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Abstract

CubeSats are being utilized in various fields such as Earth observation, space exploration, and verification
of space science and technology due to their low cost, short development period, enhanced mission—
oriented performance, and ability to perform various missions through constellation and formation flights.
Recently, as the availability of CubeSats has increased and their application areas have expanded, the
demand for high—-speed transmission of large amounts of data obtained by CubeSats has increased
unprecedentedly. Laser-based free space optical communication technology is capable of transmitting
large amounts of data at high speeds compared to the existing radio communication methods, and
provides various advantages such as use of unlicensed spectrum, low cost, low power, high security
characteristics, and of use a small communication platform. For this reason, it is suitable as a high—
performance communication technology to support CubeSat missions. In this paper, we will present the
core components and characteristics of CubeSat-based space laser communication system, and recent

research trends, as well as representative technology development results.

o] 1 9 AolA FAL FHA, AolA F4 Ed, B4
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22 9a900] B4t wWsjel wdow A vlgo] 24 4wk oY Az
slo] Au1g, B AN 7K, AR AR A s, 24 9 we) 75 B9 TR g
5 ofe] AL 7T Y FEICubesade] A78S, SFFA, SFUY 2L 95

HZE v|E3ka] AHZ(LEO, low earth orbit) B4 HEQT & 58 BAoz F7|
=]
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g glo] §435] S7IskaL Uets,0l. 1=u 712 X-tHY ¥ Ka-tigy}t 22 54 Ful4=RF,
radio frequency) 41 W42 AHEY 718/do] ARk 1, X&H 02 F7lol= thegd A
& &3 =0 iRt A7ARYEE SE517] of#R A Aol AHstar QIH1,3,71.

o]t Ao A R8-27t SFHBAI(FSOC, free space optical communication) 7]& 71&
RF B4 %4 div] 1402 ti&sF dojg AFo] 7ksskal, HASIHY(unlicensed
spectrum) AHEY ARG AHE, AAY, £ HoF £4 9 AR ESEOIA 145
A1 Ho|ZE(payload)® &8 7hs & TR FHS Algote] 9579828, space-to-
space), $5-AXHS2G, space-to-ground) 7+ 21418 95 B4 YEYT 152 9
gt HHo = ghle] AFE I QUrH6-11). FELEY dF7E BRsiA 1 E8-Eot I
of wet FELo sl B =2 HlolE HE S5 855k= 87 FA F7teke A4
ojtt. T AR LR FEAY FBAE Al 4%, A%, B2 Ag 4H| EAAS 4as 44
H FEAAE 25 Flo]A B4l Huld(space laser communication terminal)¥} o1& &-&
2t S2S E S2G BAZI&ol gt vt A7t ASo] Yt ZRAEES Y|Hio R w|=9]
FF2F=HNASA, National Aeronautics and Space Administration), AESAATLA(PL,
Jet Propulsion Laboratory), MIT(Massachusetts Institute of Technology)®] HZAALA
(Lincon Lab) ¥ FH$SF=HESA, European Space Agency), ¢ TZ9FAE(DLR,
Deutsches Zentrum fiir Luft- und Raumfahrt), @& ZHYHEAATL7|7HNICT, National
Institute of Information and Communications Technology) 5 95 7|4 =3} A7 A
TS AR MYPE L QUTH7,11-17]. 2 Fo|A 4l HuldS "AT 7294
2 ZAHZ(GEO, geosynchronous equatorial orbit) §AS Z&3sE THE /4] wiEn)
(backbone network) 3, AHE 948 7+ BAI(SL, inter satellite link) 75 2 AHx= 9
A 45E HIBA E= F37] 7 FolA B4l I3 A 5ol SFAU TS T Zew
7| TH7,12-18].

2 =wolAe FES 718§ FlofA B4l 71 A st B 9 FELA
I} 2 7F oA BAle el ARt 71se] sl Assta, S AFEEF E FET v
o] tii 77 Aot oA FF A AlE 5ol sl A A} gkt

|

2. FHQA Jlut HO|XY SN HA FNA U EY
2.1 27 YO|X EA HIHE

FEEQ] HE 712 A 242 FEASE golA B4 Huldof thisf v A4
St 327], BA|, A 4H]|(SWaP, size, weight and power) 7S 73t} o|2]gt oG04
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FEAGE HolA B4 Hujdd B2 SWaP E4& AL E 29} 7|& SHoA 4%
A alo] F4Holot, WA W2 SWaP 242 Aol 974 7-Htelescope aperture)?]
FHIEAF E= FES Z6t0] FAS F4 Fokiel 4l FHR] 4 (monostatic T
+ bistatic) & FSAAE F2 AAT} WlS- F8sith 55 THA AT 27 HA Fgt
A" 9 Fo]A B4l Hrlde] F7|ef RulE AT Bt ofuzt Ity Z9] oY ¢
olx B4l H3 =3 B4 B4 FAIE g dlolA B4 H3 vkl(link margin) SHE-E
A3l AlEet 7o) "ositt. PA vidl EEol= WY Tt 7] Yol $A §le) Ak
ZE QS A, B &9, A A, B &4, 93 34 £ T U 84E50]
A 1= olof Tttt o714 FY S 255 FES oA 4l I vkl o
o1& AlTSHANE, 4H] Ao F7iek= AIE Utk olF% #olA Al Hude] S
R4 7F ST (trade-off)7} EAISERE YT U A|AH] QFARFS F3Z 07 1
sto] AAlstar, BRof wet tiet 7|&S E8oks o] 8 U d=, BH &S =
O[] il FAI7] WFo] 314 A FTAA RS e g At JATo 2N 41 4]
o] HAiE HAaskohs 7leS B0l FAIRE YAk FAISY] ovA] ExE =9
B2H 3 uE #0)1L, ) @4 7HsSt tlolE £E gEE AEo] Qlh

o2 FHLPIE glolA B4l Huld 4% W FFIE flsf FASY] SAl 4l
of AEEE EfHAH(ransceiver) & B F4l] TS HES FHLV FHE (form
factonol HEF F43F 9 £33} sl= 7|eo| RStk olE flsf FA HA =
(photonics integrated circuits)ol] ¥t&=A| 749t oA F<(laser diode), SHEHAA] FHE7]
(APD, avalanche photo diode), ¥1Z7](modulator) 5 55 A&} AZ(ens), LE(filter),
AZE (splitter) 5 5 2 Eole] 14 tAE 325 25 =(on-board) F&Hok
qhtk. o|FA =R S ERMAIY RE A B 7} g 940t A tjuo]Aof of
off = AL 2 G T EAS 1EE 323 Al 270 w714, &, AR Al HS
= AR, A=3S SHHEofof gt

