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71E9| 2hd-Kia 7t HE TEO| AZoHH T S4S| SA7F 7IASHE0] T2, 01 &st 20[X S
OF =0kt FMAOIM Crfet &3i0] O|RX|L Tt 2 =R0M= 2590 2ol S&E2
EfEh= ZE A H0|S (optical communications terminal, OCT)t XIA0IA HES =AeHE BEAM X|
=Hoptical ground station, OGS)2 Xt 7HL5t1, 0|Z 0|25 AMRa7t HS(free-space optical
communication, FSOC) &S 36Tt 30 mm 42| ZEA EO|Ent 250 mm F#429| 0|58 &
SA K= YE, 48 10 Gbps SFP+ ZE1} O|C|0] ZAHEIE 018510, 4K HDMI(high—definition
multimedia interface) 41S& 1,550 nm IHFEQ| 2{|0|X{0f Ot $=5k11 Alok=0| SSFICE AEe| &
FHEk= 2124 3,9, 20 kmO|OH, Z#242] H2|0IM MSO| =4 M7= +6.1, 2.8, ~10.9 dBmOICt. 4K
HDMI &2 22 8l0] 102 01 XISES SiRI5ICt.

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 250 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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A3t FEAE AV FEAl HEANA ARSSH 384l glolAE B4 flol A
F31hE B9l AEsk= 7Ieeltll. olF = A6 oA HujHoh Y e &
T2 -9 1 Z2 f-AV 7ol BAE= F55ks Aol 7hssith 91449 Al
= W& e 2R FH 949 572 1SS B85l WX SR
< WU 0|2 QIS & WA= AF8Y et Zlskard o R STkskal Qi
AN A= 95 Ao g B4 HiKradio frequency, RF) 8412 &8}t 2359t &8
S v At B4l 71e9] sy P2 vl =k SERIRE 2ol arsiAES] et
oF 3H3 7+ G4 Floltsynthetic aperture radar, SARYE ©AH Q1593501 HokAH
HE&F2] AmE AFeR AEsh|ole AEE= ] AL ). ol S5 fI% 21
& B4l 71e9] oAl SHEI AUk S A} -S4 749 $-27t /1ol S A7 84l
A3KInternational Telecommunication Union, [TU)OIA 51> AASH Fu<-& A5t
U0l = S7HE W=t @ A|to] AEjn, T o' FTlsh= QTR QIS 7t
& T Y 29 2ok Z 0= Al 1A e 5 57 B84 ¥,
AupEeh 1008) old9] vk #Eo] 7hstt 95 FE4l 7Iso] JAH SAlVleRE FET
I 5 FEAlE AsiMe & FolAvE ARBEER, A0 QFdgt 1,550 nm
g tfejo] =2 AREE AL It 1,550 nm9] Flo|A = R ZHato] SpE]o] 1559 3
Sollt HlwA QIAof FAsHH2,3].

