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71E9| 2hd-Kia 7 HE TEO| AZoHH T S4S| SA7F 7IASHE0] T2, 01 &st 20[X S
OF Z=oldkt FMAOIM Crfet &3i0] O|RHX|L Tt 2 =R0M= 2590 2ol S&52
EfE5h= A H0|S (optical communications terminal, OCT)t XIA0IA HES f=AeHE BEAM X|
=Hoptical ground station, OGS)2 Xt 7HLstL, 0|Z O|2F XMRa7t HS(free-space optical
communication, FSOC) A&S 36Tt 30 mm 42| ZEM EO|Ent 250 mm F#49| 0|58 &
S K= YE, 48 10 Gbps SFP+ ZE1 O|C|0] ZAHEIS 018610, 4K HDMI(high—definition
multimedia interface) 4155 1,550 nm IO 20|X{0f HOt £&a110 Alok=0| HSFICH A& &
FHER= 2124 3,9, 20 kmO|OH, Z#249] H2|0IM MSo| =4 M7= +6.1, 2.8, ~10.9 dBmOICt. 4K

HDMI g&i2 22 10| 102 Ol4 XISEE SelskiLt.
Abstract

As the limitations of conventional radio communications between satellites and the ground become
apparent, various experiments are being conducted around the world to overcome them with space laser
communication. In this study, we address the development of our own optical communications terminal
(OCT) and optical ground station (OGS) and the experiments of free-space optical communication (FSOC)
using them. Using a 30 mm-diameter OCT and a 2560 mm-diameter portable OGS telescope, as well as
commercial 10 Gbps SFP+ modules and media converters, we successfully transmitted and received 4K
high-definition multimedia interface (HDMI) signals through 1,550 nm optical laser beam. The transmission
and reception distances of the experiment were 3, 9, and 20 km, respectively, and the received signal
strength at each distance was +6.1, —2.8, and —10.9 dBm, respectively. It was demonstrated that the 4K

HDMI video lasted for over 10 minutes.
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AFE7E BEAE A9 FEAl HEYANA ARESh= 3384l lolAE 34+ glo] A
F81hE B9l AEsh= 7Ieeltll. olF = A6 oA HujHoh EY wE &
T2 -9 1 F2 fP-AV 7ol BAE=S 755k Aol Z7hssith 91449 TALE-
= W ARE 2R FH 949 572 ISE E8dlEe x| S
= W 0|2 QIS & WA= B89 et Zlskard o R STkskal Qi
AN A= 95 BAl0 2 B4 HiKradio frequency, RF) 8412 &8}t 2359t &8
S vk A B4l 719 sy P2 vl =t SERIRE 2ol s et
9} 4 7+ 94 Flo|th(synthetic aperture radar, SARYS ©AIRE A2 E0] Lol
HE&F2] AmE AFeR Agsh|ole AEE= AL )t ol S5 f1% 21
& B4l 71e9] ool SHEI AUk 3 A} -S4 749l $-27t /lo] 3 A7 84l
A3KInternational Telecommunication Union, [TU)OIA 51> AASH a5 H2|ska
U0l = S7HE W=t @ A|to] AEjn, T o' FTlshe QTR Qls 7t
& T e 29t ZokE Z 0= oE 1A e 5 57 28 A 2,
AupEeh 1008) old9] vk #Eo] 7hstt 9 &4l 7Iso] JAH SAlVIeE FET
A A 5 FEAE AsiMe =] FolAvE AR EER, QAo QFdgt 1,550 nm
g thejo] =2 AREE AL It 1,550 nm9] Flo|A = R ZHato] S=pE]o] 1559 3
Sollt vl A QIAof| FAsHH2,3].