2o& FH GA 7hsT HlolA B4l Huld g 9ol dlolA A 83 5
4 9L 8l g o "Hast PAT(pointing, acquisition and tracking) A48 F&gst
2 Ag3} 7eo] 8-H) PAT Aloje FEAAGY =3 ¥ 25 Frot 54 B3 F4
o] o} coarse PAT 2E8} fine PAT RES 2320 & Aglsto] 5215t & == of
£ 2o gutolt}. oA B4l FA B Aol S4l ®l} 5241 Ho] gls]| Ut 5t
ARE AFEEE sl S DY PAT Z2ANAE FEAAQ] A4 24 2 Ao] A&
Hl(attitude determination control system)}2 &-23lo] +1° ¥Q WZ coarse EQIE
(pointing}= F=3¥5tL, oA B4l Emld WFRo] =3he FAA”o| FAH FPA(fine
pointing assembly) A& Sl +1° B9 ESAY HES ~4 prad $FOE A
At E ok fine ZRIY AR XFPHTHLT7L. o714 oA B4l Hul'de] FPA= ¥
Hkx o g s7uk ARl S E7](QPD, quadrant photo diode)@} 114 AE]o]F] O] (FSM,
fast steering mirron& =™, -0 wet Hloly 41 93t APD7F @7 &85t
QPDE AHH Fo|A B4l Huld EE PRASHOGS, optical ground system)oll A EH
HIE WS AAste] A4 QoAlS S45taL, 2HE nlojag HEER] o5t 48 4 @
5 Aol &85t FSM2 PAT Alo] FEE Soff HlE £ & Zt=E Aofste 2 44

(R
o o= H
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7% QEAIS 4143] BAISle] HolE 412-S ol B8Hm, AthH dolq 54l &
o] Sk 441 W] HE AP PAA(point ahead angle) 7% A1F-S 3 %41 ]
o] BgAT FEVE Fol4 B4 Huldo] AHgE= QPD % FSM 2EY 7le
s A1) utel ot ag A4 2707 WAE 4 glons 2% QPD U FSM BES WAt
A WS gEe] HAst 447 wastch ohed AdE RSy
ALE 8l PAT Alo] RIL HA51S B3 An|e Hasp} Buislolof g,

ol
3%

A, o5 ATt F

J

2.2 FXg= MIHE

FAPSAE FEAEE oA B4l Huldyt tixFos W2 SWaP A|eF 2704 Agh
Aog AFETE ot olfE FAV ST FESIE oA S4l HudE & o
FEES AAIsto] 148 FlolA B4l ElHdolA m|eRet 4127t mEsHEE HlolE §Al
< 7FsotAl sk, B33 PAT AlAEE ERE 37 714 845 FH[RHo RN Q13 9
& Flo|A S4l Elrldo] k= F2 PAT AEE A5 TAE ok TS it

HEZ 02 FRA== t7] Y atmospheric turbulence)Z A3l FA15 2] X Hphase)
I} A= (intensity)7} HotL, A5 o] WAsk= @S AAAIFICEHN ol Al 4
o]7] 9f8ll 4-383HAQ, adaptive optics) AAEE F7H 0= FH|HLh 2833} 7]
FEoNA Aol =3 v A ASE FAR FHF E= F 4270 5
AA713L, AlZtol mE Al FF] A M-S A7 le 574 7ol B4

o
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Z=tt. A8t AlAES tiiA g 4l o] uhd S 9 BAS 919t o AllA
(wavefront sensor)2t HEH tHHE BoE] 2t HE A2{(deformable mirror) ¥ °l&
AR|7F Alodl= AloJA| A"l(real-time control system) 2.2 A E T},

BRSOl FEAGT FAVET 2t FlolA Al F2 42 s PAT Z7dA e &
|5= HlE(beacon) $4717F 70 & HAH. FAVYTE Coarse PAT ZEA|A o
AolA =& 3 S48 W2 1E9] H|IE WS AMSsto] FES WA ZRIFsha, 22
AL S Hofl HIE A8 E= RF A5 S83F ned] JHE FAlste] 78 o=

%Y AEg 2,

ol

3. #E{Y 78t Ho|N S ALSE

FELE 71Nt §5 oA B4l 7IerET A5 913 A= 20109 S0 v,
4, 92 594 =7t Z2AES &9 7t =AU LH, AAEE o851t Table 1
ol AR 3E FEL 716 FolA B4l 7]e T S22 ZEAHE} 4PA] U8l
=0l et 72t TRAEE 21 H43 E40 wt AR tE P2 79, A5 A, A
& &, |2HA 9 FolA S4l Huldel =27, 74,

HA AA 2z FELG 715t o] B4l Ho|2E AF= vl=k NASA?F US Aero-
space’t 5522 =35t OCSD(Optical Communication and Sensor Demonstration) &

RAER FUIYS BBsl] 95 dolx] A YA AL, 94 7 B4 A e

AHHY 5 ERS 2

.

90 | https://doi.org/10.52912/jsta.2024.4.2.87



J. Space Technol. Appl. 4(2), 87-104 (2024)

Table 1. Details of CubeSat-based laser communication projects

OCSD CLICK-A Q4 TBIRD CubelLCT VSOTA
TESAT/
Research  NASA/US
NASA/MIT  NASA/JPL  NASA/MIT DLR NICT
institute  Aerospace
us) us) Us) (Europe/ (Japan)
(Country) (US)
Germany)
Link type LEO-GND LEO-GND LEO-LEO LEO-GND LEO-GND LEO-GND
Range (km) 450 400 200 530 560 700
5-200 Mbps 200 Gbps
(downlink) 10 Mbps 1Gbps  (downlink) 100 Mbps 1 Mbps
Data rate
10 kbps  (downlink)  (downlink) 5 kbps (downlink)  (downlink)
(uplink) (uplink)
OO0OK QPSK
Modulation  (downlink) NRZ OOK  (downlink) NRZ
PPM IM/DD
method PPM /M-PPM PPM (downlink)
(uplink) (uplink)
0.27
Optical
(980 nm)
power of 2 - 1 1 -
0.54
terminal (W)
(1,550 nm)
Aperture
diameter of 10 (Tx) 22 (Tx)
- - 20 (Tx) -
terminal 25 (Rx) 23 (Rx)
(mm)
Aperture 400 1,500
diameter of (stationary) (stationary)
400 300 - 1,000
telescope 600 300
(mm) (transport)  (transport)
1,064 1,550 1,550 1,550
Wavelength (downlink)  (downlink) 850 (downlink)  (downlink)  980/1,550
(nm) 1,550 975 (downlink) 1,637 1,590 (downlink)
(uplink) (beacon) (uplink) (beacon)
Volume of
96 x 119 18x10x 9x95x
terminal - - _
x 96 10 35
(cm)
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Table 1. (Continued)