sejollAl= 1990t 9= FE4l 7|& /= FsHR I Qirk 19959, Y& A
A=A ETS-VI(Engineering Test Satellite V)2 NICT(National Institute of Information
and Communications Technology) 1.5 m L7302 st npo] Fo|xZE 0|83t 1
Mbps®| FLF 4= AA Hx=2 AJISHATH4. NASAE= 2022391 LCRD(laser
communications relay demonstrationys “JA|H|%=(geosynchronous equatorial orbit,
GEO)el &%2H, 202330 A#=(ow earth orbit, LEO)?] =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 Dejlo] AAE FHIRIHHS]. EIF 2022
9= 287t 6U 3719 PTD-3(Pathfinder Technology Demonstrator-3)°l BA1E &5
Al Elu]d TBIRD(terabyte infrared delivery)ollA] &3t Hlo]A AlSE XA TME(table
mountain facility)°] 1= OCTL(optical communications telescope laboratory)?l 1 m &
U< ol-8sto] 200 GbpsY HE& F=4lok=H| Ad5oI3lt. o] AoA= 13] <F 589
ARt E7t 1.4 TBO] ARE AISHITHO]. 1813 NASAE 7129 Huks o83t A o
219l SHAIE s3] I8l DSOC(deep space optical communication) Y55 X3 F0|
o} 202349 11 DSOC7F @7 Psyche BAMIE ARSI, 12¢€ 1190 A1-2A
80HHoll sfigsh= 3,1009F kmolA] 2318k AEZY HH @ o] JFFt. Psyche A
AoflA SAIE FolA7} Ate]] Egsk=t] 10127} A5, [ HEEE= 267 MbpsSi,
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t}. o] ARof|lA 22 cm A2 AZE AR o|A A= A 5.1 m slY ¥l &=
ASHATH7]. E5A9] TESATOIA= DLR(Deutsches Zentrum fiir Luft und Raumfahrt)z+-2]
AY A= Sl FBA AT FAT 5 Us 24T A8 FEAl EHrldS wlsia
ot} FAIE 360 goli, oF 0.3 U2] 279t 10 W] AFg 4Amsts 4= 100 Mbpso|th
o] 247 F&Al Euldo] 1742 °F 25 mm HEO|tKFig. 18l DLRA & FiL e
Mynaric 2.5 Gbps =2 6,500 km oVd2] #ZollA F4lo] 7Fsdt 9 Fs4l Euld
= 7S] whfsiar Qi o] FE4l Bude] 742 80 mmeol™, 7|= 2F 37 cm X 28
cm X 25 cmO|tHFig. 1)[9].

AMARE Aa, A=A Aoz vig AdEe 214 gojA §4l Ad, BAAEE
o] 83t B4l Do) AYEZ Bl 5 B4l LIS fIt 714t &S gEsk 9lom,
S BARE SR 2AY S FBA ATE I 9 otk dog 95 FEA &
oA Au} A1 S B 4= Sl AAZRl B4l 71o] 2 Aol AR5

o] AL EF2 oh3t 2t AAdE s 8T A4 1 = BeAS st
7] sl ARy 24T 9T FEAE FHAE NSk QITHI0L Sl ed
(KAIST) 202098 -8 HAGEHEE o83 B84 A= A, Star Tracker?t
PAT(pointing, acquisition & tracking) 7|&-& 7idotal QltH11]. SH=AAREAI AL (ETRI)
2 202090 21 o} 5Ao] 288 5= & 2.5 Gbps $E9] AFE3t FA FEA &S
grEsIIE 1,530 nm} 1,590 nmE F FE B4 S04 51, Bl7E @AY
7t U= OIAE 1 Ghpsd] ASEEE FHT 5= = 2S SRISIITHI2). =32
THAKASDE 71=29] Q15213 2lolA F271(SLR, satellite laser ranging)oll -8 2143 4
g FAT 2GS F5t Ve BRoR, FEAl Ads 500 2 A%t 7|&?l PAT ti7] &
3t S Zidsta QIeH13) ey @A Sjollsls 5 FEAls ASE Al=IZE g1,
NASA(National Aeronautics and Space Administration)”} Y& NICT®} E&slo] 4343t
GOLD(ground/orbiter lasercomm demonstration) A @} o] FHAl AAFES HA 1=
Sto] ASsh= A7 ARt AgoltH4l.

2 =RoME B AT F5E Ao e ARt el AP BEIste], AR
7Rt FEA Buld 9 B4l A ARlet A W, T1=|A A4 3, 9, 20 km Al

A e 137 B4 AY Aulel 5 AL w=stA gk

2
[e]

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

oo

T

L5 FEAL Fo]A HZE(beam divergence)S W ZA| THE0] A%517|of HupEAIE
o} SAlo ZRgt AYAnrt Ak shA|RE F4l Flo]A] HlFo] A2 whE SAIRE Huj=
glojx 9] gt HHo| "ash] wiZel, FEAl Bulda} X=1te] At FJEo] 4
Elof 5h= 71 ofgle Al F stuelth & AdolAl= NASAS] TBIRD Ag¥} Zo] A&
o gA 7 5 e AlES EEsto], AR AE vlE2 SolHA ALt FHo] 7hs
S e a1t Al A S A sk

A Huldg o]83t FARE 217 30 mm RS 854 FoJAE HAIT 5 Q=
BAE eI, HAETEe} 7 ARlsto] I A[7fe] 7hssles AN
(Fig. 2). 1821 541 Flo]A A3k AdsHA Alofslr] flsf 48 HELSE 71 E &85t
At olFA W= $AE B4l HRE] 7]& ARSE Table 13} Zth

