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Development of Radar System for Laser Tracking System
Ki-Pyoung Sung’, Hyung-Chul Lim, Man-Soo Choi, Sung-Yeol Yu

Korea Astronomy and Space Science Institute, Daejeon 34055, Korea

29

SIEMEHTII0| JHSH 1Tl 30|X =8 A|AE(satellite laser ranging, SLR)2 XIAOIA ST}
SOlIAL 20101 SfoH HIAIZF LIZEX| LS At
SAMT = A2 SHOZ HIA| Al 20]H AIARE HE SLR Al
AHI0) 7HES 2 DFMIHH(X-band) 20|H=Z SLR A|ARIO0| X|
Stoh= BISH0| 210]Q FIH(radio frequency, RF) BA AMSE &M 25K RHS(radar hardware
subsystem)2t SLR 2ZA A RHSERE 256t RF 2A AMSE HIEC
2 H[3HN| HE 65 T 2 0| RIS SXIAZ = MCS(main control subsystem)% AMBIALCT,
E =R0ME HIstR ZA| H0]H AARS FMEHE RHSE MCS 47| LIS 71851, SLR 2FAIA
Hoto| QIHMHOIA H 28 AUZIRE MG JHLE HIRA ZA| 0|5 AAREZ S87I1E 08¢t
A

TA XIS BHGH0) SFSAS FEol TS

ol 0IZ BX[old, 0IN ETS

IRCE JHES! IR ZA| 20]H AJA

|22t QIHHO|AS RAIGHAH

&5 Algis Sofl HIdA 4= & 2l0|X SA| LSS Tdoks XS =10l HE0IUH.

Abstract

Korea Astronomy and Space Science Institute (KASI) developed an satellite laser ranging (SLR) system for
tracking space objects using ultra—pulsed lasers. For the safe operation of SLR system, aircraft surveillance
radar system (ASRS) was developed to prevent human damage from high power laser transmitted from
the SLR system. The ASRS consists of the radar hardware subsystem (RHS) and main control subsystem
(MCS), in order to detect flying objects in the direction of laser propagation and then stop immediately the
laser transmission. The RHS transmits the radio frequency (RF) pulse signals and receives the returned
signals, while the MCS analyzes the characteristics of received signals and distinguishes the existence of
flying objects. If the flying objects are determined to be existed, the MCS sends the command signal to
the laser controller in SLR system to pause the laser firing. In this study, we address the interface and
operational scenarios of ASRS, including the design of RHS and MCS. It was demonstrated in the aircraft
experiments that the ASRS could detect an aircraft and then stop transmitting high power laser

successfully.

FHao

Keywords : satellite laser ranging, space object tracking system, aircraft surveillance
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1. NE

SLR(satellite laser ranging) A|AES QFEAE A0 A4 Fo|A& WAsIe] X
Ao wRE BA7MA|9 AE FIUsH SAsH= AlAHEelH o714, S A= A5
I SFAY7|E EZodstH AgolA A HlolHE Alsthe AlAEl S SLR AlAEE A&
she 78 A ARl &4 HlolHE Ak&sith o] HlolE= =A17]9- ILRS(International
Laser Ranging Service)oll Al Z=]o] SA|gh, A+ e}, 9554 AdHAE 274 5 ozt
A lolE = -8 1 ItH1-3l.

SIR A|AHIS o83t 324 42 APdolA LXIEE oA o8] 57 2FA
AA e FT7AR AlE A, A8 AT 52= gt QI ARalE oojd 4= Qlth4. 51
WbA, SLR AJARRE FlofA] Il Jiego] HIgA] E4] f5E HASkL A& Al AR
gloA IxlS FAAHOZH Fo|A R F Fo|A|o] 23t H|PA| QFdS ShH ok 6]{}
of7|A, BlgAl= F371E 2L IO dolttie e EAE Doty wz2iEEtold
Zetoly, A7tolttold], Afjd| 5 #o|Aof o3 Wit AT 4= = BE A 4”]0}‘:]'

oj23t ZAIE WAIsH7] sl A AlA SLR /\V\@C’HHL H]‘“Zﬂ HS gHsh| flgt o
Fet S ARERE A7 ILRSO) BarE BgA] HE W ot 7Het d 2YE
£ 59 Adske WY, AsSS5EAANA HJ'—a—(automatic dependent surveillance-
broadcast, ADS-B) =41 Hlo|EE E3f AlHsk= W, & W% TA|(air traffic control,
ATC) 4l dlolelE &5f AEsh= W1, 29 (infrared ray, IR) 7HHI2HE &3 A8 74,
TSR] Stz gRIsh= W 5o] U6l 11 5 B2 SLR AlAgoA &8stal Q=
HIPBA HE T2 oy AIAERE o&sto] BIgA|9] Qbde St sk ot FlolH

= U AARRE Y] HJHE o]&sto] ATt Hlo|A At Ao E HigoR syZos
glo]A] Aloj7} 7hsoba, W& fAME E A UL Eoh= Aol Slo] SLR AIAH
A o] Z-8Ea1 QUeH7 8.

£ =RolA= A% SLR AARQ] H|gg% ] A Eold AlAE -8 7id D AAE] A0
sl 7ok, F371E S8 A5 AT R X3 HRko] v|gA FEAS 9 Flo]A] A
AT E ERlsto] AARLS HSBHATHIL

2. HZ HIAX ZA| ZHOIC AAH” WL

H|ZA] ZHA] Floe] AlARRZ SLR AIAES] FlolA 1] X 2k HIPAIE FAAIskL 4
Eoto] SR oA IS HWEE &L= o]%%‘:} Fig. 1014 Hi= H}} o]
RF(radio frequency) 4% &= % $£4 dHY AFS 918t RHS(radar hardware
subsystem)2} RHS 4155 v 2 H|A| HE ofFE wdstal o] 2t /ﬂ

E E'_
A7l MCS(main control subsystem)& é%ﬂ' SLR SGAIAEHZ Fo|A] vl 24 v
of HIA XS ol MCS2 @A AgFetal U= AF AAHHZL & 1=zhE HE3it
MCSE SLR ZFJAIAHZ JIEHO]AE Sl AEU2 A7 YIAE RHSE &5k, RHS

e T e S P
MCSE B 42 A5 L ulgA] 4] dolel Axgo] Ak U A% 9K PR
A&H O SIR SYAAHOR 5T S0 iAW) g 5L wet 9% mel



J. Space Technol. Appl. 4(1), 1-11 (2024)

ASRS A|AR M

SHEl|L} & 2ol &

2| 0| cf
S|

Fig. 1. System configuration of ASRS. RHS, radar hardware subsystem; MCS, main control

subsystem; SLR, satellite laser ranging; ASRS, aircraft surveillance radar system.

Y FEiz 52 ZUEPRIT 2=, RHS2RE AN RF & 4low $41700 25
HESTE A =5 MCSefl <f3] BI9A] 775 SA14 22 ARl o=t Al & &5
il = g ARE WS FIJA] BE R} JF Zfolof osf A|A it #<UA] BH
P2 Fa AEH0.2-40 km)oll T WhSute] G5 A7) M FE P 2uista, I
HESTHe] 28 g 84S o83t WEHE Qfuleitt. ol2fdt WEFHS S WSt
HPA = AEEE MCSe #lolA A 4125 oA Alagler Adsto] FojA 1l A
< FYFo=H, vFAR FolA Ho] B 7Hs/dE AR AARlt

4
el
rr

3. HIHH ZAl 20| AAR 2A
3.1 HIZH ZA| O[T AIAH QIE{HO|A W 28AILL2|

SLR SGA2HE WA 7A] Fole] Alago] Agslok she 91X re} 1o w4
A A% 9IA) D LT o 9 52 Fsle] SBslok Tk 9HBAS FAshT U
S0k vl 7h4] Fole] Axdlo] APt Y X7 1E o) Hol7h wraskAL Al
A=o] BEAPL AR 790 HolA WA Ei 20 FRE SHsl] 9igt AeiolATt &
Tt QEolAE Bo) 4 FAEE Holei 2A A% AE S8k st 9%
dolelet HegRE BR3k] 9Iet el HlolHs TRstst. ol euols S
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4= Hlolg 7t SR # A YA B7ISE gt A&3t HlolE Ale= ALEstoiof g
t}. o]F #I5fl SLR AJAEI MCS Afelofl 1] lofg] AlolEx} AJe] Hold AlolEx 22t
Tdsto] = dlolE ol tiet IS 7IAA BeF IS, QIE o] A9 Theket 4
4 1&9] gloJelE Algslr] 9o AlF Y 54l A0 & Adsteict. HIgA A gl Al
2§19] 93] dlo]H QlEfHlo]A= RS-232 IREZS GO R v 50 ms F7]& SLR &9
Al&5el] 57600-8-N-1 A o= $17] HlolelE 874skal, 1of Hieh SHCe= ¢z 914
AE 1635 3 YERRE 3719] okA7](ASCI) 41, =z 94 HE 1675 3he et
U= 370 ofA7] 24 28AIUE| Q0] e *FRE JH 16315 g2 YEdl= 1719
ofA7| FAR} FAE Y] FES Qu|she & A" Hcarriage return, CR) Ho|E|&E F/dst
At A dolels BIgA ZA] FlolH A|ARIS] RHSeF MCSS] AH] AEE Hxo] 8%
glo] 115200-8-N-1 AH 0= SIR *FJA|AH o7 F7[H 0 F ALttt AE| dlojg&= o
W BACE FolH9 A7k 1A, A, & AHl, RF $F o, 5417 & AH,
UE 25, A5 9 A JE7F ZkEch