OCsD CLICK-A Q4 TBIRD CubelLCT VSOTA
Weight of
- 0.8 - 2.25 0.397 ~0.7
terminal (kg)
Power
consumption
- 15 - 100 8.5 10
of terminal
(W)
Launch time 2015/2017 2022 - 2022 2021 2018

0OCSD, Optical Communication and Sensor Demonstration; CLICK, CubeSat Infrared Laser
Bidirectional Communication-A; TBIRD, TeraByte InfraRed Delivery; NASA, National
Aeronautics and Space Administration; MIT, Massachusetts Institute of Technology: JPL, Jet
Propulsion Laboratory; DLR, Deutsches Zentrum fir Luft— und Raumfahrt; LEO, low earth
orbit; NICT, National Institute of Information and Communications Technology: PPM, pulse
position modulation; OOK, On-off keying; QPSK, Quadrature Phase Shift Keying: IM,
Intensity Modulation; DD, Direct Detection; NRZ, non-return—to-zero.

st o7 Ity OCSD FEYAS o]-&3lo] LEO-GND(ground) AE 34E X
Y 9 FHA B4l FA A5 915 OCSD-A 14do] 20154 10€ HARE| L, OCSD-B/C
fAe] 20179 114 HAREIRIEH13,14]. OCSD HIAEE 912 g oglo OCSD FEYA+
vl Aol E&(Wilson) PR IXIEE B3R = FHHG0 cm) 7 Y FHE =
Y 4 FFA B4 HA ASE H5H 200 Mbps £ & th-g=0] Ad-g33icH14].

NASA9} MITE FYg A4 400 km Bl FE9/43E &85k LEO-GND 7+
TEA A B0 =2 CLICK(CubeSat Infrared Laser Bidirectional Communication-A)
Z2AES Yt CLICK-A T2 E| AMH FEAGE FolA 4 d27I(1.2 U=
7ReH]E A4S A8l A8 7]14E(Commercial off-the-shelf, COTS) 38 X2} J4d+
BA|7F ARGE T NASA= CLICK Z=AEES F3 FSM2 &-837t A 2219 45 4 Al
of £X AWHEE ATt Ee W2 Wl F} pAIZS 2= RE AIRE &85 27
PAT ZEAA BIAES $FTH13,151

NASASL AEFAATAE A 7F A93F 335417]1(ISOC, inter-satellite omnidirec-
tional optical communicator) 7|8F XA 3 943 7t FlojA HF3 EAE] Q4 AFE
A|IRFSEIL, Gbps HlolE £e& tro] FEY 1F 5A] 54l 782 FI5l WAt 8 AT
A% HEE FHU Q4 IFol= i Aok AMZR(360°), Xt 200 km AT =41,
Z|tj 1 Gbps Hlol8 £=9] §14d 7t 41, Al ths ARAF AAIA FA] 715 A5l AU
Q4 YF= 06U 7] FEE 4712 741719 9 91487 3719] 5 1=, 2 FE
9Ao|= 10 mm Z7]9] £A17](Tx, transmitter)2t 25 mm 37]9] $417|(Rx, receiver)=
2= #olA B4l Huldo] g€ rH1al.

NASASF MIT 374 COTS A 7]es &8skl 2o 200 Gbps(Add 2
100 Gbps) Hlole] Ad 25 2H= 6 U 2715 28 FE94T FAA= 2F LEO-GND
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ohe-F 3 AV ES e 2 AE817] Y3 TBIRD(terabyte infraRed delivery) Z2HEE
Z33ct. TBIRDO thet A4l 8- Chapter 4.2 4Al5] 71 o] Slck.

539 TESATS 20189 =Y DLR ¥ GomSpacerlel $H gA12Q1 48 949 I+
78 9 ALY HARRt| 7Pke 22 $5 HlolE S ABIA AESE fIsl LEO-GND
2+ 100 Mbps T2 =5 AlE3HE 0.3 UO.5 x 9.5 x 3 e’) 2719 FE3E F°]
A B4 ok A EQl CubelLCTE 7HEHgict. CubeLCTOl thgt AA| W8-S Chapter 4.1°
AI8] 71s= o] Sk

AE NICTY 9= #loJA B4l A+ IAk= 8=, 20058 A2 AAE A4
I A 2 FHE FlolA T4l B 7= Vles SEAY. 2 R FELEE dlolA
EAl B7] d7t= VSOTA(Very Small Optical TrAnsponder) Z2HEE &3 20164
NICT®} Z=sdfsto] A Fe=isto] AAEQleH, LEO-GND %t $4l& =H=E Tth
VSOTACIA 7= FE918E FlolA 54l DEe 72 = 33980 nm 2 1,550 nm)
s AYE EHL= IATH13].

4. LE 71270 At " 8M 71E
4.1 9 CubelLCTOHE X2 2% 2l0|X Sl HO|Y)

CubeLlCT& 243 #lolA 54l Huldx 914 Fe4l EopollA AlAIA AF714<Q1 TESAT
Spacecom® &Y DIRY &4l @ ¥ AXA(institute of communications and
navigation)’} 552 & /IS X3t OSIRIS4CubeSat(Optical Space Infrared Downlink
System for CubeSats) Z2AE A3} £&H FEALS st A& Fo|A B4l gHuldo]
THFig. DI19]. TESAT AAZ-AF 7t glo]A B4l 48 £F4S Al3sh| 9l Z2HE
Z718E =8 7|4o 2 A F57ide] Hoddltt. CubelCT= AMGAIRF A+ 7]do] 242t |
et Byt dnet 9 E3]eS o Aol St AvER I 7MY A2 5 E
o] &4l Eu]do|th8, 17-19.