sfejollAl= 1990t 9= FE4l 7|& 7= FXsHR I it 199549, Y& A
A= ETS-VI(Engineering Test Satellite V)2 NICT(National Institute of Information
and Communications Technology) 1.5 m W7oz st ool Fo|xZE 0|83t 1
Mbps?] FHF BAZ AA Hx=E AFJIoHrH4A]l NASAE= 20224 LCRD(laser
communications relay demonstrationys “JA]H|%=(geosynchronous equatorial orbit,
GEO)Pl &32H, 202390 A#=(ow earth orbit, LEO)2] =A-¢-57d 7174l ILLUMA-
T(ntegrated LCRD Low earth orbit User Modem and Amplifier Termina)E &%, 1.2
Gbpsd] AHAZ-FAHAE-AF 1t 25 B84 Delo] A FHIRIHHE] ERF 2022
=2 287 6U 3719 PTD-3(Pathfinder Technology Demonstrator-3)°l BA1E 35
Al Elu]d TBIRD(terabyte infrared delivery)oll4] &3t Hlo]A AlSE XA TME(table
mountain facility)°] 1= OCTL(optical communications telescope laboratory)?l 1 m &
U< ol8sto] 200 Gbps] H=& F4lek=H| 5ot o] AoA= 13] <oF 589
ARt 57t 1.4 TB ARE FAISHITHO. 1813 NASAE 7129 Huks o83t A ¢
A19] SHAIE s3] I8l DSOC(deep space optical communication) Y55 3 F0|
o} 20239 11¥€9] DSOC7t @71 Psyche ©AMIS HARGEAL, 129 1190 A-2A
80HHoll sfigsh= 3,1009F kmollA] Za1ekd AEZY HH @ o] JFFt. Psyche A
AofA FAIE FolA7} Ate]] Egsk=t] 101%7} A5, I HEEE= 267 MbpsSi
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t}. o] ARof|lA 22 cm A9 AZE AR o|A AlZ= A 5.1 m slY F¥F0] &
ASIATH7]. =A9] TESATOA= DLR(Deutsches Zentrum fiir Luft und Raumfahrt)z+-2]
AY AFE Sl FEA AT BAT 5 AUs 24T A8 FEAl EHrES wlsta
olct. FAIE 360 goli, oF 0.3 U2] A7]9t 10 W] AFg 4AWsts 42 100 Mbpso|th
o] 243 F&Al Eu[do] 1742 <F 25 mm HEO|tKFig. DIBl. DLRA| & FiL U=
Mynaric 2.5 Gbps =2 6,500 km oVd2] #ZellA F4lo] 7Fedt 9 Fs4l Euld
= 7S] whfsiar Qi o] FEAl Bude] 742 80 mmeol™, 7|= 2F 37 cm X 28
cm X 25 cmO|cHFig. 1)[9].

AMARE Aa, A=A Aoz vig AdEe 21% FojA §4l Ad, AAA=E
o] 83t B34l Do) AAZ Bl 5 B4l LIS fIgt 714t 7[eE gEsk 9lom,
S BARE SR 23AY 9 B4 ATE I 9 otk o g 95 FEAS &
oA Au} A1 TS B 4= Sl AAZR1 B4l 7ol E Aol AR5

S AN A thaat 2ok A= 8T 9 1t 9 BEAE st
7] sl ARy 24T 9T FEAE FHAE NSk QoHIOL el ed
(KAIST) 2020958 748 AATLESZ o83t F&A4 A=t A, Star Trackert
PAT(pointing, acquisition & tracking) 7142 75k AH11]. SFEARFEAIATAETRI)
2 202090 21 o} 5Ao] 288 5= Y& 2.5 Gbps $E9 AFE3t F4 B4 &S
StESIIE 1,530 nm} 1,590 nmE F 3HZ E2siA S41 sHlaL, BI7E @AY Q7
7F = OIAE 1 Ghpsd] ASEEE FHT 5= = AS SRISIITHI2). =32
THAKASDE 71=29] Q15213 2lolA F271(SLR, satellite laser ranging)oll -8 214 4
g FAT 2GS 35t 7es BRoR, FEA Ads 500 2 A% 7|&? PAT ti7] &
3h S st IeH13) 1y @A SujollAls 5 FEAls ASe Al=IZE g1,
NASA(National Aeronautics and Space Administration)”} Y& NICTQ} @& s}lo] 4345t
GOLD(ground/orbiter lasercomm demonstration) A&} Zo] FHAl AAZS HA 1=
sto] 5ok AH7F B3 AF=oltH4lL

2 =RoAE B AT F5E Ao e ARt el g EIste], AR
7Rt FEA BHuld 9 B4l A ARle A W, T1=]A A4 3, 9, 20 km Al

A et A8 BEA Y A9 I A Eskad gk

0

Ol

Fig. 1. Tesat CubeLCT (left), Mynaric CONDOR Mk3 (right).
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2. A

oo

o A

L5 FEAL Fo]A HZE(beam divergence)S W ZA| THE0] A%517|of HupEAIE
t} 210 WQst Aesns) 2} sHA|F 41 #o]&] HWEo] L. "k AlHE HUj-
glo1A 9] Fuet AEo] Fashy| o, Fe4l Hulddt Ag=7te] Ut o] shd
EoF sk 7HE olEle 24 5 shelrh 2 AdolA= NASAS] TBIRD A3 Zo] A&
o8 A 7 4 e AFS EEsto], o Az Hl8S SolHA FET FHol 7k

o SR AR BEA 4F oIS A At

HEA Huld o}8% $ANE 47 30 mm XS BEAA HoAES SAIT & gl
BoAE wheoly, WABEet JhelE AHslel AUt Age] Aisetes AAYct

(Fig. 2). 181 541 oA AgkS AUsHA Alofstr] flof 48 HELSE 7IhE &85
et o]FA] THE 3418 FEAl Eu)'d9] 7| AR Table 13} Ztt.