SLR = JAIAE T} B]gA] A ol AIARE upAE-SEo]|H WA S HE o & B4
A Flofe] AA-IS] L-EAUE| RF AASHoF St ESE, HIFHA| 4] FlolH A|AERE #
oA AIARLE AHA & Alofd 4= Qlojof 5, wpAE| o] QA A|ofH &= Qlojof it
o|2f3t HiAE-&Eo|H TA wWE BEH £F= ol HIAFA TA| Hlolt] AARE Fig.
20} o] 2719] &R A,

+&EEE ZH]E—Q} FAHERE FLEET, QAEHO|AE B9 SLR FJAIAHTE] H
O[] A& AL FEHE T FHHEER AT o Eﬂﬂq of7]A, FHEEE AAH]
Z713}, A7, stEglo] 715 Aol WA R SAENS WE SfnlstH, BgA Al
gloly AlAglo] A AR o) Ao 2 Sa¥gtt) Eﬁl—ﬂ 45 EE=(manual mode), ™
7] EE(slave-standby mode), 5% HE=(slave-transmit mode)Z TAHLE % HEE= A
28 HA, AL AE E HAES 95 AMSEE 7152 E SIR SFALHCERE HE

To/Fr
SLR

Radar
operation mode

AzfEl control L
Mode control
isteliEi r Ready Mode -y E—— Sl Opcration Mode gl -y
H i i
! 3 Manual 4
\ " | Slave mode ] |
| |

mode
Initialize e ,l

' system " l ‘l’ i

S ) ::l Front panel | Stand-by | | Transmit ] i

2HA|AY : = — 1 ! ! i
; :: Transmit On/Off Transmit Off Transmit On H | T

11| Antenna Control || Antenna control Antenna control : |
o 1]

] H/W |
Al 4 : 1 Target Detection | Lase
AR & oY : function Test | 1| (E\z E), data) i uerer
_A:'sﬂ_s_s!;n;s____l____' i
a—I Target Presence |
Data logging | |
& Display e R e e I e

Fig. 2. Operational scenarios of ASRS. SLR, satellite laser ranging; ASRS, aircraft surveillance

radar system.
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o

sl 2% 94 AR @ Aol WS BART gy] wEk XG94 MR ek x5
3 E7|SSIARE RE B2 A58 S50 Qe W 9285 28 4 A8se wE

olt}. mixeto 2 2AREL tfy] mEel EolsiA) X5 9318 S5k, RF BA A15S
S0l w0227 24 0 AGHE meolt 2HRCol MRS AENS
£ SIR SYAAEES AXA) GT WER 24T EZA(rigen) AT HlEro R ol ot

ﬁi

£

3.2 RHS(Radar Hardware Subsystem) &7

RHSZ HIGA A glold sStEgol® 4 AMBEAARCR MCSERE A3 A5
41 of QEURE: glofA] ¥ WRFo® Z|jFelal, RF HA 4S5 $44lste] MCSE $4l

Sl A BA|AH”o|T) Fig. 33} Zo] RHS= FA QY € o), 24 Aof7], dlojd &=
A17], glo]| Ao} E=(radar control board, RCB)E FAJHCH

QFE U= 2lolA o] A&Fsh= £78 Wkl HUE "] mhizol
IAFE B4 2 o vk EEY FEE FlolA] R kS SAHoE 1F
Y g9 RF E& AT E FAEAPE & ARRET, Fols ol 9F SHoERH
Ho5k= 858 ARET

A Alo7le e @ 1%7F 2% 28 AH HE(servo motor)E ©l&ste] BAS
AlofRtth, SIR AlAET XFRIAE 5718ksto] HIPAE RUEHSE] fIsiAl= a22sof
D ol ek A WA= A3F W3] HIPAE AHHoE 3‘4‘51%1%_1' T UEE HAS|oF
gt 2A Alo7]s 2 A H FEER], HE 5 HAR #E0 R /5=t olE Al

RHS MEAAR JHs

gojc 47|
| Power Supply Unit | | Time/Synch |

Circulator

Magnetron Pulse
Power Amplifier Modulator

| X-band

el Aol $417]

oL} & 0] S [ I Local
i | Osc.

Receiver
RF Front-end

Fig. 3. System configuration of RHS. RHS, radar hardware subsystem; RCB, radar control
board.
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517] $13t AlolEo] ¥HEAQl A sl AlA"”le] FREE 7AAE ¢t "t F HAE A
T AXE Agtot] AAEE HEsfof gt} M EE9] -9 0k ook Wel7HA =W B3
Al ZA] Flole] A&’ F2ET} FEo] S2E7| o] -80f AgkS Fof AAsfoF §
o}, ojgfel FRES yEfsto] WIS 3)Hd ot HlolE Aol &4 WA 9 A4
H| YA HES 9l &8 (slipring)e 2-8510] T3] Ho] 7hssleS oflal, 11%=
E HAE 98l -590 2Yl(limiy) A9AE HA|5t0] o] %Hé |2 F=E HAIsHc
glolt] $5A7] REL 4] F04 941 GHz, 34 28 4 kW, BA £ 1 us2 2=
AL 241 hHE 3 MHz, A5 3 dBE ZH= Y& FA(ROAM s Hloly W
Tt oy 34171 9 BAA 071 Aojstal MCS2He] Alof4ls: xﬁﬂg—? ‘21
£ RCB= k= AT RCBE RHSY| 715 Alo] W A 7153k MCSete] QIE o]
25 fAGK: B4l BES F4E RCBE F& glojt] $5417] BEs $A41517] 213t &
oy trigger A% A4, FAIKOIAE Video A& 07 ofd2 ] AL FEE FAI5}o]
AARE HUE Y 8EE AREER, AR el7| 25 e ez 9 1%zt HE Alo] A%, limit
A5, BEo]3 A, RF ZYE AS5E ERI% h:}. ESF RHS®F MCS UEFlo]A 3k 4
F517] 9I3F RS-232, RS-422, RS-485 ZREZ-S |5t}

N
rlo
o r& r

rl
o op

3.3 MCS(Main Control Subsystem) 44|

MCSE= SLR 2GAIAIT RSH 7H9] QIEj#o]x W Alo] A8 A4S <=35}H, RHSZH-E]
TAIE RF B4 ATE Z4s10] BI3A| A& off-5 ddsha, oA Akt AoE st
Flo]A AlAHloR HPshs AHAAHOILE SIR YA CRRE AR X9 929
RHSZHH 419t QU] A13F I35 ol-8510] MK residual)E AL, 4% 7Ho] A%k
A7} B (threshold)}& Hlofu Floj#] A4l 55 WAYSH= Zlo] 8 7|50tk

Fig. 491 MCS TA=E YT 9lom, MCSE SLR 2JAI2H] QIEHo|AE 0|85
A A AAE AL, ME HES Alofshr] ffRt AR HEE RHSZE A3t
SAlol @A RSH7F AJFstal Q= A9 Zlﬁﬁﬁolt Sk 9IRS HARE Hlaskar, #lolH

£227|125E dE3) RF A5 2 H8H] A&8 Iu6steE AAskYc) o714, 71 18
HoF % H80 BE g2 ofuia WAe AL AVl qk BAolck, 2 g Aot
2] 7 72 FRE, 2 2 g A B g olgste el 3
= w4 oz W A5 oiE BUSk ol s
Aeloll w2 4159] Z47HA Tefsto] BaA] AE ofiE washs ol
o b 2 gk o) Wl A 9 Fo] 2t o] glout gE
E%O] oA whHo] 2Rt olefat e Beks)
83t Hl9A) @2 HAoITHIOL

MCSolA 7k &¥ gt 2-83h= HJ & T3] 948 A ARt Aloi(sensitivity time
control, STC)2} ¥4 2 E-S(constant false alarm rate, CFAR) &118]&S A-835l0] 14
SHh STC FaEE2 $4 ¥ HE 5 7Pk Zgolde w2 29 @2 ARSI, ol
A FEHI= FH W5o] ¥ Agolies W2 28 @2 AMSShs Ao, CFAR ¥adls