Fig. 1. OSIRIS4CubeSat project: (a) lllustration of optical download from CubeLCT to optical
ground station, (b) highly compact laser communication terminal CubelLCT and (c) optical
ground station on the roof of the DLR institute of communications and navigation in Oberp—
faffenhofen [19]. OSIRIS4CubeSat, Optical Space Infrared Downlink System for CubeSats;

DLR, Deutsches Zentrum fur Luft— und Raumfahrt.
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4.1.1 CubelLCT AHA|

CubelCT= FES FEl0] 2 AL=lom, 9 x 9.5 x 3.5 cm?(~0.3 U)2] 32712
0.397 kg FA & 85 W2 13 AH|HE EAS 2H= FHYAGE oA B4l gudz
Ao A2l & 7|7ES oF 50|tk 0.3 U 712 4F3kl] Yl CubelCTE Q14 32
713HPCB, printed circuit board)}2 45t HIX| &2 AREslo] 345t HEZ-8 PCBO| x|t &
AACH17-20]. 27] CubelLCTY] PCB A2 F¥igo] e HE S0l W 275 X3}
7] 95t BAog AWAASCTE, coefficient of thermal expansion)’} A&o] 717k
Copper-Invar-Copper(CIC) AH&-0] 1|31}, AA EATA A CIC =g AHESl
T Bt 123t A9 9 PR 7AA PCB Aol 53 7]l (optomechanics)
9] FHQJo= <ol FES HAG] ofgle AR Uehtdl, o|F didsty] 95 DLR
Bt BES F N dFule ES0E e WEeR AAE WARC20l. 1 Fi
CubelCTollE ¥F 03t SHAAS7E EYA]6H: CIC ARES HAls] dukd<l PCB A=
ARgo] 7Fs5HA| E|Sitt.

UYurzog LAl Wz} Al Hlo] FE BERTL 348t AE0] A9 Z7lo) w75k
FH0o7 Z7RRI) o]l olfollA F dFuly E50] == CubelCTY BE P35t
252 2 7Fs3t HAUS glo] FEEEE AAERIC ojeh 22 FIHHe FIA
o] gt Azt A AR sAE 1Ee FsaE dA 94 24 @73H201.
CubeLCTOlA] 4241 8HLY] 7L 20 mm Z71S 7HAH, glo]A] Fhe AR Hose
Floll A= 1, Setolw AR A= 5 W2 347} Akl QIXIgE Q14 32 7]5o] 914
5, 4171 A= EE2] PCBOll HAlE o] A o= HAHTH19,201.

OSIRIS4CubeSat Z2AE 7PE2 & B & HolH AE £ A5 7|52 236l
G4} 7] B ZE(quantum key distribution)2} 914 7F B3 Ve E 5Y SHES E-8dlo] A
& 7Fsotes BEA A F Walo] IHE Ik ol2fgt o] f& OSIRIS4CubeSat 3
Eo F EoA AEARHA gar g8t AR}, 714, AZES O], Alo] 9 QIEjHo]A & 5k
Al2Bl(subsystemyer HEAICE HA| W 9 2AFoEN F7HARI A P 75 &
% o] 7kssitH18l.

2

4.1.2 CubelLCT #[0|X E4I

CubeLCT+ 1,550 nm(C-band) o8 A wbdZ 8ot} A=A BAYFO=
°F 100 Mbps &g thed= Ado] 7hset A B4l ohe] AARE Zheth BARS
I AHE CubelLCT 7+ F#AolE= 1,590 nm(L-band) A5 w4o] E-85w, AP W
HIE =% &-8HrH17-20].

CubeLCT dlolg 412 &% 2EE ZAolA 100 mW 32 Ho= F&sh= 1&9
glo]A tho] @ E(high power laser diode) A% AI7|1E WZ s, F HE7]0IA A A5
#A<3H= IM/DD(intensity modulation/direct detection) 412 AR3Ith CubelCT UlH
= QR AS2HE A6 SHHoln, ojugt tloje AL $okR]| s HA =
o35t o] 82 1k @7 $A(FEC, forward error correction)S X3 d IS FH

g Moo $EH, o] weh 2EE HFE(OBC, onboard computer), £ZEH0]
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9] 2}t] 2(SDR, software defined radio), H|o|2= AEZH(PCON, payload controller)
S 7Iet FEA sk Ala"olA Ad Y 4=380] 75sttH18].

4.1.3 CubelLCT PAT

CubeLlCTE &3l A== Fdf @4 7HsS theda S FAV=oA A==
FARo A7ier AfgHos To] Sty wEb =2 oy HEEZ 245k flsh
CubelCTZHE JAF=OE o @2 BT U7t ZEste] F-d ®¥Hoptical-
electrical conversion)°] ¥oid 4= UEE F+ 7]&0] 278t °lE gl CubelLCTS} 33
A= 2F et Ao AT P G o] B4Aolrh CubelCTols BAV =S 4%
SH| Ak 4= AES 517] Qs 91439 XA A 2 Alof AlARR b Aol ZIY g
o et AR +1° ®I9] W= FA5HeS XRIY QRS EAslaL, At 7ol
Sotes H= FSM AA7F gA= o] it} E3F CubelCT= AlS9] Auf AlZE Zae] wk
AR QAE BAS] gt PAA BF 7|5k g6 Qlrt o] S8l CubelCTE T
A=t 2o} 1587t S4lo] 7Fsstet. FAVd=oll A= CubeLCTEF FEet #lolA &4l
3 5 ) HIE FolA Bl CubelCTE &6l S48t} CubelCTOlAE F8HAIA
of W&E QPD ¥ HE7IE &&dle] A= =RE HEH vE AsE FEdL
CubeLCT®} BAVS= 7t HRIY 57 g2 AlojA|A=lof Al =X FSM Alo1E &5
1Y FE HARI XY F S 25 CubelCT WHol= HIE 53U 3 F=
T JATE Tl BT LS| ASE 5 A=E Sk FPA X9 Alo] £ HE
< "3cke velag AEES7 gAETh £1°9] AloKFOV, field-of-view)gs AHAHZT
4= FPA A= 200 Hz H4 &2 Ao} R85 &3 &2 oluA] 2= JAlo7t A1
o7 Agls] Agd 4= A=S TeH18L