FEA AFES Y5t 415 Fig. 33 Zo] 250 mm HAFGEAETE 7S ARSI
o] AZH glo]A S=41%= Fig. 49} Zo] Aot TEAolA Hopdl 1E BS54
25 ol&sto] FYPT BloE wEi, RAZSYEHE W& etk 121 7247 BRI

o} -2 FAIR9] vl (beacon) 660 nm Ho|AE 7}/\1% 7HEg= B2, oE
L PEA HU]%H 1,550 nm #lo|XE HdstA Aot 4418 MMF(multi mode
fiberoll =2 5= UL= HABIATHI4L A= oA $4159] "cl’*ﬂ St Al Table 2
of| AIAISFAT.

lﬂlr*

Hu
M%

ol

Table 1. Specification of 30 mm optical communications terminal (OCT)

Lens 30 mm (ZWO mini guider scope)
Focal length 120 mm

Camera ZWO ASI178 mm

FOV (field of view) 212" x 143

Fiber type SMF (single mode fiber)

Iﬁl I Beam splitter
| Camera

1 SMF SFP+ EDFA

1550nm laser source

Fig. 2. 30 mm OCT design (left) & picture (right). SMF, single mode fiber; EDFA, erbium-

doped fiber amplifier; OCT, optical communications terminal.
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660nm beacon
laser source
e 4 ~
\ O\

.‘ a\" / s s - s \'\ et I
Fig. 3. OGS at BOAO. OCT, optical communications terminal; OGS, optical ground station;
BOAO, Bohyunsan Optical Astronomy Observatory.

f2 Beam splitter f3

Telscope <= | | comens |

Lens

fa

MMF SFP+

Fig. 4. OGS receiver optical design. OGS, optical ground station.

Table 2. Specification of optical ground station (OGS)

Telescope GSO 250 mm reflector
Telescope focal length 2,000 mm
Camera ZWO ASI174 mm
Camera FOV 23'x14.6'

Fiber type MMF (multi mode fiber)
Fiber FOV 19.33"

FOV, field of view.

At FEAE et B, A A VEYAE AT 1) ARESh= SFP+E 885
At SEP+= A0l HA g ABATE L Q= AlEelH EEA 7 & Qlok Aol ARSSE
SFP+ &2 1,550 nm g A85HH 10 Gbps A$&Es 7HIt 282 9F +2 dBmO]
™, o]& A& EDFA(erbium-doped fiber amplifier)E ©]-83}0] +23 dBmO & SZEA|AA|
A%S 519tt. SFP+& b|tojAHEE o]&3le] 4K HDMI(high-definition multimedia
interface) F/d= FolA Aoz eI o] Aol SFP+= 2 o= 4TS Hof
=Y F U= FAA719 A= 2 -17 dBm Foloh. HAIAR1 AY AAl= Fig. 59F 2t
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Media
Converter

SFP+

SFP+ ‘ oCT Reflector Focal
- Esomm)

Laptop
Laptop

Fig. 5. Diagram of FSOC experiment with 4K HDMI live streaming system. OCT, optical
communications terminal;, EDFA, erbium—doped fiber amplifier; FSOC, free-space optical

communication; HDMI, high—definition multimedia interface.

1,550 nm 3F9] Flo|xi= A& 7HF 7HIEE S 17E ofgek 1A FE4l H)
d9] glo|A WE AUsHA A== FoHA skl B4l HuldY oA AaE A=l
A Ak FAaoll AAIA1717] Yl 60 mWel &3S W= 7HA3 660 nm IHEC] H]=
= o83, FEAl Eud} AF=o] AR HA A & JTF 479 HIE FojA= of
0.6 H15Z 7= AAF. Fig. 63 ol 7RG 7iH2tz Alofd] BIZ9] Y& &
oI5}, 333} mhQ|u|E|(optical power meter)Z 793t 1,550 nm H°|A Y] 414|717} F o
7} B stk