U7 202 fE @ FEE&S A FAIok= Aotk v 2 #dkt & 4T

o o 7z
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MCS MEAAH AEE

20|
s34

[=amo] [sxame] [&

Notebook PC
( Monitoring &
Control )

SYA2H
Interface

SLR A2

Fig. 4. System configuration of MCS. MCS, main control subsystem: RHS, radar hardware

subsystem; SLR, satellite laser ranging.

sHA dct. mEkA, A% JI9S DA5HA A(cel)Z FEote] HEIIIA} sk Al ool
H A3 AI7I1E gotstar, o] 459 Al7IE &52] BAAE Argsto] A HESHAL o=
Ao] groll ARgSh= WAoot of2fet &AL 485t I 2%+ Fig 59 £tk T1EHofA

o], 7t Hg e XS E 44 iR ZE3)o FPGA(field programmable gate array)
£ AA A& vlo]a2 AEEF(micro controller unit, MCU)OIA 7] 41S Al7]<} vlw gt
o= H|gPA] &4 oJHE HETT) 71E 48+ WiHalternating current, AC) AE719]

MCU°fA BAJA71H, MCUQ] AlAt AHHE o]-8310] X (main bang)?} HIA| AEASE

Z23}9] local controllero] AEEc} Local controllerol|Al= #ojA] gt 455 AL
SIR oA A|lAHoR AT E Adsio] 5 o2 SIR A|AH9] HolA S HELS

AT

2 °
o} mo] AFL RHSSH MCS 715 2 45 A% 22
A 29, P @ D5 AT 15 FYHOE Aofsle] AHE
= SRIsieirh. MCSE SR LHAI2H RHS 119 4% 9l
4 olng Slstect

BE FPAPS B SIR LYALDS W Afdste] @A 74| Hold] A2gel
guCto| U2 28 U 7 BEC| A FRE skl AFHA0H, A4 AR AES
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= Video Out
i f »Trigger Out
: f——>LCD Display
i Videoln  ——]
' AC Detector | Bus Front I:anelptodule LED Display
! Triggerln ——f» Glue (M128 or M2560)
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Abstract

Attitude control of a satellite is very important to ensure proper for mission performance. Satellites launched
in the past had simple missions. However, recently, with the advancement of technology, the tasks to be
performed have become more complex. One example relies on a new technology that allows satellites
quickly alter their attitude while orbiting in space. Currently, one of the most widely used technologies for
satellite attitude control is the reaction wheel. However, the amount of torque generated by reaction wheels
is too low to facilitate quick maneuvers by the satellite. One way to overcome this is to implement posture
control logic using a control moment gyroscope (CMG). Various types of CMGs have been applied to space
systems, and CMGs are currently mounted on large—scale satellites. However, although technological
advancements have continued, the market for CMGs applicable to, small satellites remains in its early
stages. An ultra—small CMG was developed for use with small satellites weighing less than 200 kg. The
ultra—small CMG measured its target performance outcomes using a precision torque—measuring device.
The target performance of the CMG, at 800 mNm, was set through an analysis. The final torque of the
CMG produced through the design after the analysis was 821TmNm, meaning that a target tolerance level

of 10% was achieved.

Keywords : control moment gyroscope, agile attitude control, Kistler table, torque,

reaction wheel, maneuver

1. INTRODUCTION

Advances in semiconductor technology have accelerated the development of satellite
technologies. Even just 20 years ago, performance outcomes such as the resolution
compared to the size of a satellite were not efficient. In other words, the resolution of an
earth observation satellite could be increased by increasing the size of the optical system
aperture. However, with recent advances in electrical and electronic technologies,
hardware and software technologies have been developed such that it is now possible to
increase the resolution while reducing the size of the optical system aperture. With
regard to the scale of satellites, their size and volume have become significantly smaller.

However, despite the improvements in performance capabilities, there has not been
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much change in terms of usability. As one example, it is important for Earth observation
satellites to secure a large amount of imagery but to maintain a small quantity. Earth
observation satellites are now required to have more rapid rotational maneuverability
and other abilities than compared to those in the past. These satellites, known as agile
satellites, require attitude control systems that can provide rapid multi-targeting pointing
and tracking capabilities. An agile satellite is much more efficient and functional, and
data return of substantially increased by given agility [1]. In particular, when considering
uses such as surveillance and reconnaissance, securing video in real time is paramount.
Currently, images using optical cameras mounted on Earth observation satellites capture
target points after an appropriate attitude control step. Attitude control of Earth
observation satellites uses a reaction wheel assembly (RWA). The existing RWA is an
essential driving device for attitude control of satellites. From ultra-small cube satellites
to very large geostationary satellites, the RWA is an essential driving device. However, it
has a simple operating structure and the driving torque generated during rotation is low
[2]. In other words, the force required for attitude maneuvering the satellite is low,
meaning that quick maneuvering is hindered. With low driving torque, there is no torque
for quick maneuvers to the left or right based on the satellite's flight direction. On the
other hand, when a spin motor rotating at a high speed is rotated around a gimbal axis,
very large torque or momentum is generated. A CMG is a device that generates a large
amount of torque using a gimbal. When a CMG is mounted on a satellite and three-axis
attitude control is utilized, both the normal operation mode and a rapid operation mode
are possible. Future satellite applications, such as missile-targeting, imaging and the
tracking of ground moving targets will, as a necessity, require the ability to execute rapid
rotational maneuvers. For instance, for the next generation of commercial earth imaging
satellites, it is preferred to move the entire spacecraft body rapidly compared to than to
sweeping only the imaging system from side to side. This ensures improved stability and
high resolution images with better definition [1,3-11]. Therefore, in this study, we present
torque measurement results from the development of an 800 mNm class CMG that can

be mounted on a microsatellite, for which demand is rapidly increasing.

2. CMG HW SPECIFICATIONS AND CONFIGURATION

The performance goals of the CMG that can be mounted on a microsatellites are
shown in Table 1 [2]. Table 1 establishes the specifications of the weight, volume, and
communication and power for the interface. In addition, the torque value required for
highly agile attitude control of the microsatellite is set to 800 mNm as the target
specification when rotating the gimbal at the maximum rotation speed.

Considering the values in Table 1, where the CMG development target specifications
are established, the CMG produced based on these is shown in Fig. 1. The CMG, which
is size is 106 mm x 106 mm X 158 mm in size, and weighs 3.5 kg, was developed to be

suitable for high-mobility attitude control of microsatellites [2].
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Table 1. CMG target specifications

[tems Specifications
Torque 800 mNm
Dimensions 106 mm x 106 mm x 158 mm
Mass 3.5kg
Communications RS422
Voltage +28'V
Power consumption (standby/peak) 6 W/26 W

158mm

(b)
Fig. 1. External configuration of a CMG: (a) CAD modeling and configuration, and (b) CMG

H/W manufacturing configuration.

3. CMG HW PERFORMANCE TEST

3.1 CMG Axis—Alignment for Torque Measurement

There are various ways to measure CMG performance capabilities. Considering these
various methods, in this study, performance was measured using a Kistler Table, which
is one of the most commonly used methods for measuring the torque of a rotary motors.
Fig. 2 shows the shape of the Kistler Table, which is installed on the granite. A granite
plate was built to minimize the effects of vibration and other effects when the CMG
rotates at a high speed. The CMG was then assembled on the Kistler Table, and the
coordinate axes were defined as shown in Fig. 2 to measure the torque generated from
the CMG for each axis.

As shown in Fig. 2(a), the CMG was placed in the center on the granite. By locating the
CMG at the center of the Kistler Table, the intent is to secure the error between the
theoretical values and the actual measured values. Fig. 2(b) shows the assembly shape
used to measure the generated torque value, assuming that it is mounted on the actual

satellite structure. In the future, individual CMGs will be clustered considering various



J. Space Technol. Appl. 4(1), 12-26 (2024)

Gjmhall Axis

€), (©)

Fig. 2. Stone surface table, CMG assembly, and axis definitions: (a) Installed at a 90-angle
with the Kistler table on stone, and (b) Installed at a 45-angle with the Kistler table, the torque

directions of each axis Fx, Fy, and Fz are also shown.

shapes and should be arranged to generate high mobility torque on the axes required in

various shapes depending on the mission.