N

il

|

r

T o ofd

o

i

K

y

]

i

{4

4.1.4 CubelLCT QIE{H|O]A

CubelCTE 9 Hlo|g A|AH] A& QAS|(CCSDS, Consultative Committee for Space
Data Systems)?] O3K(Optical On-Off Keying) &2 wErH18]. O3KE Y3t CCSDS #
£3} AR IS DIR FE2 AFEJIOH, CubelCT oA &4l Huld] A4 ARE
gPgol| 71043t} CubelCTE= HlolE B4l 913t QIEHo| AR AAY AF54IS(LVDS, low
voltage differential signal) B41-& A ¥sHH, TM/TC(Telemetry and Telecommands) E-41
< 93] UART(Universal Asynchronous Receiver Transmitter) QE|H|O]AS | ¥5tc) T
3t Q5o A A Z2 1Y (reprogramming) 7Fs5H=SE JTAG(oint test action group) E
Ho|A7F = o] IeH19-21]. CubelCTE= 57 7 2EHo| weh 9 AH=—gA
= %t 1 Gbps the2E &5 A€ 9 914 7+ 47 100 Mbps 3541 B2 A[¥°] 7155t

T=5 QIHHe|AE ARt

4.1.5 CubelCT EX|4=
DIR BAVd=2 52 Oberpfaffenhofencl] 9123t S41 & I A4 A& 4o 2L
galo = AatElo] gtk BAl 2 Y AvA AE S4o] AAE DIR FAA=S 40 cm

AR F4& z= T WYE 725 A=t DIRS A SgAI=T R o5
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]

SIAAF=H{TOGS, transportable optical ground station)2 20114 7H&3ict. o]5-4] 3ZX|A
= ol 25 &3l A 3.5 m =ol7HA HiA 7Fsdt 60 ecm A9 LFvUlE
Ritchie-Chrétien 8974 +2& ZF=t}H19]. Ritchie-Chrétien $E42 ol 5 547 H
A2RE 27| Q5] @A HARE wEoldl 4 &5 vRE| AAdrth olE4] FAA}
=9 4149t Q1R AT A4 24 s 918 WAl 9 ApA] AlA Z15E w7 2
5 A AlAFo] AREEH, GPS 1F] 715t go|A] HiAgo] S22t A E] o] E-8E Qi
o] 54! FAVF=Z Aol T & At Al thigt 5 AR B 91 ARE Al&GSHA o
= Asto] AAZE AEE v o g QI 2 9 05 7wt 5 vt AT 3o 7t
SR Sk AT Stk of&d o|FA] FAVITE 714 2400 et IS EU2EHN
-2 7t ElolA BAlo] ¥Ee] FYHEE F= 75 ol 5 MY 2 71 A
y|

4.1.6 CubelLCT #&

CubelCTE 20219 19 v|= E2tt Alo| = AYHE 25 7] R|(space force station)
oflA OSIRIS4CubeSat Z=2AE 7 Avlo] H&= A|AIOD, in-orbit demonstration)¥t 7|
5 oS 53 A1 A5 B4 o= PIXL-1(Photo Images Cross Laser-1) UF5 ¢35t
3 U 7234 kg9l A% FEA ZEQ] Cubel(GomSpacert AlZhel €Aj=]o] SpaceX
9] Falcon-9& ©]&-3f B 5571 H=(SSO, sun-synchronous orbit) & YA ATH18-20].
PIXL-12 FEL 29| 47 9140 | 713t HHUERT o)A SAXARS HA 2
A&star, olF g&ste] AAR A7t AH=AlA FFeE I o|n|RAE FAV TR
golA Al B3l ASshe Ae FRE =Y DIRY TESATAP) 3522 3% Y70l
TF. CubelCTO] A12+= 20219 84 FA=OA A5o2 415910, o]F CubelCTO
WAE FPA 54 22 S451E B 20219 99 = A WA 53 I (tracking lock) 22
AAE S=Fict. CubeLCTRF AV 7t 541 Aldoll= 59 DLRE| 1784 BAVd=3 o)F
A FAg=o] A AREESIT) AL BAVEFOIA CubelCT A1E F4lol= 353
o, RHE 9 327 (star tracker)7t HHZR1 FA o At +2 5= LRI X
of, B2 AlAQl A A (magnetometer) ESH B FA7]0] H|g| & X5 HYOZEH
OSIRIS4CubeSat ZRAHE= opA7H4] XF: GAS Ls] LEshA] 23t A-oltHis]. &
Al CubeLCT2} 3BAV= 7t 45411 ol theda 2E H1 G4 95 DR 5=
Z AIE(GSOC, German Space Operations Center)?} GomSpaceA7} $H4 & 2719
AEAS =011, AA| HEF AoJAABI(AOCS, attitude orientation control system)& 9H4

S5l T A= P77 Y3 FEst ok

4.1.7 F7t JL A& - CubelSL

DIRE 43 4 & &83t 94 7t BAIISD) AlhE diHlste] CubelCTE 948 7t
B4l Bokg g617] 943t CubelSL Z2AES AR 20259 WAF 17821 CubelSL
2AEQ] ZXE Fd] 1,500 km AgolA 100 Mbps =2 FH3F Hlo]g] Abo] 73t
1 7t ElolA B4l AARIS] A W AFolr, o]} dA AAFOE HolE theRE A%
&5 E 1 GbpsZ Hol&= BXEE AHFTH22). CubelSL Hlo|2EE 37| 1 U, #4 1 kg, 3
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ol &H]HE 30 W, 9144 2t Hlol8 & &%= 100 Mbps, AV the®d= &%= 1 Gbps
2 FPA ¥4 99 +1° o|Wf 2k ZH=tt. CubelSL2 FE4 7+ ¥3F 541 9 CCSDS9
O3K = 38 295t7] Aall 1,537 nme} 1,553 nm(C-band) F wFg-Z ARETHO =X
£ H3} A 1S LEIIEE pAET E3F PRAEOZEE 1,590 nm(L-band) HIE
] $4lo] 7RsBtES FAIETH18,22]. CubelSLS CubelCTS] BE4] H 4ol =80
2 7ol 283t o] Fastal, g Q5o BRT AlRt @50l 7ksSitt. CubelCT
£ 7§10 = 5l= CubelSL HUE2 CubelLCTS} 5YU3H 20 mm $41 7R I71E 7HAH,
1&9 oA to]lQEE H|FE3IY] CubelCTOl 2% tjFEo] BE Zjalgo] 7Hs3)t
CubelSLoll= CubeLCTo} 2PEZA 02 ) tlolE B4l& #15t APD JHE719%H 1 W 3
£88 FAIS7] Y3t EDFA(erbium doped fiber amplifier) 5&717} $417] AlA"of| 71
A E3F CubelSLE 54l Hlo[HE EHIsta, 424 Ho[8E 245k SAl° FE4
d B2 QJIEHo|AE AlE5k= & CubelSLe] 8 29 ZEAA JTZ sh= ol A
2] ZAX|(DHU, data handling unit)s 37} g3t}

