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Abstract

This research aims to investigate the emerging technology of free-space optical
communication and its applications in the space industry. By employing light beams as
information carriers, this technology offers significantly higher bandwidth and
enhanced security compared to conventional RF methods. The study provides a
comprehensive review of the history of space missions aimed at developing and
utilizing the advantages of free-space optical communication. Furthermore, it delves
into the principles, challenges, and opportunities of this technology in various domains,
including satellite communication, space networks, and deep space exploration. The
research also explores existing technical challenges and potential solutions.
Additionally, by introducing and examining relevant standards and comparing the
achievements of leading countries in this field, a clear vision for the future of space
laser communication is presented. The findings of this research demonstrate that free-
space optical communication can play a pivotal role in developing space
communication infrastructure and revolutionizing space technologies. Therefore, a
precise strategy and a step-by-step roadmap are essential for achieving this technology
domestically.
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Figure 2-1: Photophone invented by Alexander Graham Bell [2]
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RF systems
Ka-band Millimeter-band
Transmut power 17.0 dBW 13.0 dBW
500 W 200 W
Frequency 320 GHz 60.0 GHz
Wavelength 9.4 mm 5.0 mm
Tx antenna diameter 22 m 19 m
Tx antenna gain 55.1 dB1 59.3 dB1
Feeder loss -3.0 dB 2.0 dB
EIRP 69.1 dBW 70.3 dBW
Pointing loss -0.3 dB -1.0 dB
Polarization loss -0.5 dB 0.5 dB
Beam divergence 0.25 deg 0.16 deg
Path loss -215.0 dB -220.5 dB
Rx antenna diameter 22 m 19 m
Rx antenna gain 55.1 dBi 59.3 dB1
Feeder loss 2.1 dB -15 dB
Receive power 937 dBW -93.8 dBW
System noise 29.6 dBK 29.8 dBK
G'T 234 dB/K 28.0 dB/K
Noise density -199.0 dBW -198.8 dBW
C/MN, 1053 dBHz 1050 dBHz
Required C/Nj 1020 dBHz  102.0 dBHz
Link margin 3.4 dB 3.0 dB
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Link scenario Data rate - Frequency band —
Optical Ka-band Millimeter-band

GEO-LEO

Antenna dia. 2.5 Gbps 102 em (1.0) 22 m (21.6) 1.9 m (18.6)
Mass 653 kg (1.0) 152.8 kg (23) 1319 kg (2.0)
Power 93.8 W (1.0) 213.9 W (2.3) 184.7 W (2.0)
GEO-GEO

Antenna dia. 2.5 Gbps 135 ecm (1.0) 21 m (15.6) 1.8 m (13.3)

Mass 864 kg (1.0) 1458 kg (L.7) 1250 kg (1.4)

Power 1242 W (1.0) 2042 W (1.6) 175.0 W (1.4)
LEO-LEO

Antenna dia. 2.5 Gbps 3.6 cm (1.0) 08 m (22.2) 07 m (19.4)
Mass 230 kg (1.0) 556 kg (2 486 kg (2.1)
Power 331 W (1.0) 77.8 W (2.3) 68.1 W (2.1)
Moon-satellite

Antenna dia. 155 Mbps 157 em (1.0) 35 m (22.3) 32 m (204

Mass 100.5 kg (1.0)
Power 1444 W (1.0)

2431 kg (24)
3403 W (2.4)

2222 kg (22
L1 W (22
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Optical Inter-orbit Communication Engineering
Test Satellite (OICETS) (August 2005 — Sept. 2009)

.;
Optical Antenni

Satellite size | 0.78x1.1x1.5m
Mass 570 kg
- Mission life | 1 year
3 3 Altitude 610 km (circular)
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LASERS
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LASER COMMUNICATIONS MISSIONS Q
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BENEFITS OF LASER COMMUNICATIONS CHALLENGES OF

b« alols glp 5.5 Gbps Jls,l #5 L <LEO-to-LEO o LASER COMMUNICATIONS
A need for precise laser beam
vuracy and Earth's atmosphere
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By Sy a0 VY e )0 g oals aSls Airbus lawss
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[214] TESAT &8 2 JILCT (g5 &yl dlgamo 1(FY) S5

doshiie 5l pgo ojlsale leie 4 YN Jlo 0 o)lsale oyl
Slles sy gl (285 )18 Jlae o Cuddse L EDRS
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Wet mass: 1209 kg
Orbit average power: 800 W
Size: 5m height x 2.4 m diameter

