivery (TBIRD) Mission

6U CubeSat in LEO (~12 kg) » Achieve robust data transfer through
3U Lasercom Payload s atmospheric channel

« Demonstrate body pointing architecture
o with payload pointing feedback

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

100 Gbps Commercial
Transceivers

Enabling Technology: 200 Gb p
S dO

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

TBIRD - 20 LINCOLN LABORATORY
KR 8/28/24 LEO: Low Earth Orbit MASSACHUSETTS INSTITUTE OF TECHNOLOGY
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]@[ Impact of Atmospheric Turbulence on Fiber-Based Receivers

/ Space or
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 Turbulence causes scintillation
— Power-in-bucket fluctuations

» Turbulence causes coupling loss

— Adaptive optics system attempts
to correct wavefront

— Spot wanders and breaks up

Communications architecture must be robust to atmospheric fading

Space-Based Optical Communications - 21
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]@[ TBIRD Automatic Repeat ReQuest (ARQ)

Space Terminal

Stop-and-wait virtual
channel 1
& 100G | 100 Gbps
o Stop-and-wait virtual " Modem1
Storage channel 2
Buffer :
Stop-and-wait virtual ,| 100 Gbps
channel N=1752 100G | _Modem2

« Selective-repeat ARQ
« Large ARQ frames (15/30 MB)

e ~2000 virtual channels

Ground Terminal

~2 kbps Uplink
Feedback
_

~kbps sufficient for
kHz class fading
dynamics

RX Power (dBm)

-20
-30
-40
-50

Data Buffer 0O = 15 MB ARQ frame

P

FEC

WA/\/\N“’\A/\ AW,
J uE AT

Received Power-in-Fiber

threshold
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I&] TBIRD Pass Example 5/17/23

* Link operated at 200 Gbps

Elevation Angle (deg)

* ARQ results in lower throughput of
reliable data; varies through pass due to

atmospheric fading and changing link 08:49  08:50 0851  08:52  08:53  08:54 0855
May 17, 2023
range 200 Throughput (Gbps)
] ) ] 150 Measured| _
« Downlinked 4.8 TB error-free in 5 minutes @ Model 1 |
o 100 Model 2
_ 50 h:\\ .
 Fastest demonstrated fastest downlink 0 ' - - - - '
. 08:49 08:50 08:51 08:52 08:53 08:54 08:55
from space; largest data volume delivered _ _ May 17, 2023
from LEO to ground 6 . Cumulative Data Delivered (TB) .
8ol i
|G_J 1 1 1 1 1 1
0 08:49 08:50 08:51 08:52 08:53 08:54 08:55
May 17, 2023
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@ Communication Links to Great Distances
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@ Improving Performance in the Atmospheric Channel

* Example:

User rate: 100 Gbps error-free
— Total code rate 0.435
Baud rate 57.5 Gbaud

Receiver Sensitivity vs. Total Code Rate
Erasure Code Rate

10

0.5 0.7 0.90.95

photons per info bit (dB)
.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Total FEC code rate (inner x outer)

-40.1
dBm

-42.7
dBm

-45.8
dBm

Physical Layer

Link Layer

— | =3 i
- v
—>| >—»| 0O
; i
.

OpenZR+ 100G
transceivers,
rate 0.87 oFEC

\ 4

Rate-1/2
erasure code

v

: Cohe_rent
Receiver

.| Rate 0.62

\ 4

Rate 0.7

FEC

Coherent
Receiver

A\ 4

De-

Rate 0.43

interleaver FEC

| erasure code

v

Space-Based Optical Communications - 25
BR 4/01/25

Coding approaches tailored to atmospheric channel can offer

substantial performance improvement
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@ Reducing Atmospheric Losses
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aser

« Atmospheric turbulence increases coupling losses to

m
O
>
wv

single-mode receivers (D s Coherene recaiver Ly

- Adaptive optics traditionally used to mitigate losses go:o > L, gt
(e.g. TBIRD, LCRD) £ : I s (ol
— Complex; expensive g ° = -
— Does not correct amplitude variations 0:0 [P coherent Receiver [ 03

* Geisler, et al., demonstrated mitigation approach of Multi-aperture digital coherent combining

combining small apertures after digital coherent

d et e Ct I O n a) Free Space Span with MMF Pre-amplification
160m Freespace Turbulent Link 30 of HME Turbulent beam
SMF Collection Fiber captured in MMF
Li ch 4

A

« Telecom developments for spatial mode multiplexed
systems may be applicable

Cladding Pumped MMF Amplifier b) Mode Mux

45 Mode Demultiplexer c) Receiver

Mode Profiles Apertures
(Measured)

. R v e Matc ° Lammy
— Multi-mode amplifiers** T e > o]
1 Bl fundamental
. : : % $ & %
— Photonic lanterns for mode multiplexing g & g @
3 g 8 E x: B % Group 4
2R =] N ()
|91 e
Group 9 \ Group 9
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@ Improving Recelver Sensitivity

 Photon-counting receivers offer potentially 10+dB improvement 2]
in sensitivity over telecom coherent receivers o 10
e Pre-Amplified
g 5| DPSK |
* Nokia Bell Labs demonstrated 14 bits per photon £ %
demonstrated— 4X better than theoretical best performance from 2 Telecom: Modul
coherent receiver* o @100 Gbps Pre-Amplified
2 0r Coherent 1
S NASA DSOC
. . s @ 8 Mbps
« NASA LLCD, DSOC demos used superconducting nanowire S 5h
photon counting arrays with ~Gcount/s capabilities, providing =
~100 Mbps datarates > Quantum
2 Lol Limit
S 10
o
« Larger arrays with more sophisticated read-outs (e.g. SFQ) m 107 10° 10’ 10° 10°
could enable ~10 Gbit/s links Bandwidth Expansion (Hz / bit/s)
* Needs
— High-count-rate high-bandwidth photon counters Hybrid
. . . o . superconducting
— High-bandwidth high-peak-power efficient transmitters photon counting
— Good background rejection (spatial and spectral) for ground array + SFQ
receivers readout
(MITLL)*
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]@[ Quantum Networking Ranges and Applications

Quantum entanglement distribution across large distances enables distributed applications

« Quantum networking enables mE Quantum Computing
g Enhanced Sensing

— Distributed quantum computing Space User MEOIGEO
1L -secure Comm

— Enhanced long-baseline sensing
— Enhanced / Secure communications

* Link losses directly impact quantum
entanglement distribution— mid-span
amplification not possible

\. Satellite

* Fiber losses between regional sites may
exceed free-space transmission losses

— E.g. Boston to Washington, D.C.,
fiber losses >170 dB

Space-Based Optical Communications - 28
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]@[ Summary

« 40 years after invention of the laser, the utility of lasercom for space communications
has finally been realized

 Today, optical communications is enabling revolutionary capabilities
— Broadband ubiquitous untethered terrestrial communications
— High-rate deep space communications

« Future developments will lead to advanced performance
— Advanced signal processing
— Photon counting detectors
— Atmospheric compensation
— Quantum state distribution
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