DIR B4l 9 & AF4e} RSC3(responsive Space Cluster Competence Center)=
CubelSLO] A1 E H5-S floh 2F 8kg FA12] 12 U2 x 6 U) FEL(30 x 20 x 10 c’)
= 2tHE &8 oFgolcH18]. 2the] FELEL BT =2 BAHLY At A== TARE
olFgolm, 2t $41 ARl 1,500 km7HA] Bzt Aol dis FELH 7F FEF FlolA
Al ARE T dFolth CubelSL HS= flsll 910l FX17171 Z2t=m, = 21449
Azl A} AA 91A] 2 ZJolg mFste] o 518 2aF +£0.1°F ZES GNSS(global
navigation satellite system) $41 AA7} 2Tk E5E 9142 AJLet A4 273 4 AlolE
A3l 2 F2717F Z2E CubelSL A52 919 7 FEJ9] 292 DLR GSOCOIA &
Fot, ol& flsfl FESLEE GSOC AVd=at 28s 98 S2=KUHF, ultra high
frequency) HA1& thAlste] TM/TCE S-band H1¥ 2] EZA|HE AR} CubelSL o]
A BA HrlEE FE 7F ISL Qo= Hl 97 v FESLVIo] SHAHE B4
sto] == S F7F ASE oolcH18]. 71 A9l 42 FEAY -8 1Y
o] AetA] 92 AAS HQl Y18Y 2EEA AT 4= U=F HI #4do] FHS
g9 Hlol"E staL, Hl f1/dolA Azet AuE FHL 2t ISLS &3 tA] HEst

€ 7leS A=A 9 A [kl aed E8He Sstast stetl At

4.2 0|=2| TBIRD(MIA 2|1 452 FEHYE 01X S HOE)

ul= NASAS] It Q-Fu|3AE|(Goddard space flight center)2} MIT BAITAE
201495 A& COTS AlEZ Argsto] ARt HlEo® §5 AFE AHUsh| Hsh
TBIRD Z2AEE 7|83cKFig. 2)[23]. TBIRD ZRAEL NASAQ] T E T Q0|3 AlE,
AESZAALA, oI ATLAE (Ames research center), MIT HAAGA 9 g eHg
(Terran orbita)AP} 3502 4% FHEHE ZH= 6 U FELISEIR 282 7ol g4=
glolA Al HudMIT FAATF4 7= ol-&ste] Zejaro} glolE nhed] {Ix|gt
AESAATLAY] FBA FhH AFA(OCTL, Optical Communications Telescope
Laboratory) FA/3=102 Xt 200 Gbps &&= theg35 HHE $PEAH67,101. 1
A} 20239 5¢€ 1= 9F 530 kmoll Y8t TBIRD FEHAOIA OCTL FAAFTOE 58
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Pathfinder Technology
Demonstrator-3 (PTD-3)
in Low-Earth Orbit

I 200 Gbps downlink

JPL Optical

TeraByte InfraRed Delivery (TBIRD) Ground Station 1
laser communications payload

Fig. 2. TBIRD project: (a) lllustration of TBIRD downlinking data over lasers links to optical
ground station, (b) PTD-3 CubeSat with laser communication terminal and solar panels
deployed and (c) TBIRD's optical ground station in Table Mountain, California [23]. TBIRD,
terabyte infrared delivery; PTD, pathfinder technology demonstration).

7+ Xt 4882kt E(TeraByte, TB) 7H2.9] tlolE] th@ = A3 3cH7I. ot 2t 200
Gbps TR-B 3 &= BAE Wi wedo] o3t EFokA(dropout) @40 thedd A
Al ARE S FAIEA] Zot Ao BAEIEHT]. NASACIA= TBIRD Z2AEC] H 71|
COTS A& ¥4 712 &8, 53] A9 gl doly M52 I3 100 Gbps 3-8
EZiAHQ} 114 h=0] 7153t HiEHo|Ex 2HE A MHE 483tk TBIRD =4
EE: B4l #3345 9 BE4E Qo €83 PAT AIRE Aate] o2 Ad A4 ¢ oi7] @4
of oJ3t Hlo]Q(fading) 217t fl= HFA Hloly A& BAstr] s AIEA] -2 b
olf ZHYS A5 ¥HE 2 H(ARQ, automatic repeat request)sto] A ASI TS SH= 2=

Y ZI2EZS 7Hte g = TH6-7,10).

4.2.1 TBIRD 4A|

TBIRD ZE2AHEZ QI5] MIT FAdAtAE 3 URH 22 H7]9} 3 kg ofst FAE 2=
S5 oA B4l HuldS AA 9 AR Flojx A1 "rjde] d4Ql 3 odlEe]
(optical assembly)= &3 ol A5 8t 22 mm 279 SA4IF 7i+et dH3 b
o[f] 41 fl5f 23 mm Y FAR Ve HER 2= Hio] AR E (bistatic) R
£ 7HIH, AFofolH(actuator)”t e Esd]A(monolithic) SH-Holl FRFETHIOL.
Terran OrbitalAk= 6 U 37|9] FELY HAE A4 9 A&sty, AEFNATFAY
OCTLZ TBIRD #o|A &4l Br]dollA] A%9] OCTL JAVI=o&E MS5H BAls7E &l
HE PRl 2 BEE YAEA To2H HgA Hloly FA4lo] 7FettES 1 m A%
o] AT 23385 AlARE FESHL AR 752 HAFEHI0]. MIT FAF4= #o]
A B4 "Huld Qo= OCTL 3A=3} TBIRD FEY 7+ =& 9 t2Es 9
a3t v gAg Az AAE AASHL AAEH. TBIRD #lo]A 84l Blw|doll= 2kt
o|E dlolg 7HA] A& sl PCF 1% SSD(solid state drive) 471Z 4%E 2 TB BjH7}
AAElo] 2H T 2| ITH24]. SSD= thE COTS 4 848 3 nt E F/gx} v
AM HIAES ARloH, 95 ARl At Zow SRlErt
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TBIRD AJARIE 25 gloj#] F4l Huld MH (2 TB)OIA FA/d=r W2 TBE 100
Gbps #& ©E EE= 200 Gbps A4 HEZF dlojg Hgo] 753ttt glox] B4l Euld
of Z3He W= 200 Gbps ZE0fA4 100 Gbps?] T &8 F 7le] A F shol Al
351, olnf tHE 100 Gbps A'd2 7Hd 9] Hu] glo]8(dummy data)® HHA ==
A= JTHG]. TBIRD #HolA 541 guld2 OCTL FAA=olA AFdh= 1,534 nm I
3 AT E E8sto] FELo] ZA| B4 D Alof AARE S BAVITE 6] A ¥t
L= 10 Hz £&2 fuwE AFste 715°] ZES ot ?HH, OCTL BAVd=< 5%t
to]HAJE|(spatial diversity)g 1o 4NEE /3H 2 o8 %2 kbps)d] B+ AR
A5 AlSotesE AN, 33t AP A= Aps vy 8% v=w 75 1A oA
FELEY 24 2P I T8 2%t BlE QTR AR 7HsoHES HA = UTH6,71.