FAA7] dl&S Bol AEE B4l 7hsAdE ASo] fldl, Al @A BEAl
Hujgda gojx9] jES FFAor SASIH. FE4l HuldERE 3 km EojXl 3o
CCR(corner cube retroreflector}2 A4x]5}o], CCRO]| H¥EAFE dlo]#A9] AI71E ofidt 2
of w2t 71EstoH, 1 AHE 7F-AIRKGaussian) WESHo] FEAl HREO] $4l Flo]
A RZZ Z76itt. 1 Adk= Fig. 72 2k B4 E) e E= 9F 363 pradolH,
T E(Rlotef) WRFo R = oF 185 pradelth. o] S0 ARESE A 7Y A|gFeAl= +100

Fig. 6. FOV of OCT and Rx beacon (left), FOV of OGS and Tx beacon (right) at distance of 20

km. FOV, field of view; OCT, optical communications terminal; OGS, optical ground station.
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Fig. 7. Measurements and fitting results of the reflected beam power for azimuthal (left) and

elevational (right) direction. The orange dots and blue dashed lines represent the received

power and Gaussian fitting result, respectively.

952 S Arolch, GF WES ¢ YU =

o

7 o Aol FAe I APS AT 3 kme} 9 km A9 AP B2 Bx
955 A ATSIAT, 20 km ATE BT AR} A2 GHA Aol S
A ol e HHL Fig. 87 Table 300 AABHc:

3,9, 20 km 712014 30 mm HEA Eu]dE $4154, 250 mm A4 B &

AIgH AY A3k= Fig. 99F 2t 3, 9, 20 km AgjollA] =418 o] A 415.9] =41 Al7l= 2

Fig. 8. The map of the sites for 3, 9, and 20 km experiments.
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Table 3. Site information of free—space optical communication (FSOC) experiments [15]

Distance (km) Date Temperature (C) Humidity (%)
3 Sep 52023, 11 h 28.1 62

9 Sep 112023, 17 h 30.6 47

20 Nov 2 2023, 16 h 257 36

10
+6.120.5 (3km, 2023-09-05)
4000 2.8+1.3 (9km, 2023-09-11)
> -10.9+1.6 (20km, 2023-11-02)
3500
0
‘ ‘ 3000 A
€ ¥ m
g | | , 2500
g 107 : | <
H ] l 8 2000 1
&
o) |
@ -15 } ' T i § .
=20 1000 -
_p5 ] — *6:120.5 (3km, 2023-09-05) | ‘
-2.8+1.3 (9km, 2023-09-11) Ly ‘
—— -10.9%1.6 (20km, 2023-11-02)
-30 1+ . T ! ! ; 0 ! 4 Wik IY " "
N KXY 20 0 Y BN ® B NSNS 5 N s A0
Time [s] RX Power [dBm]

Fig. 9. The measurements of the received power for 3, 9, 20 km experiments for 1 minute.

The plots show the measurements over time (left) and the histogram (right).

7+ +6.1 £ 0.5, +1.3,-10.9 + 1.6 dBme]t}. £41 #lo]A Q] A7]7}F +23 dBmel=tal 7t
AP o, A% é—@% 217} -16.9, -25.8, -33.9 dBO|tt.

SFP+9] 4241 3HAI7} oF 17 dBme |22, Pt wujg 2 =73t 2= 2 20 kmojlA]
T A9 #4 §lo] 10 Gbps £5&9] F4lo] 7Fsstth= Ze & 4= Stk 20 km AzjollA A
A oz, EEO R FYPT S E&IA Ao R Hhol 4K HDMIZE $igtsto] 356

© AdS TP 20 kmellA| HDMI AARE 94 $& dds 3% 23, 102 o1
Qo] Y& T2 e AS RIS Fig. 102 HH, G AlHiollA 3541 H1l
gg 59l AAREe R St =8 Fde] HatdaEHol e A=A dEdes 4l
o e 2RI 4 U