TerraSAR-X Satellite

Laser
Communication
Terminal (LCT)
5,5 Gbit/sec
data transfer

Solar Generator

—

i X-Band Radar Antenna
&9 384 Transmit/Receive Modules
A e

S-Band TM/TC Antenna

» Satellite-to-Satellite
» Satellite-to/from-Ground

”{__—-—-_—___— B>
V4 . \
= N
LCT on LEO satellite TerraSAR-M{Germany)
launchefl June 2007
LCT on LEQ satellite NFIRE (U.S) o ¢
launched $April 2007 ‘!

"'_ £ In -Orbit verification:The Aerospace ( ompany, Orbilal and the MDA /. ™
US Airforce , Tesat, DLR and the Bundesamt fiir Wehrtechnik und Beschaffung (BWB)

|
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200 51 Jloyl slag 5 sl YNV Jls s [103, 104, 220]

o590 Yo A Jlo yo ol Oy cuiddse L 1 Gbps b Mbps

Al el Ve I Jleyl slez s sl OSIRISVS

[ Sentinel-1A & 2A & 1B & 28 |

e——NNN

Optical Inter-
Satellite Links

user data
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[216-217] 5 5 Slles codideo L1, 1.25 Gbps Jlo,l &,

L= B Ll =

HAP-altitude: ~22km &
%

e SN

Pormting Acquisition and Tracking Computer
/. Signal

Ostical Ground Station

J217] DLR lawgs HAP o395 «(Y¥) JSi
TESAT 8,5 LCT Jluwys 5 solital L Yoo A Jlo o
s DLR ;| TerraSAR-X ojlsale s (6,5 Sid b3
Cadidge b 5.5 Gbps Jlu,l #5 b N-FIRE SIS, 01 olsale
5 Lawlsn oy ST dgl Yoo A L yo [53, 56] al plxl
VY e alols 511.25 Gbps Jlu,l 75 L DLR G,k 5l 55 s
Jlo o Isaze sesl cnl [218, 219] i Slles (s yieskS
Mynaric S & g,5 Slple Jlaw s 5l oolaziwl b g Y VY
alold 51 1.25 Gbps Jlo,l #,5 L Airbus <5 )5 sleglsn 5
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OSIRISV1 OSIRIS4CubeSat (04C)  CubelSL
Open-Loop Body Pointing Body Pointing mit zusatzlicher 04C Evolution
Datenrate: 200 Mbit/s aktiver Strahisteuerung Inter-Satellite Links: 100 Mbit/s
Datenrate: 100 Mbit/s Downlinks: 1 GBit/s
Gewicht: 395 g
4 QTESAT

L3
| 2021 @ [ 2025
il 2023 2024
" i\ A I B . i b

OSIRISv2 OSIRISV3 QUBE

Closed-Loop Body Pointing  Aktive Strahlsteuerung 04C Evolution
Datenrate: 1 Gbit/s durch Ausrichteeinheit fur QKD-Technologien
Datenrate: 10 Gbit/s mit 1550 und 850 nm L8

[224] DLR (5,3 &l plbio ()l drwgi aoli p :(YF) i

OSIRISV1 - Flying Laptop ‘#7
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Flying Laptop, Univ. of Stuttgart OSIRIS Flight Model integrated in satellite
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CubelSL EM
[220] CubelSL (25 o ylgale (pwasgen Jow glos :(Fe) ST
A sbbans o Jlo)l £ 5 Slais S w5 BV USE Jlages