TBIRD #lo]A &A1 guldL E#AY, FPGA(field programmable gate array) 2 SSD 5
LE AR} BEo| B4tk B3 o 100 We] dgo] An|=n, 1 A3t oF 3TA4T %=
5ol TAYste] Al AF A& Algto] AlRFETHG]. o2t offollA $41 E 44l FeRR
+ 94 EgZE(thermal drift)E ®A[5l7] s AAFAZEE GHo=7 AAREE HA

S A

4.2.2 TBIRD #|0|X 4l

TBIRD oA &4l Buld®t B2 = 2+ the&dde Add 2o 100 Gbps £k=2
COTS 718t 33447 EHAIHoA] AAFHE 1,550 nm FAE7t o B th53l=lo] 1 W &
g3 7= EDFAR ASE1, JSHoR FAR 75 &3l 150 prad olsh Wik o= v
ARE o 24 A1ZHET). 100 Gbps T 200 Gbps LER K84 F2to] 753t Hlo|#] 54l
Elujgo] df 3 £82 0.8 WelH, 200 Gbps BEOA 3 &2 F A 7ol 453
HiEITHG,24]. TBIRD #|o]A] 41 Bmdo] 200 Gbps REE 546k= 7%, 100 Gbps &
T ojH] COTS 2§ ohtgE F7F LAkl oF 20 We] F7F Hg AW7}t " gsir}. of25
o] AMgEl= ERHAIHE 71 1,550 nm 2] {4 BEAloA ARGEl= olF HiHdual
polarization) QPSK(quadranture phase shift keying) ®%2} FECE &7 &-85l] 8=
HolA E82o|1, 9F gl Fso] 7FsoteE k. TBIRD thH 3 FAlolA] Hlojgo]

= 9, Fd dlolg A2]gF 100 Gbps ¥ 200 Gbpsoll tall FAI=9] 3 HE7]oA
QFEE A YL 47 oF 42 dBm 2 -39 dBm 50 tH7].

TBIRD AlAERE FEAY AAE He ZEQlo] A3 og $4ld wizix] A3E =
TE k= WEY A W 8% TEESS E8o5to] FoA] §4l HudY oF gl= Tl
olg] A4S BATIE TBIRDY AR5 ¥ @4 T2 EZHLC 0§ Ab A|7to] Q= 7} 4
d AES FASHeE toai Al Figol dejixyg Hso] PAshs Brole w2 A7
BEZ GG S 9 AAESQIH TBIRD 204 &4l Bu|dofA BRI = theidd
&= HlolEe A B 8% o] et o] MSHTh FAY=o] AF HHE 8 &
IS BA R FARE AS, FAS=Z oI TBIRD #lo]#] &4l Budof &7 fish
274 Zl(positive acknowledgement) X155 APAE Ed v AE31ch A5 ke Q
A e Aol A8%= AR oF 1 mso]al, Ze|d] F7]= 27 7heot dutdes

100 Gbps ¥ 200 Gbps =04 Zk2F 9F 15 MB ¥ 30 MB $&°]cH10]. A5 5HE 93
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HAIR= 7HE Ade 1RER g%, ZF HA[A]7F @ Reed-Solomon(223, 255) A%
3 =9 fo]2E RS =S 1,752709] 7Y Ade] Qltt. #lo]A B4l Huldo]
JHA FAV = BRSO 2R E 418 HAIA] o gt R/ wds 98l 2 A W
234 HARO] 371 858 A A cyclic redundancy check) F=& 3R0Igi}E (483 A
B HAAZE PAEE A FlolA SA HuldolAs BE 7HE gl gt e el
E7} XI5 T}H24].

L.

4.2.3 TBIRD PAT

TBIRD UFolA PAT Z2A|AE TBIRD FEAQ] A4 B L Alo] AlArlo] oj&s}
o, FlolA &4l Bude] X3S thed A HE W= Fotes A5 ffsl BAE=2
EHE 415 A9 HIE 4% S92 S8Rtk TBIRD FolA &4l Huld2 A3zt
A 248 Y8) 10 urad RMS(root mean square) F&%=9] 10 Hz EQI8 o0& mrulg:
TBIRD FESLVES] ZHA| 274 4 Alo] A|A"”] Algstar, Ha) F(closed-loop) 718t
body 219 53l Hlol¥ the&d37}t 7Fsste= StH6l. TBIRDE| body 21T 41>
2HE W F27] 9 o] 2 AA 5 A Al FEo] oJ&Esh= 7|&9] /P FZ(open-
loop) ZE1Y H W4l ApE Ao}, TBIRD FEHAS] body 2182 FHA HAo
A2 2]AH H(reaction wheels)& -&3tth oF 530 km 1 =4 ARE ol
TBIRDE] PAA Zt=+= 9F 50 mrad s<2olH, glo|A Al Huldol oA W€ 7HA1% 7+
Hl2ke] Aok 1 rad S0 TH10).