LA AFE At A= Fig. 33 2] 250 mm SHAPG AT 7 E ARSIt
h7ol AZH oA $AlR= Fig. 49F o] AASIH. TEAolA Hoxl S E=
25 ol&slo] HPg WloE w1, MAEYEE HE Uellth 181 7o) E5d=
2 4§18 o} 3k £HA159] H]Z(beacon) 660 nm FOJAE 7HAG FiEl® By, T
B2 B34l EHE] 1,550 nm HoAE AUSHA AFste] 418 MMF(multi mode
fiber)oll =8 4= Y= HARBIATHI4] A= HolA FAI59] AR AFFE Table 2
of| AT

uivi}

ro

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 ~
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.‘ 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 BA g ABARE L Q= AlEol EEA 7 4= Qlk AF ol ARSSE
SFP+ HE-2 1,550 nm g AH8HH 10 Gbps A64Eg 7HIt &8 F +2 dBme|
™, o]& A& EDFA(erbium-doped fiber amplifier)E ©]-8310] +23 dBmO = SZEA|AA|
ASS 5t} SFP+& t|t]jolAWEE o|-83dlo 4K HDMI(high-definition multimedia
interface) YA oA A& WAL o] oA SFP+E FAHOR AT E ot
=Y F U= FAA719 A= 2F -17 dBm Folnh. HAIAR] A AAl= Fig. 59 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 ®E AUsHA A= FoHA skl B4l HudY oA AaE A=l
A Ak Faoll AAA1717] Y3l 60 mWel &3S W= 7HA3 660 nm IH9] H]=
= o83, FEAl Eud} A4FEo] AR HA 2S5 JTF 479 HIE FojA= of
0.6 H15Z 7= AAF. Fig. 63 ol 7 7iH2ta Alofd] BIZ9] Y& &
oI5}, 333} mhQ|u|E|(optical power meter)Z 73t 1,550 nm H°|A Y] 414|717} 2o
7} B st

FAA7] &S Bol AEE B4l 7hsAdE ASo] fldl, Al @A B4l
Hujgda} oA 9] jES FFAor SHsHH. FE4l HuldERE 3 km EojXl 3o
CCR(corner cube retroreflector}a A4x]5}o], CCRO]| HEAFE o]#A9] AI71E of3dt 2
of Mzt 71Z519 e, I AHE 7H-AIRKGaussian) WEdto] F541 Eud9] FA41 o]
A REZZ Z76ltt. 1 Adk= Fig. 72 2k H94ER) e E2= 9F 363 pradolH,
T E(Rlotef) WRFo R = oF 185 pradelth. o] 7o AREEH AR 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.

prad Eole, Zheo] HE gol W WS S Aol FF WES o JushA
A 5 Gl e 1T Agolrt.

5 A 20 kmoll A =3}, gt oheju|ElE ol 8sto] ZH2ke] A=

A ZA== FlelA 41;94 —% S5l LA AES A=stAaL, Fdie] =4l A7)

7F 2= ARIA e Fad= AdS ST 3 kmet 9 km AR AEE S5 FF

L& oA "e‘@’é}‘ﬂl 20 km A2 HAL DR} 5 Al AHOlA 3t
g ol dieh = Fig. 87 Table 300 AAIBHT.

3,9, 20 km Aol 30 mm FSA HudE $AISkL, 250 mm Ad= TEFo= 4

ARt A A= Fig. 99F ATt 3, 9, 20 km #Z|o)A p4let oA 4lee] 4l Al7le 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
+6.1£0.5 (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
€ w m
g | | | 2500
g 107 | <
g ] l 8 2000 1
&
= {
@ -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+ . ; . ; . 0 : , — " "
N A0 20 9 0 <« & 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).