3.2 CMG Torque Test Configuration

The interface between the Kistler Table and the surrounding sensor for measuring the
CMG torque is shown in Fig. 3 below. The CMG is assembled on the stone surface table,
and the Kistler Table is positioned at the bottom. A three-axis accelerometer is installed
at the bottom of the CMG. Acceleration information generated during the operation of
the CMG is output from the Kistler Table, the output signal is input to a DAQ channel, a

signal acquisition device, through an amplifier and stored in the control computer.

o

. Multicompenent Multichannel | Data Acquisition Data Display
Dynamomater Charge Amplifier System o

Fig. 3. Kistler Table configuration and sensor interface for CMG torque measurement: (a)
Kistler Table and 90° angle measurement interface, and (b) CMG measurement interface

assembled at a 45° angle considering actual missions.
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The main components for measuring the CMG torque consist of the Kistler Table,
Signal Amplifier, DAQ system, control computer. The main specifications are as follows:
- Kistler Table: System with built-in piezoelectric three-component dynamometer
- Signal Amplifier: Signal charge and amplification system
- DAQ system: Moment calculation for each of the three axes Fx, Fy, Fx in eight
channels of the Kistler table's four piezoelectric three-component dynamometers

- Notebook: Displays the measured torque

4. TEST RESULTS AND DISCUSSION

The configuration and axis definition for CMG torque measurement were established
in the previous chapter. Based on this, this chapter describes the torque measurement

results for the CMG assembly configuration.

4.1 CMG Torque Test Results Mounted at 90° Angle

The CMG torque measurement results in a shape assembled at right angles (CMG is
assembled vertically with the Kistler table) to the Kistler Table are as follows. When
measuring the torque of the CMG, the torque was measured by varying the speed of the
spin motor by considering additional operating conditions depending on the nominal
conditions and mission. The error with the simulation was also checked (Fig. 4).

Fig. 5 below shows the speed of the spin motor starting at 1,000 rpm and changing up
to 5,000 rpm.

X Axis Torque : 0.824(Nm)

Moment (Nm)
I
o oo
pond otho U

15
time (s)

Y Axis Torque : 0.820(Nm)

Moment (Nm)
ID oo
Aok e it i

-2.0
21 |

5 10 15 20 25 30
time (s)

Fig. 4. CMG torque measurement results under nominal measurement conditions, where the

spin operates at 5,000 rpm and the gimbal motor rotation angular speed is 1°/s.
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Fig. 5. CMG torque measurement results at a right angle: (a) CMG torque measurement results under nominal measurement
conditions, where the spin operates at 1,000 rpm and the gimbal motor rotation angular speed is 1°/s, (b) CMG torque measurement
results under nominal measurement conditions, where the spin operates at 2,000 rpm and the gimbal motor rotation angular speed
is 1°/s, (c) CMG torque measurement results under nominal measurement conditions, where the spin operates at 3,000 rom and
the gimbal motor rotation angular speed is 1°/s, and (d) CMG torque measurement results under nominal measurement conditions,

where the spin operates at 5,000 rpm and the gimbal motor rotation angular speed is 1°/s.

4.2 CMG Torque Test Results Mounted at 45° Angle

The CMG torque measurement results for the shape assembled at a 45° angle on the
Kistler Table are as follows. The performance verification was completed based on
nominal conditions when measuring the CMG torque. The Kistler Table and the CMG
torque tilted at a 45° angle are a CMG mounting configuration that takes into account
the actual mission environment. In this test, considering the operating conditions, the

speed of the spin motor was varied from 1,000 rpm to 4,000 rpm and the torque that
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can be generated by CMG was measured. Fig. 6 below shows the torque generated after

setting the speed of the spin motor built into the CMG to 1,000 rpm.
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Fig. 6. CMG torque measurement results tilted at a 45° angle: (a) Kistler Table=Spin motor
center matching (with the spin motor operating at 1,000 rpm and a gimbal motor rotation
angular speed of 1 rad/s), and (b) Kistler Table-Gimbal motor center matching (1,000 rpm

for the spin motor and 1 rad/s rotational angular speed for the gimbal motor).
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Fig. 7 shows the torque generated after setting the speed of the spin motor built into
the CMG to 2,000 rpm. It can be seen that the generated torque increases by
approximately 178% compared to that in Fig. 6. This shows that the speed of the CMG

spin motor is related to the amount of torque generated.
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Fig. 7. CMG torque measurement results tilted at a 45° angle: (a) Kistler Table=Spin motor
center matching (with the spin motor operates at 2,000 rpm and the gimbal motor rotation
angular speed is 1 rad/s), and (b) Kistler Table-Gimbal motor center matching (2,000 rpm for

the spin motor and 1 rad/s rotational angular speed for the gimbal motor).
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Fig. 8 below shows the torque generated after setting the speed of the spin motor built
into the CMG to 3,000 rpm. This figure shows that the generated torque increases by
about 168% compared to that in Fig. 7, including that the speed of the CMG spin motor

is related to the amount of torque generated.
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Fig. 8. CMG torque measurement results tilted at a 45° angle: (a) Kistler Table=Spin motor
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operating at 3,000 rpm and gimbal motor’ rotational angular speed of 1 rad/s).
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Fig. 9 shows the torque generated after setting the speed of the spin motor built into
the CMG to 4,000 rpm. In this case, the generated torque increases by about 157%
compared to that in Fig. 8. As above, the speed of the CMG spin motor is related to the

amount of torque generated.
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Fig. 9. CMG torque measurement results tilted at a 45° angle: (a) Kistler Table=Spin motor
center matching (with the spin motor operating at 4,000 rpm and the gimbal motor rotation
angular speed is 1 rad/s), and (b) Kistler Table-Gimbal motor center matching (spin motor

operating at 4,000 rpm and gimbal motor' rotational angular speed of 1 rad/s).
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Lastly, the torque generated when the spin motor speed is set to 5,000 rpm in a shape
assembled by tilting the angle of the Kistler Table and CMG by 45° is shown in Fig. 10.
Fig. 10 below shows the change in the torque on the time axis after setting the speed of
the spin motor built into the CMG to 5,000 rpm. Here, the generated torque increases
by approximately 117% compared to the previous Fig. 9 indicating that the speed of the

CMG spin motor is related to the amount of torque generated.
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Fig. 10. CMG torque measurement results tilted at a 45° angle: (a) Kistler Table=Spin motor
center matching (with the spin motor operating at 5,000 rpm and the rotation angular speed
of gimbal motor is 1 rad/s), and (b) Kistler Table-Gimbal motor center matching (spin motor

operating at 5,000 rpm and with a gimbal motor' rotational angular speed of 1 rad/s).
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Table 2. CMG power consumption

Mode Test results
Stand-by power 1.40 W
Peak power at 5,000 rpm 9.24 W

4.3 CMG Power Consumption

The power consumption of CMG was measured in two modes. One was measured in
stand-by mode and the other was measured when the spin motor's rotational speed was

at maximum. The results of the CMG power consumption are as follows (Table 2).

5. CONCLUSION

The torque was measured when the CMG was tilted at a 45° angle, taking into account a
vertically fastened condition and a clustered condition. When the CMG was vertically
fastened, measurements were taken by fastening the CMG to the center of the Kistler Table.
Under the condition of fastening the CMG at an angle of 45°, the torque was measured when
the center of the CMG's spin motor was at the center of the Kistler Table and when the center
of the gimbal motor was at the center of the Kistler Table. Comprehensive test results of the
torque generated according to the assembly angle of this CMG are summarized below. When
the CMG was fastened vertically, it was found that the measured torque increased
proportionally when driven in stages from 1,000 rpm to 4,000 rpm compared to the nominal
condition of 5,000 rpm. Table 3 summarizes the generated torque.

The torque generated by the CMG when the gimbal motor is tilted at 45° is shown in
Table 3 below. It was found that as the CMG was tilted by 45°, the moment in the X and
Y directions became smaller and the moment in the Z direction became larger compared
to those when the CMG shape was assembled at 90°. It was found that the measured
torque increases proportionally when driven in stages from 1,000 rpm to 4,000 rpm

compared to the nominal condition of 5,000 rpm.