BAVS=Z 72k S5 TBIRD #o|A 84l BuldolA A5 otheda W 7P ¥
A ZAstaL, 7iet e FJHE 7|Hte g d(gimbal) ZRIYS 4517 Hsf Alo] &
oS 2=t o FAVSToE ASH W& 23385 AlAFY uh AAE Potes £
skal, A5Gt AARle] H/DE(ip/tl) ¥ HE AZ Alo] FLE &9 theEE WE &
A B F HE710 2EEES 7] etk FAV el 48388 £ HH(loop
closure)E 95t thedgda W 7R T2 AAL oF 1027} 2850, AH| BE(acquisition)
IL2ANAE TBIRD #oJA 54l BlndolA 27] AP Wa A’ F oF 20% olujof] &
FEHT).

SHH, FA=2 TBIRD #o|A &4l Bu|d2 FEstA ZAYst7] {5l TBIRD FE9]
’39] A= (ephemeris) FE7} BZo|t}. FA=oA TBRID #lol# 41 HudE ¢
2T F&= W9] HEXAZ(FWHM, Full Width Half Maximum)& 380 urad ©J8} &0 =&
0.1 dB mRte] Q1Y A Zh=ti7]. 74 Q57+ Hpo]oA%} 0.01 Hz °fst AF3t =&
I E(low-frequency drif)ell &Jsf 2= 2218 deE Ao dazE X3E 53l &
A 7FsstH, P Y e o A2 HE AM-Z 71s5HA sto] 71 93 nkdl &
Hof o]o] Ut}

o

424 TBIRD ZX[M=

TBIRD YF-Z 93t AIEZAATLA9] OCTL FAAFZFS 1 m ¥HAL F-L7ollA TBIRD |
ol BAl EndRHE 4415 H]S FH|(Coudé) AEE B &Y HT FAHGE A3}
7] $15F #2] BHbench-top) -84} AAERE 28511 ITHGL OCTL FAVS =l oo

2
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A48 AAEE AR 9 BE PHRE SYEE FAS = AP FE(preamplification)
9 12} doiEsidemultiplexing) TS #A1A AAF BHlo g2 A& E|o] B2 (demodulation)
4 E5%Kdecoding) Hh. A HHloA HJFH o 4ld ol I 100 Gbps <
T2 FAG o) 7|55, HFHoR o AN d EAZ 5] AHE thEE 9
o}, FAAF] AR EE HEE 12,5 Gbps $E2 Eefo]Ho| 27171 7Hs3 8709 SSh&
T4E ¥E oEAE 71AH Y 100 Gbps 271 $E5 AYgttt TBIRD th&3 37}
200 Gbps ZEQADE == 4% BAST HE= F 71 Ad F skt A dlolH
Tt 7]1Z31cH6). OCTL ZAAES 20229 25E 9 A LCRD(laser communi-
cations relay demonstration) 95-2] 2 FAAHOGS-1)°]7|= 3jt}. OCTL FAAF=ES
TBIRD UF S7AE 485171 ol LCRD UF A|¢S I8t 33 ¢ & 44 4
StaioH, 45 H% 24& §ol LCRD XE=% TBIRD RE 7k A%to] 7Fsote s 235
3L QleHol.

TBIRD 932 4A1%= 1,534 nm 5 &8skl o(binary) B2 912 HE(PPM,
pulse position modulation) BA& E3f| 2 kbps A% &2 SAIEC) ojuf Fo]A B4l
Eude] d"3 $£A1717F d7199] S8 AT A 4(effective scintillation index)S &Y
o=zx wHolg e el SRt HHoR AP W 419 FE F2FEco-
boresighted) <-A1%- 7H7LollA] Spatial diversity 7|42 &850 Ao ALSHH10]. I
3 2 W2 ool 24 5= oA B4l HuldE A3elr] s thed= | tie] A
oz Z FWHM(EF 450 pradyE zH=tt. 2 kbps YPIE= F2 FEC 9 QHF=E 18
3t &, BHEE 9% A1S Aeof 1.8 kbpsQ9] AREA} HlolE] A &t (user data rate) ARE]

7FssieH23).

4.2.5TBIRD #&

TBIRD Al&®R2 BiF 571 A= AJACF 1= 530 km)}Z 918 20228 5¢ & PTD
(pathfinder technology demonstration)-3 FE.2]/30 EAjEo] EAE o™, 2022¢ 62
Z FojA B4 &F= AR 20229 6¥FE 1197H4 433%]9] AJ(eRE 293], 7t
143))}& B9l gAF=-S Bdok= 587F 200 Gbps £ 2 F|tf 4.8 TB HloJHE 257 glo]
g stk A Al AEF o, ol A AlA i o] 95 EEN AT 1t
tlofe] the-g=3 difoltH7]. 433]9] g HE AlFolA LRk o= df7|osto] ot
FFo] HHH LR A2 ozt B 2 Al 4o AE A7t ZE&E QT i A2E
< AT shed $ohs 59t (A ) Wet 9 7] Hold w3lo] we} Wk A
£ H3lon, dRbAog £ koA o] the-gd A AT At EEEATHTL

2 =roie ATESE, AAEE, A e 4S5 FEeR A I

RS o= b
W Gl AR UPI ATSFL 915 AT 95 ol Al 7| #80] way
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243 FUS 7N ol B4 Sl AT Aot UF AE A5 B
Bl FUSM A 7 dold BA B3 FET 3L SAo) WA AL A, FAY

2], PAT Z2A|IA 9 5 FA = 71 <3S40 Hig FE2 FHEE A2 = A 7]
R Zopol|A S-FE419]

& AF 716 SAl AHlAgo] eF2 SHYEA, S H =7F
A F8740] A Al %‘Hoﬂﬁ_‘i 7 Fo1A Al A VIeTEe AlE A4
oF #r¥l gadgo] diFEaL ot 22 AR} oA T &0 sEdeR di8sh]
3 9= oA Al 2ok e WAlsh § A $4S fitt ZRAES 24 FolH.
okg® I 47|19 ® HAVIHE SHO= FHAA &8 7Hset 25 HolA FAl 7]
ST AFEH T 9 ARISEE A8 Folth. FoR 7 Auo] A AlHjoflA] $54tde A
Stal 7149 AAH = SA MR AR A 571 s S7RRE A %
D} o2 A7 B ARAA|Y] B dEo] FAs] st Aot

A

el =2

B d7s A ey AT gAe] dstos SaEelgUIth4ZK1110,
s Ak 74 ICT 9371 Twsh A2,
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