ZF+6.1 £ 0.5,-2.8 + 1.3,-10.9 + 1.6 dBmo|t}. &4l Ho]A 2] A|7|7} +23 dBme]zt1l 7}
RS o, A é@% 27} -16.9, —25.8, -33.9 dBo]t}.
SFP+9] £=41 31417} F -17 dBme|E2, 5} mru|g 2 243 23 B 20 kmollA]

f
Y
15
5
N
EQ

0 Gbps £&£9] §4lo] 7hssdith= 2 & 4= Ut} 20 km A=lollA] 4
St YAFE EEofA Axgtez H*O} 4K HDMIZ H3lslo] £&35

ol = &
=

il
i
|
[
a2
b
0.9.

£ AYES #5320 kmolA] HDMI AAIZE G4 55 ARES 335t A3, 108 ol
27 glo] G B 5 Qe AE ERISHILE Fig. 10& EH, A AlHolA 54l Er)
gS 5ol AAZICE At 52 Aol HaibE | Sl A=A Faog $41
H AL FIg 4= Qlck

Fig. 10. Field of view of OCT at a distance of 20 km, including Bohyunsan Optical Astronomy
Observatory (BOAO) (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] It of 7|4 JUEt FEAl Bnda} Adr AlAEE 89 e A
ARt A8t e84l D= H3llink budget> Table 49F 221, 0|5 25t} A
Y ANE WE T dyke Fig 117} 2t} 33 WA thg 4] (D) ol-8af Al4tgict
Pg = Pr (Gr 17) Ls Laem (GrMg) @)
ol71A Pp} Priz ARG SAIRO] 3F3L AI71E, Gr ot Gr SAIE 2 AR Qe
olS{gain}& Ny npe AR} FARO] FoHA EAS LRI LT} Lo 22 A0l
Ofgh &AL 7] Akt W Fpof] Offt EAS ORI Ly, B E 1,550 nm 39
4 3 F-8okgirHiol

o] HlE ItiE &-golo] et BAIF AL 7Pgstal AgE 1,000 kmE F7HIZIH,
7] Abetol] OJgt &AL oF 1 dB Fk ZAAstAANE Aol 93t &42 34 dB A= sold
th & AV & e A 7= 9F —43.4 dBmelth @A BAIE 4= Sl A= -17
dBm AEolug, oF 26 dB HEo] £A1S FEsH uio] Wasitt,

FE o] FA 07 Frlshe Aol 5 B4 AAE] 7B el A5k
h-85F Aba B4l o] F 7ol w=r TEU FE 8L 718 Agn ZA| Aol 4
LEo] FHAE 7KL 719, B 2 £} v 2 WES 283 ¥EA HuldE B
3k= Zlo] offtt. NASAS] TBIRD AHIE Fhe o, €82 1 W30 dBm) Hk, $41 o]

A /] FL2 100-150 prad el viE 7Fsdo] o webi 914 HellA 95 F8419] &
&5 7H AT 4= A= A= =] Sl o714 et AP} vlws] B2 o, FolA]
82 +7 dB H& WSk o] 7hssh, |/ Foj ofgk $4l QbElL o]5(gain} +5 dB
Be S7HIE & U= Aolth F +12dB FE9 ol52 71 4= 3

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] WEA AT PAolA Fusof s £4L oF 14 dB
o 1 mo) PAE 7H FUAS 28I +12dB R oSS 2
A3lo] oF 3 dB AES] 441 £41L R 4 9L Aolet 7Idhska
QA= A2de] S o) 1 W dolA £t 100 prade) WES 74 9t EAlsh
£ AL oA e Ao Il

24
=

o1
rhu

ol AolA 3,9, 20 km A= ER AHA-57F BEA UL SHL, 4K HDMI 4] B
o] 10% ol M&EL BBk, EFF T A AVIS SHFOEM, A AL FF
A BT A 2R A B FYE T 5 Ak o] FUS HIOR 1,000
km o142l AzlolA] e} BAISH] Slo) WA BEA AR R AL FHopd &

Aom, 25 FAE FAFY] 1EE 1 mE F7HIZ|AL Ho|A AIRS JjAsto] ol

£,

HDMI 54 948 AAzko 2 Saae) 2alsker] Hashe 714z 759 Zol7]o,
Qrowo] B8 7154 B £ Ao JloHr:

el 2

o] =wol Higt A9 2HE &2 = W ALaFA @A ol L, =T

i
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