Table 3. Torque for each axis of the CMG assembled at a right angle

Spin Gimbal CMG torque (mounted at a right angle)
motor’'s motor’'s
rotational rotational My My My Estimated Measured
torque torque
speed speed (mNm) (mNm) (mNm)
[rpm] [rad/s] (mNm) (mNm)
1,000 164 165 0.01 164 164
1
2,000 318 313 0.02 328 316
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Table 3. (Continued)

Spin Gimbal CMG torgue (mounted at a right angle)
motor’'s motor’'s
; : Estimated Measured
rotational rotational Vi My Mz
torque torque
speed speed (MNm) (mNm) (mNm)
[rpm] [rad/s] (mNm) (mNm)
3,000 473 480 0.04 492 476
4,000 1 668 651 0.08 657 659
5,000 824 820 0.06 821 821

Table 4. Torque for each axis of the CMG assembled at a 45° angle

Spin Gimbal CMG torque CMG torque
motor's motor's (Kistler Table=Spin motor (Kistler Table-Gimbal motor
rotational rotational center matching) center matching)
speed speed Mx My Mz Mx My Mz
[rpm] [rad/s] (mNm)  (MNm)  (MNm)  (MNm)  (MNm)  (mNm)
1,000 128 153 114 121 181 117
2,000 234 294 217 234 322 222
3,000 1 369 439 328 342 4387 336
4,000 521 606 459 574 691 478
5,000 608 738 552 629 oM 581
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Abstract

In the New space era, satellites are being developed to perform on-orbit service (00S) missions. Various
missions for orbital service include failure repair, refueling, towing, component replacement, and space
construction, and in order to do so, a robot arm payload must be mounted. Unlike conventional satellite
payloads, the robot arm payload is not move in a fixed state, but is a payload that must move continuously
to perform the mission. It is also characterized by the need to perform the mission while being directly
exposed to outer space, rather than existing inside the structure of the satellite. Due to the characteristics
of these payloads, thermal design and interpretation that can be operated smoothly in an extreme space
thermal environment is essential, but there are not many papers on thermal design and interpretation of
the robot arm. This paper introduces and summarizes cases of thermal design and interpretation of robot
arm payloads developed so far, and finally, it intends to suggest directions for thermal design and
interpretation of robot arm payloads to be developed in the future.

Ao} : O0S(on-orbit servicing) AZHA, =5, & 44 4 o4

Keywords : on-orbit servicing (OOS) spacecraft, robotic arm, thermal design and analysis
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Fig. 1. Configuration of European robotic arm payload. ERA, European robotic arm.
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Table 1. ERA key figures

Parameters Values
Total length 11.3m
Range / span 9.2m
Degrees of freedom 7
ERA mass 580 kg
Peak power dissipation 800 W
Standby heat dissipation 240 W
Hibernation heater power consumption 250 W Max.
Accuracy (open loop) +40 mm
Accuracy (closed loop) 5 mm
Maximum moveable mass 8,000 kg
Maximum payload dimensions 3x3x81m
Maximum speed of movement 0.2m/s
Braking distance 0.15m

ERA, European robotic arm.
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919l dstol| w2t ERA 2220 & dAle AHES AMEste 55 Al B4 A8
ARSI G E € Alol Wle B aLEste] AT

2.1.6 ERA(European robotic arm) 22T & M|
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Fig. 2. Passive thermal design of European robotic arm payload.

https://www.jstna.org | 31



2XT EMACl E MO 24 H oM Y I

S o

Sk

32 | https://doi.org/10.52912/jsta.4.1.27

Basic end-effector, manipulator joint, ERA control computer+= #|%]9] 452 sl 9
ko 2 Hojxjof qirt. 7hd|et 9 333} HdE (camera & lighting uninell= +3&2] 75t
SH4] g/do] BEoHA] Al Eftsto] S HRIEZ} Asict

2.1.6.2 CrsHo AT (multi-layer insulation, MLI)

SEEM AR = radiator, optics, accessibility/clearance AgtE7A0] Z-85 H :3: Xﬂ
Qg E B0 EEE R HAS B 5 AULS F&Eofof qit). tEH
A= 0.25 mil aluminised mylar with dacron net spacers’} 108 Z=H layer® ——HJQU%,
space®]| &% 297} &2 aluminised betacloth® A%} 1 mil aluminised kapton
layer+= betacloth ¥ mylar layer Afelol A=, Z2&go] dd= HWZ 2 0.5 mil
aluminised nomex& T3HEct. ML= velcroE o|-8sto] Fal=n, vrdn Fof= ofd
Elo] 52 o]&slo] Rlgo] Q=g FAslo] Wi (venting 02 QIgH Wgwo] odx v
A3t

2.1.6.3 & X2|(thermal de—coupling)
7helet HE2 ERA 2283} & X2=]ojof i, EVA 5 7HH|2hE E3F A QIR
FA|IAC] ¥l glofof ettt T AE|e tEEHIAE o-8sto] BAF @ A T,
4 9 A(thermal washen® AT & AZES @dAZIth 7gel ukey HaA
(mountmg bracket) 710l &< 2471 Z-8xo] A =M, W= U(handrail> ERA
50 ol @ A Fojof gt 22 A a7 = QIS @ M= FAA
/\]'01-4 T22 AZFLRI(ERA load)oll= F2EA| gh=th. & FAA(limb subsystem) 2

A9, BNFL Bo|uat BHER0] R B ek A8t Tho] SlEl] &
Ao ol 4 Itk

2.1.6.4 5| & 2 MM(5]|El and temperature sensor)

olE 9 LA AYE AN 55 @ Alo] #HAlolw, Fig. 33 Zth ERAY H& +
JEE2 ERAS] 5 AHY ol A90%]7F AX|7] 2ol 518 A|AFE ol-&sto] 82
He "og Hlojux] QL= fof 3ith. 5]E= ERAS HE HIEES 82 OVJ
H 5 Q=S 1 A7)7F A= ofof gt S[E9] & A|lojE &3l ERAS] B :r“c‘lﬁ‘: =
Al &= Aok glo] 294A7F AE 4= lofof qit}. B S| 120 Vol AZ= o Xﬁ‘%ﬂ
130 tusle] 5 A|AFS BE HAF A AE|(redundant system)e] 1] ojof g},
Y™ E(hot redundant) 58 g 2RI HX 2R1S 7hAof o1, HQl 9 HEeRe]
Ky i% A|7F AA Qlofof girh. 8 #jelo] g A9 HEeERlo] HiE ARE & QL
8 S|EQt HE S[EE BT A w5 A5, Aol AXA olE g HAlS 2
el gias ‘}l&fﬁ HZ 3EE 93t HEAH(thermostat)?] on/off 44 25L& F HEA

BiETh A A75f ook Sttt 3= HEAEO] Tolo] Aufjd H9-E tinls 247} 2712] A
LAERo] ARGEHTH HRAB0] dYo] AujE F¢, HX 5|E A|AH0] AFHLY,

L H 9 oy @
K
% o
_u



J. Space Technol. Appl. 4(1), 27-47 (2024)

(return) (return)

l-lﬂn |hi il

I“\"!ll'lll
iiMa “?I

{EH ] l!l’i‘ i

Red! riil .

.-.:; #.:r——

Thermostat
Thermostat

TC Main
power lines

TC Redundant
power lines

Fig. 3. Active thermal design concept of European robotic arm payload.

2.1.7 ERA(European robotic arm) 22% & 54

ERA 2% & sj4Z {Isl ALe{=|ojof Sz P52 Table 29 At} ERAC] & 4= 9
= Be E S Efof skEE o siA] AlolA A =HF oA & dleEofof
she 31=o|h o SiA AL 05 WSo] u_}oL} = vExolof itk FRAL FEA
=& A7, AA & 118 A vie BRI 25 4 oA 8FH, 11 F =ASHA
&ol Y= = ofof gtk ERAE 7 Ao EARt A 34} ERA AHiA] & 015

50] JLEEfojof sk olE]t 247t EA AEE ¢ AEA Tk ERA @ A7

o] &0l 293t /\}01— ZA|AOF 3it}. & o4 AlolA= d AA &FA(finishes /ﬂ;ﬁ, Ho]-
A e G RS AIZE )l et gk 4= glom, E AA trade-off © @ A AolA
7+ HHEIo| "JRO}‘:} HEES] 22 A= FE 4 AolAE ABASH b, ol
Z0]7] ¢Isll & s AAE FAgto g HEFsto] =3¥sfjof Stk

2.2 FMMEIAIZ2H Phoenix 22T A M| & 5iA[2]

200790 SAIE 31 28 BAIA Phoenixol BATE 23 Aol digt & A7
9 814 g AE Avfsheict

2.2.1 SHIEIAZH Phoenix 22% & AMA|

SHFEAE st SHJERAIE Y Phoenix+ Fig. 49} 2] RA(robotic arm)E Aot QL
O, Phoenix RAS] Hofo]E (actuator)2} o (bearing) 3HJ9] F+ $5S At{of
gttt RA FoflolElY] 28 F 4 82k ARES -55T0|nE 5| & AAE dg=
2k Y] A7 RAZE FE & e BE € S8 JrEfsto] dA 9 A= oof 51,
55] EE(wrist)olut T&(oint), HFrollolE7} Q= F2oll 5|6 @ AA}F A-8= ofof gt
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Table 2. Thermal analysis parameters of ERA payload
Parameters Description
Sun Summer and winter solstices
Extreme values depending upon the thermal
Albedo ,
response time of the hardware.
Extreme values depending upon the thermal
Earthshine .
response time of the hardware.