Satellite LaserCom Data Rate vs. Time
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Mynaric &S ,o
Jeame pdgl g ol el Yo+ Jls o Mynaric s ,%
A DLR Jawgs YV Jlo [0 ol 0 plsn 6,5 Jlase
L PVWERA SV FUVSIVECHCEN I PRV S PN WIS PR
S i ol SYsame 51110 Gbps Lol 75 4 olows &y
Coydgyre 5l MK3 g MK2 Jow g5 [240, 241] o eolaxwl
Y Jgas 5o Loyl Glasin aSaiwe &S0 ol OY gaxe
DARPA’s asbp L Mynaric ,ol> b )0 .ol oals &l
{257] ReOrbit’s UKKO<wy ,sele [229-231] Blackjack
[258] Nortthrop Grumman <5 ,.% ;| Tranchel slao,lgals
York 5,5 [259] Loft Federal o5 & 51 NEXT o ,eelo
=l sleleale  asglai.  ([260]
31 Tranche 2 transport layer 4.l,; [261] WARPSPACE
DLR <, ;I QUNET o35, {262] Rocket Lab &S ,%

Space  System

s ScyLight asli,s 51 case lsie 4 Pegasus acl [263]
Raytheon 5,5 [264] ESA &,b ;5| Hydron o5,
[234-236, SpaceLink <S5, [265] Technologies
oS ,i g [269] JR Aerospace s oS L5 266,268]
S cpaiz 5l s eew ols 1,3 [270] Cloud Constelation
Jie s 95 IS Slasetie 3)fs Ll cass o 1, 5,5 Jlise 3
W PV R S FRPRRRNTER g S0) IO S PSSO JCH S ESR

[232, 271-273]

Mynaric )5 Jbae i (I Slasidn (V) Joux

9y SOCS b (omwy -7
S Db lalaey onijle S, (n ke
dalol jo oS wiiue Mynaric TESAT slacS & cslolsals
aloz 13 (g p 3550 plaTYgame 5 ES 1D (ol Condg
PR
TESAT 5,5 <
wlis ol oyl LYoo ) Jlo 5l lew, TESAT 8,8 wiz je
sladlioes Wy 5 cile o aai Sl 5 955 e
Gl asiie &8 s dmde 5 0 Lol oS 5T (g5 &l ple
3 [243] cl atals codled Ladlga 039> ;0 VAV ans 5l oS
i dils law, 85,8 oy Vgame a5 YooV Lo
Jisas 08 51 Gy 0935 b 0508 g 1, L 5 lilae
o595l [244] wilisls Slles Lad o oS5,8 ol )i
CubeLCT SmartLCT TOSIRIS (5,5 sl Sl
cVgams Hlsicas TESAT o8, 5l .. s LCT135 .ConLCT
Slibos LAY iS5 wiload Slles Lad s g0
o losy Lol clasis [245] ool oad L3, Gige
> dad o jpam wed Gyl bl eS8 a5
[245- 247] ol 00 a51,) 115 Jsor
TESAT 5,3 s Jluny L5 Olasin (V) Jgoo

First Type
flight Model ?;t:l P System budget
2007 SCOT135 25— MEO & 75-340 W, 28 kg,
[248] 10 GEO optic: 40*68*40
Gbps constellation & electronic
up to 80000 22*27*20 cm®
km
2007 SCOT80 25— LEO 60-80 W, 11.9
[249] 10 constellation kg, optic:
Gbps up to 8000 31*29*47 &
km electronic
26*19*24 cm?®
2013 LCT135 1.85 Up to 80000 120 W, 53 kg,
[250] Gbps km (GEO- 60*60*70 cm®
GEO, GEO-
LEO, GE-
Airborn,
GEO-GND
2019 TOSIRIS 1.25t0 LEO-GND 40W, 8 kg,
[251] 10 28*20*15
Ghps
2020 SmartLC 1.85 LEO-GEO 150 W, 30 kg,
T70 [252] Ghps 35*35*20 cm®
2020 ConLCT8 | 10Gbps LEO
0[253, Constellation
254]
2021 CubelLCT 100 LEO-GND 10 W, 397 gr,
[255] Mbps 9*9.5*3.5 cm®
2025 SCOT20 100 LEO-LEO, 35W, 1.6 kg,
(predict [256] Mbps LEO-GND 10*10*11.35 cm®
ed)