Fig. 10. Field of view of OCT at a distance of 20 km, including Bohyunsan Optical Astronomy
Observatory (BOAQ) (left). The received live streaming HDMI video at OGS (center) and the
HDMI video transmitting OCT (right). OCT, optical communications terminal; HDMI, high—

definition multimedia interface; OGS, optical ground station.
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2 AollA] 2FFE 237t FBA AT oA o]Fo)d glo|A] PB4l A
SF 4] Ipgolth. of 7|4 JUEt FEAl Bnda} Ad AlAEE 89 e A
Ak 2487 BEA19] Y2 #A(link budge)e Table 49+ Zow, 0|5 #gslo] 4
d A7E 9% § A3k Fig 1137 2ok g3 HARR o 4] (D o8-8 AL
Pg = Pr (Gr 17) Ls Laem (GgrMg) )

oJ71A P} Pri= AR SAIRS] B3t AI7IE, Gr &t G SAIF B 4IRS Qe
ol S(gainye 1} N SAFL} $AIKY] FoHA| EAZ W LT Logy> 22F A7
Ofgh ST of7] Al E F<ol] Ofgt SAS OufRitt Ly, B E 1,550 nm T3
&4 3 F-8okgirHiol

o] ZHlE ItiE &-golo] et BAIFIL 7Pgstal AgE 1,000 kmE F7HIZIH,
7] Abetol] OJgt &AL oF 1 dB Fke ZAAstAANE Aol 93t &42 34 dB A= sold
o} & AT & Qe A A7IE 9F 43.4 dBmelth @A) S48 S s A= 17
dBm AEolug, oF 26 dB o] £AS FEsH HJ‘ESO] ZQgsich

FE o] FA 07 Frlshe Aol 5 B4 AAE] 7B el A5k
h-85F AF= B4l o] F 7Fsgo] &t 1y FE H 32 718 AT} 2A] Aof9 A
Eo] FHAE 7L 719, B 2 £} o] 2 WES 283 $EA HuldS B
Sh= Zlo] otk NASAS] TBIRD ARIE %= W, £ 1 W(+30 dBm) %k, $41 #lo]
A 8] Z2 100-150 prad FEol| HE 7HsA0] ot wheb 94 Holl A 95 BEAl9] |
&2 AT 4 9= A= =] Utk of7]A] Z1gst A} vlwsl %S o, HlolA
=92 +7 dB A& 7jAsk= Aol 7hsoh, |l Zof ot $4l QbEU o] S(gain} +5 dB
B S7HAE & AU Zolth F +12 dB A=Y 0|5 7 4 Ut

1o

Table 4. Link power budget of the 20 km experiment [16]

Equivalent value

Parameter

[dB or dBm]
Tx laser power (200 mW) +23.0 dBm
Tx antenna gain (185 urad) +86.7 dB
Tx optics loss (beam spilitter) -1.0dB
Free space loss (20 km) -224.2 dB
Atmospheric loss (0.1 dB/km x 20 km)

—-2.0dB

- Clear weather condition @ 1,550 nm
Rx antenna gain (250 mm) +114.1 dB
Rx loss (beam splitter, secondary mirror, coupling) -7.5dB
Rx power in fiber -10.9 dBm
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estimation by link budget
® -15.8 dBm at 30km
10 A =~ ® -22.2 dBm at 50km
= ™ ® 6.1+0.5 at 3km
2 ® -2.8+1.3at9%m
= 07 =~ ® -10.9+1.6 at 20km
o L]
g !
[e)
o
g —10 - B
g ¢
2
9 ®
4
—20 A -
_30 -

10° 10t
Distance [km]

Fig. 11. The received power from the experiments and the estimation for 30, 50 km. The

gray line shows the fitting result by the link budget estimation.

webd EA A4 Al ook sl £4S o 14 dB 4
o 1 mo] AL 713 BUAS B +12 dB HEO] O}5L B 5 glov], SRS /)

Aol OF 3 dB O] 441 £AG AT S Y& Aol 7Sk Utk wetd @ BE4l
At A2 RS Bl 1 Wl FolA £ 100 prade] WES 71 43 SAls}
£ AL oA ¥ Ao 7|ttt

24
=

o1
rhu

ol AolA 3,9, 20 km A= ER AHA-57F BEA UL SHL, 4K HDMI 4] B
glo] 108 oy X482 BIslginh. EFF 1 54 AVIS SHTOEM, A AL FF
A EuT AT 2T A B FYT T 5 ARk o] FUS MR 1,000
km o149l AzlolA] S5} BAISH] Slo) WA BEA AR R AL FHopd &

glon], A% 418 YA AL 1 mR Z7KIZIL Aol 54155 st ol
32 5 9 Zolet 7Ttk S5 o714 A HEAL Euldat 44 AABS 4K
HDMI P4 QA2 UAREOR SFase Salsked] HH3HE 7148 758 Aol
QFo o] B8 TRs EF w2 A0 |k

&

el 2

o] ol et o] ATE B 4 YA AUNFA @HERAH o], FHIEAT
o BEARIEY BAREEA BAREUL,
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