From 270 to 460 km

Altitude
Regarding the:

- Eclipse time
- Incident flux reflected by ISS

Orbit

Ascending node
- Incident flux variations

- ISS shading

Roll, yaw, pitch = £15°, +15°, £15°

Attitude
From ERA installation to ISS final assembly
Assembly stage stage with and without docked space
vehicles

Orientation of the solar arrays and of the

Configuration ] ]
gyrodine radiators

Large payload location
These depend

ISS
Payload configuration
Radiators temperatures.
Boundary T upon ISS operations and are therefore
treated as boundary temperatures
BOL or EOL properties of the outer surface

Radiation case i .
thermo—optical properties

Location on ISS Basepoint positions
Hibernation position or any reference
Configuration » . .
position taken by ERA during an operation
For the basic end effector: rigidised / non
rigidised

S/S configuration
BOL or EOL properties of the outer surface

ERA
thermo—optical properties

Radiation case
Each unit has a different thermal response

Thermal response time ]
time
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Table 2. (Continued)

Parameters

Description

ERA operation mode

Mission

Operation
Time lines

Internal power dissipation

Constraints

Hibernation — standby — peak modes

Installation, maintenance and inspection
missions defined by a sequence of

reference tasks

Motor and electronics duty cycles total

operating time

Maximum or minimum dissipation due to

voltage variation and other uncertainties

Related to safety

ERA, European robotic arm:; ISS, International Space Station; BOL, begin of life; EOL, end of life.

o
=

shAlgt, sle @ AAH
AH2 o] BxsHol

3} B33 @ F4elE 87543 Phoenix RAZ]
2708 WEAAT, F2 349 IS Ad 5
o 2% A4 R3S sgon, Slee 1YgoR

(cut-off thermostat)2 S st 4= A AA =

Bio-Barrier
(Deployed)

Stowed RA
Inside Bio-barrier

HHYO

RLI

At ol Aok 24
% o|Fojxlom, A 97
a3, BE HE TAE
89 A oI HRAE

o7,

7]

ol

)

2~

o)

o

)
o

2.2.2. SIMEIZH Phoenix 22T 7|HX &t
SHIEtAEH Phoenix 252 71414 P42 Fig. 59+ ZoH, AHA = FAJo|ct
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MAS| g Mol A H oM Ty S
Wrist
Actuator RAC

2XE E

Flex Cabling

Biobarrier hardware omitted for clarity

Baseplate
Fig. 5. Phoenix RA mechanical configuration. TECP, thermal and electrical conductivity probe

RAC, robotic arm camera; RA, robotic arm.

2.2.3 SIMEIIZH Phoenix 22T JTAME 22T HQ
SHMIEALE Y Phoenix 25 71414 42 Table 37+ £t}

Table 3. RA temperature requirements
Operating temp. range  Non—operating temp.
o . Turn-on
RA component () range () ©
T
Min. Max. Min. Max.
-93 25 45

Azimuth actuator 25
25 25
25

45
45
45

Elbow actuator
Elevation actuator 25
Wrist actuator 25 25
RA structure
Arms & fittings 25 -93 25 N/A
Baseplate 25 25 N/A
Flex cable 25 25 N/A
25 25 N/A

Scoop
40 N/A

Biobarrier
Pre—deploy N/A N/A
N/A N/A N/A

Just prior to & during

deployment
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Table 3. (continued)

Operating temp. range Non-operating temp.

3 ) Turn-on
RA component (C) range (C) ©
T
Min. Max. Min. Max.
Post-deploy N/A N/A N/A N/A N/A

RA, robotic arm; N/A, not applicable.

2.2.4 SPIEIAIRH Phoenix 22T 28RC0H ME 4

SHJEAEH Phoenix 25 UF FAR2 371X)7} 91l2.H Fig. 63 Zt}. In-trench A4
2 A|H L7 diggingdhe @4d0lH, near-ground B2 AHoA AFE ok I
0]a!, above-deck=> Phoenix 2t} $Jof 25Zo| X|sk= GAlo|t}.

Z}7}o] i FAdnich oJF FeEt ‘H—r o] IebA slEQ] AN 5 € A
3 AFde] & e ojof it}

Near-ground & above-deck®] -2, 3|E|IE AE3lo] 1417t o|U|2 dEofo]E|o] x5
55T oVdo& Z#FoF 5hH, in-trench®] 7% 3AIXF oJY= HFofo]E 9] &5 55T
olFo R ZEFof gtk

2.2.5 SPIEIAZH Phoenix 22 & M|
230 ¥ 5 T gk 0"7‘01]°]QL AF 3 A 55T o] 2E& {
A|=]o] QlojoF S Fig. 73} ZHo] RA HFrofofelo] sf2] FEj<] 5|87} FaFE
OIF o A AR IE YE ‘?a‘éac} 5= & 1Esto] slE9] A7|9 AYFE T
ZA7gsfioF sh, ojuf dHFofolE|e] P4 5 BBt Hol 5l A7 A7 Al AlkR7io| F
o EQ Al dFoolE o] A E= S| FAJol FEE oo & BRAE U A=
e

o A
=

Lm

In-Trench Configuration Near-Ground Configuration

Above-Deck Configuratio

Fig. 6. Phoenix RA mission operational configuration. RA, robotic arm.
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Gearbox
Warm-Up Heater
{21.0 mm x 79.4 mm ~340°)

Housing-1
Warm-Up Heater
(Four sides:
10.2 mm x 27.9 mm 5
11.4 mm x 30.0 mm Housing-2
11.4 mm x 29.2 mm Warm-Up Heater
11.4 mm x 21.6 mm (no space)
Housing-3
Warm-Up Heater
( 12.7mm x 63.5 mm ~210")
Fig. 7. Phoenix RA actuator heater locations. RA, robotic arm.
H[ -8 el 3% RA HFroflolEl= BE 518 9 @< glo] M9 uf- =2 2 H
Elof @i}, 53] £8 Azoo]ele] 5] 371 Ao Zstn, oA dslor T A &
shiolth &5 Hzojolg]Q] 3lE] 7] A A] HFojolg] BEL 7|5}skd FAlo] EA)

&8 A
v 85 275 243 ) o oj2igo] EAjgt.

2.2.6 SHYEIAIZH Phoenix 224 & D&
Fig. 83} Zo] & Hdlo] #&E|glom, 3697709 &, 1,715719] EAE AH=2} 1,3087H
o] 7 GG A=7t ARGE| I
22 GAAE gt AR Foids el Blad W & 7F ARREQIOH, o=
OHZQ]OlEi(motor gear-train, harmonic drive)?] A&t 2% o= ¢Jtolct.

g dlof 2849 35} E/JX]= Table 49F Ztt.

Elbow to Fore Arm
Fitting

Wrist Actuator

Azimuth Scoop HOUSing Fore Arm
Actuator TECP Tube

R?C /

Upper Arm to Elbow
Elevation Elevation to Upper Arm Fitting Elbow
Actuator Fitting Upper Arm Actuator
Tube

Fig. 8. Phoenix RA thermal model. TECP, thermal and electrical conductivity probe; RAC,

robotic arm camera; RA, robotic arm.
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Table 4. RA optical properties

BOL EOL
Component Surface finish
a £ a £
Motor case Bare aluminum 0.17 0.05 0.25 0.04
Actuators
Black kapton tape 0.50 0.15 0.55 0.10
(Heater locations)
Bare aluminum 0.17 0.05 0.25 0.04
Actuators Bare stainless
0.32 0.14 0.56 0.10
(elsewhere) steel
Bare titanium 0.50 0.15 0.55 0.10
Arm tubes Bare aluminum 0.17 0.05 0.25 0.04
Flex cable Kapton 0.80 0.80 0.80 0.80
Bare aluminum 0.17 0.05 0.25 0.04
Fittings
Bare titanium 0.50 0.15 0.55 0.10
Base plate Black kapton tape 0.50 0.15 0.55 0.10
TECP (thermal and
electrical Clear anodized
N/A N/A N/A N/A
conductivity aluminum
probe)
RAC (robotic arm Alodined
0.50 0.10 0.50 0.10
camera) aluminum
Black anodized
Scoop 0.53 0.82 0.67 0.87
aluminum
BOL, begin of life; EOL, end of life; N/A, not applicable.
2.2.7. 31EAIZH Phoenix 28I & &M
d g 15 Alol= S840 A SAStER ¢ 7153t E €7 24 stofl & siAo]

- Fo} 3.2 ZA(worst hot case) & 3|4
: Begin of life(BOL) 3t £/34], 3MJ9] =AL 84
: AFoolg o] o 2E=F dIEsH] sl .
3.547F B9 Al&AQl 2w A= wrd= o)
- Fo} A& ZA(worst cold case) G hA

: EOL(end of life) 343} 47, 3}49] & 3H4
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.“.
J”’

i}
Iel
Iel

e 2y gAif
83t YA(warm-up) Al 2EZ Y& dd=F X

o [}
7] 273} F ole] AY AR AES 9ol +HE.