MK3
Model MK2
Data rate 312.5 Mbps to 1.25 313 Mbps to 2.5 Gbps
Ghps
Distance 5000 km 6500 km
Wavelength 1536 to 1553 nm 1536 to 1553 nm
Aperture 80 mm 80 mm
Transmit 1w 4W
Power
Dimension Optical System : 573.3 Optical System : 343.5

X 271.6 x 230 mm,
Optical Communication

x 210 x 170 mm,
Optical

5 TESAT &¥gaxe 659950 drwgs &5 51 (I slad SO
(Yo VY &l 2o ) ol oo a3l,1 FA ISCS
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Controller : 340 x 259 x
163 mm

Communication
Controller : 150 x 170
X 207 mm
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Range Specifications
Manufacturer Model
Thales Alenia | Optel-p LEO-GND 2 Gbps, 8U, 43W, 8
Space [274] kg
CubeCat | LEO-GND Up to 1Gbps
AAC clyde [239] downlink & 200kbps
Space uplink, 1U, 15W,
1.33kg
uULCT GEO- Up to 100Gbps,
SINGLE | MEO-LEO | ,scalable optical head
APERT | (80000 km) assembly (1cm to
URE 20cm aperture)
OHA
[275]
ULCT | LEO-MEO Up to
DUAL 200Gbps,scalable
APERT optical head
Space Micro URE assembly (1cm to
OHA 20cm aperture), 26
[276] kg, 168W
pLCT™ | LEO-MEO Up to 100Gbps,
100 10cm aperture, 28kg,
Gbps 160W
Laserco
m
Terminal
[277]
ASTRO- | LEO-GND 1 Gbps (Upgarades:
Astrogate LINK 2.5 Gbps & 10 Gbps
Labs [278] versions), 95 x 95 x
80 mm
ATLAS- | LEO-GND | 1Mbps to 12.5 Gbps,
1[279] 2.5kg, 1.8U, 1 to 5W
Astrolight transmition power,
30W power
consumption
SDA GEO 2.5 Gbps, 70/135/225
General v3.0 mm aperture, 10W,
Atomics OCT
[280]
SOT-90 5000 km 45*30*38 cm®, 60W,
[281] 16 kg
MOSTCOM SOT- 50000 km 60*40*48 cm?®,
150 100w, 50 kg
[281]
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EDRS Europian Data Relay System
FLP Future Low-cost Platform

OSIRIS Optical Space InfraRed downlInk System

QZsSs Quasi-Zenith Satellite System

LLCD Lunar Laser Communication Demonstration

SOLISS Small Optical Link for International Space
Station

TBIRD TeraByte InfraRed Delivery

LCRD Laser Communications Relay Demonstration

ILLUMA- Integrated LCRD LEO User Modem and

T Amplifier Terminal

QKD Quantum Key Distribution

Al Artificial Inteligence

OCT Optical Communications Terminal

SDA Space Development Agency

ESTOL ESA Specification for Terabit/sec Optical Links

PAT Pointing, Acquisition and Tracking

CCsDS Consultative Committee for Space Data Systems
HDR High Data Rate
OICETS Optical Interorbit Communications Engineering

Test Satellite
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FSOC Free Space Opticl Communication

RF Radio Frequency

GOLD Ground/Orbiter Lasercomm Demonstration

SILEX Semiconductor laser Inter-satellite Link
EXperiment

CEMERLL Compensated Earth-Moon-Earth Retroreflector
Laserlink

GEOS-11 Geodetic Earth Orbiting Satellite 11

GOPEX Galileo Optical Experiment

RME Relay Mirror Experience

GOELITE  Geosynchronous Lightweight Technology
Experiment

LEO Low Earth Orbit

GEO GEo-stationary Orbit

LADEE Lunar Atmosphere and Dust Environment
Explorer

HAP High Altitude Platform

LOLA
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