0

10

[¢]

—_—

0

[¢]

Phoenix 3% & sfi4 23} AF 7S 915 T3 5|8 A AH|FES Table 59
71’"4’. S| A 4] A] AFoolE|Y] 2LE 55T o oE FAI5H] fldf dF 3 &
t S1E12] Hd AEE FAISok shARE YR T Ego g Qs 257t %2 0% 5|H
7]‘ Zo] ALEHEE RE gEo] S8R oltolA fAIE & A=F SIE 9 2719
A 2H|FRE & ZAslof etk webA &9 Fd| §l8-2% HHE dA Y= stA
1 or 3A17F o]io]] F4: 51-8-2% WY ool F &= U= d[gst] fI3t 59 XA AR
o] Table 52F o] 27 =3 "4’-
AFofolEE9] 318 Fof Wit WrFeR Table 63} 2t} diofloE9] REEL 35417 &
QF RAZ} 2F5 1) 85CF Z2ISHA| Holof s 87-%710] Stk v & Ui Hade 4]
474 AR Y F Y 25 Hold 4= o uE 518 4= Q= UdE Algko] At
3.5A1ZF RA ZFa(with S8 stuck-on) & AFololE9] 2= o 58-2%2l 85CE
Z351A] g¥gkom, ofi= A2 Alo|29] Y] 58 wizo|th. SHAIRE, Table 73} o] &5
Fool8 Y AL ok F4JE0] A Hnon-op Max. limit: 110C). W=HA] stuck-on
s|E A A& o] &5 cut-off HEAERE F2loto] 5|EE A|ofgic).

Table 5. RA total warm—up heater power results

Heater location Azimuth Elevation Elbow Wrist
Motor 0.5 0.3
Gearbox 0.0 0.3
House—1 0.8 1.3 9.1
House-2 0.8 1.0
House-3 6.3
Total 2.0 1.8 1.0 16.3

Total warm-up heater power is 20.1 W.

RA, robotic arm.

Table 6. RA actuator max allowable internal power dissipation

Actuator Max allowable motor power dissipation (W)
Azimuth 4.4
Elevation 52

Elbow 3.6

Wrist 53

RA, robotic arm.
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Table 7. RA actuator max allowable internal power dissipation

Wrist actuator component Maximum temperature (C)
Motor 69
Gearbox 70
SDPA 109
Bevel 119
OPT 113

RA, robotic arm; SDPA, pinion gear; OPT, output potentiometer.

2.3 22™(Robotic Arm)2| ZH(Joint) E AH % sHM([3]

SRBS 9% A PYIIH &0 SHolof sH GAoI), Wt FAS 7Rt
A S T o] Al Sxolof stul, AL AL S1E-LEHS] told 24 4
QUEE = Zlo] WHolch, Wl REolis B2 Fpl Al Tt A4 TAES
3} oFofole] Hi5o] glom, Hg THESS 2REo e 7EAQ GESuT 58
LS} Fuh ES o THBEL A4HolT o ARE 5 ABsof shu 2w
Feyol AL 4 e whehA] A Fio] ol @ RES TE3te] @ HAS 2 49
of g BaAo] 9lct.

2 HoA 202310] F0ld Q7SI =T Bo] it 4 AA 2 S hee
a7t

2.3.1 224 AX(robotic arm joint) & &A
Fig. 994} o] Td BEo= o 7j9] AR +A4EES0] oH, i HIFS 71
I ok TS AR FAAEES A2AVE R o, XAl 718X R TEA

f
)
)

A

Jointgaﬂ

Multilayer
insulation
material

4K cold black space

Fig. 9. Internal heat exchange model of the joint.
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oH

ATt o] T AL FgE] HiAE Hofl iR e 5 SR e & U=
o] FZA oz Hjx| = oo gtk
T 22 A Uit ofdEt 95 3ol AR kEHo] JeuE Heftt
T degS AFH s FA Aot Fig. 103} Zo] 9F d¥o 2= HFEY(solar flux), A
T EAMd(earth TR), €HI=(albedo)7} 1o, Wi LA ot 2 wiFo] SAH.
Fig. 113} go] F U2 TTE S3f ARt met dupghge] o dedo] Artses
A& HEI oM, Fig. 129} go] F4&0] A5 A WSk Ui 43t 2 < dde
E Qsf 74t B Al 518LE BE Hold & ] WiEel @ AAVF Ba%t As 21l

o 5 e,

A
e

o

Fig. 10. Schematic diagram of the heat exchange of the joint external environment.

w—

> i
# \—— Electricity Box +X{
Electricity Box +Y|

]
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. 20
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Fig. 11. External heat flux curves and electric box shell temperature curves under extreme

high—temperature condition.
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- -Electricity box |
30 ; :
Harmonic reducer
Brake
220 Eletric motor i
)
2
10} i
0 -
0 2 4 6 8

Time/h

Fig. 12. Power distribution of internal heat source.

2.3.2 224 #H(robotic arm joint) ¥ AH
Fig. 133 Zo] 2RF9] g HEZ 913t I Rdo] 15=[3lon, F 5676 4 34,
7378 &, 197 @4 A&7t ARG ¥E 2419 27 380 mm X 350 mm X 35
mme|t}. 54 Al ARGE ©He] 24-9] Z7]= 30 mm X 35 mmO]t
g 29 oA i IS HEAZ17] Aol AeE HEw 4TS sk @A HRIE
o2 ofg 714 QR1E5E JEfsto] A= ojof 5hH, Table 81} o] F 47149 tk& 3719
g FIE 12sto] 474A] Alo]A9] A XSGt

2.3.3 221 2H(robotic arm joint) & 5HA]
25T #o] tigh & oA 120|902 et A20|E WE ol IA F 7HA Al
o|AR ZFPHrt 20| H= B EY, AT EAM, gl 52 oF ddo] A

o] & wojtt. k3t gt S49A9) 45 A7t gol Rordl A

i)
=
-
o,
i{g
=
o
]
A
ot

Multilayer insulation ~ _ Radiating surface
material U~ ~ (KS-ZA white paint coating)
/A F o - b
/ r / e \/

Heat flux boundary Radiation Boundary

l'emperature

boundary

Fig. 13. Thermal model of the joint assembly.
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Radiating surface dimension (mm x mm)

Table 8. Dimensions of the radiating surface
205 x 240

‘ETO
1_

2R E
Radiating surface code
A
B 145 x 165
C 100 x 120
D 0x0
H2 7bgeka At ALolgke v witjz o dgo] A, T HEo] B
oo} - gl 912 wolet. Fok BAXE Aol £ A shgit
A0S WOl A% & A Zib= Table 99 ZoH, Waw 4715 t=2A 7P
4719 7ﬂ°1£ B BE FgEe] S8 9 Uiell leel SRl ¥ 112ol9lS o
= ‘:‘WfﬂrO] Aol DO 75 AAF H45F st 51829 50CE 23ke &9l
5} &= omKTable 10).
Fig. 1494 A20I¥= o FE;e] 27171 Al 2 AlelAR] Ad Higt s 23w 5
Bl ARgo] thE Alolxef Bisf 7FY FARE 5182k HAE HlofuA] ghert Wi 1o
A9E BT 5 Uk
g

Alo]AQ1 Dof| tsf sl-8-2=E Hofve= 7
5}

912 1 Ho@w g
A9 G AL BE) AL A
9Joh AP el

b 2
18 2l o ADLE O 2 A
Table 9. Temperatures of components at low ambient temperature
Storage A B C D
Component
temperature (C) () () () ()
Harmonic
-40 to 65 -24.2 -27.3 —-28.6 -30.0
reducer
Electric motor -40 to 85 —23.2 -26.4 -27.8 -29.2
Brake -40 to 65 -21.9 -25.5 =271 -28.9
Electricity box -40 to 65 -32.1 -30.8 -30.8 -29.8
Joint shell 40 to 65 -31.7 -33.6 -35.1 -37.3
Table 10. Temperatures of components at high ambient temperature
Operating A B C D
Component
temperature (C) () () () ()
Harmonic
-30to 50 10.1 10.5 11.2 14.7
reducer
Electric motor -30to 80 12.4 14.4 16.1 18.7
Brake -20to 50 17.8 18.3 23.2 26.8
Electricity box -30to 50 31.8 35.9 38.9 52.8
Joint shell -30to 50 19.0 222 25.6 34.8
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10- The radiating surface a 120 The radiating surface d
Harmonic Reducer Harmonic Reducer
0 - - Electric Motor ——— Electric Motor
Brake 90+ Brake
G_IO Electricity box ~ Electricity box
< X Joint shell & 60- Joint shell
= .20- —_— T = —————— -
MY
J
-40 : | 0- ‘ .
40000 80000 120000 160000 200000 0 12000 24000 36000

t/(s) t/(s)

Fig. 14. Temperatures of components at low (L)/high (R) condition.
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- YA EE{thermal conductivity, W/m’K), Bx(kg/m®), ©HZHG H]A(/keK)
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- A {emissivity), S&(absorptivity)
4. 7y FEE g R
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- A5 Al 2% ¥ 9(operational temp. range)
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6. LEO AollA 25 91489 A= 34 FE

- 1%, AR}, RAAN(Right ascension of ascending node) Z%e ¥} of 5L 59] &= 694
7. 2EE-AA 7+ 42 ZA(mounting condition)
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In this paper, we introduce the concept of the cube satellite Chungnam National University Laser Unity Bus
(CLUB), which can provide an integrated infrastructure for various ground-space laser applications. With
the advent of the new space era, the rapid expansion of space utilization has begun to reveal the limitations
of conventional radio frequencies. As space missions diversify, lasers are gamering attention as a viable

alternative. Between ground and space, lasers are applied in various fields including satellite laser ranging
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(SLR), laser weapons, and laser communication. However, laser used between the ground and space are
significantly influenced by the Earth’s atmosphere. Conseguently, understanding the atmospheric effects
on laser propagation is crucial. In particular, atmospheric turbulence, which refracts and distorts laser
beams, intensifies closer to the Earth's surface, exerting a greater impact on the uplink than on the
downlink. While downlink verification is facilitated by ground detection, verifying the uplink poses
challenges due to the necessity of space—based detection. In response to these challenges, we propose
the idea of cube satellite as a means to enhance understanding and verification of laser propagation in the
uplink. Additionally, we present the results of conceptual design by analyzing requirements, focusing on
mission design of the CLUB cube satellite, following the stages of systems engineering for systematic

cube satellite development.

Ao} : A9 Ao, 97 Aol 8, FH 94, 247 94, dol4 B4
Keywords : ground-space laser, space laser application, cube satellite, nano satellite,
laser communication
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Fig. 1. Propagation features of uplink and downlink lasers. Atmospheric turbulence has a

greater impact on uplinks because it is stronger on the ground.
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Fig. 2. The laser beam propagated by atmospheric turbulence is refracted, resulting in

displacement from the center.
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Table 1. 7, and /() according to zenith angle under weak turbulence condition

Parameters Symbols [unit] Values
Zenith angle ¢ [ 0 30 60
Fried parameter o [em] 19.34 17.74 12.76
RMS displacement J@2)y [m] 234(1.21") 291(1.30") 6.63(1.717)

RMS, root-mean-square.
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SUM: (P1+P2+P3+P4) * LRA : Laser Retro-reflector Array

(@) (b)

Fig. 3. Concept of uplink beam position detection in CLUB cube satellite. (a) Concept of the
beam position measurement method using a quadrant detector and (b) configuration of the
photodetector for measuring the uplink beam position of the CLUB cube satellite utilizing the

concept of a quadrant detector. CLUB, Chungnam National University Laser Unity Bus.
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Fig. 4. Simulation of the accuracy of the uplink beam position calculation. (Left) Comparison
between the simulated results of beam center displacement (red star) and the calculated
beam center position of the CLUB (blue cross); and (right) depiction of the relative error rates
in the calculated results on the vector positions, x—axis and y-axis, respectively. CLUB,

Chungnam National University Laser Unity Bus.
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Fig. 5. Variation in beam center displacement and center position tracking performance
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line shows the error on y-axis).
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Fig. 6. Error rate in the calculation of beam center position based on the size of the
photodetector. The performance of beam center tracking is influenced by the size of the

photodetector, as it leads to variations in the sensor’s position.

https://lwww.jstna.org | 55



CLUB #ERH9 A7 S g4

56 | https://doi.org/10.52912/jsta.4.1.48

BALS AXISHe SEOIA SIR Bk Aol Bt
# 3% PAEE 9199 mwe} Syl BAE IRA

SLR IEA0M ST 5= e Bt AF BALE BT, Fig. 7(b1= 600 km 1= 9
gollAl Azt LRAS] RiAFAZ o M2 Bt A JAE HolEtt Fig 79 IdolA K
ol v} o] 9149 17t WS4, [RAY] HAo] AXLE SIR AFFHY 537t 57t
gk Aojtt. o]0 L= $AJ9] 81 =E 400-600 km=Z AFHslaL, LRAS] 719} o|E 74
St= I FE G9bARAl(corner cube reflector, CCR}= FEL/JS] 37H/ A4 SHAIE 1L
gfoto], o]% CLUB #E19 282 ¢ 8= =& gAAES 4%ea 13t ¥
LRAS] =71Z ZAA3It) old|, Fig. 7(b)ellA Holx= Hie} o] =& 1% (H = 600 km), &
HAMAZ (A pa = 2 cm?)E 7 E A9 =2 17 ZollA B AE 71 10° olsk= A
AFEQILE ol M 4] B3t oS BARICE f8= CLUB FEL49] SIR 3 HAl
QPARFOR 10° ol W AF FAE 42 5 JAF AASHoF gt

3.3 HI0|N SIS +™Al5t7| 4

re

QAL

0%

glo|A A TESATANA stz LCTE ARERITE o]of] sig LCTolA 845= 9
39] 4J5=°] CLUB FEL/F 87FARY0l HEg=|ofof et 22]7} Flof#] S4ls flsh
o]-85talA} Sh= FHEL LCTE AlF A8 Table 2004 LRt

S FEL LCTE= 2d 10 Wo] Heg¥s ARshH, 397 g9 At 0.3 U9 2715 7
AL Qleh AEolA AV F=ite] B4l HeE BAgE] QloH, 18 ERF 3|0 R FHVY
o] FAA =A At A4S 7HAAL Utk sHARE Hf 10 WO] =2 Agang2 CLUB
FEHAFO AHA ABEA|AH(electrical power subsystem)S AAE o 1 Eojof & A
ok, E3F QMFFARI oA B4l #8517 flsliA= FELIIo] A= 1° o] A

(@) (b)

Fig. 7. Calculation of link budget to determine satellite altitude and LRA size for SLR mission
performance. (a) Variation of the average detected photon count at the Geochang SLR station
with LRA area and satellite altitude at a zenith angle of 0°. (b) Changes in average number of
photons according to the zenith angle of the 600 km satellite and the cross—sectional area of

the LRA. SLR, satellite laser ranging; LRA, laser retro-reflector array.
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Table 2. Specification of the selected cube satellite laser communication terminal

Key parameter Specification
LEO to ground;
Range
1,500 km

Channel data (Downlink) 100 Mbps

rate (Uplink) 1T Mbps
Mass 397¢g
Size 9x9.5x3.5cm?(0.3V)
Power
10 W (peak)

consumption

Commercial off-the-shelf laser Lifetime 3 years in LEO orbit

communication terminal for cube satellite +1° integrated fine

[Tesat-Spacecom] steering mirror capability
Field of regard
(requires S/C body

pointing)

LEO, low—earth orbit.

=2 A% pointing)& &= Jofof gt} o)= XA A AEA|AB(attitude determination
& control subsystem)& AAS o] @Fx70Z Fof QFYFQ] Ho|A FAlS AHATJIT]

4. Zi}

flollA 2= CLUB FELIF9] A0l $8E 23 7ARPEE B4 o]
A Hlo] JFEA Ank B4S HSol] Aokl 2t Bl wiAd FHE7] 27771 2
cm 02 A&E|ojof oh, SLR UFE o] o §AEE LRAE 2717 ARSE
UFYO] a7t AR, FES EHFY B3 dFA Ao Qs X vH
5 cm] LRAE EAT &= gloH, et LRAS 7442 FEIY AHEAARS HASE o
T fedoR 2Hsto] ARt E3E FlofA B4l AFE W5k Yol 9= TESATA
ol E & FEL LCTE AR oo, o] =2 AgAusFo g Qlsto] A4
St uliEg] Bkt AgAate] 8t E T} Ao A 20 A7 FUEE 2AsfoF gt o]
9F Zro] ¥ CLUB FHEHAS SFARFEL Table 3014 FejHct. o= CLUB FHE
39] AFYS ATt QTARINES Whsialon], FELH9] -8l At ABAAHE
of g 8FARRS HFEA] Aok-S Rt E3 ofF ATARIES EYE CLUB #
B9l 27] 3D CAD 2ES A& Fig. 8olA1= A&E CLUB FE9142] 3D CAD
ey FEG] A" REES S HojErh

Fig. 80|A XojF= 3D CAD EdloA= CLUB FEYALS 3 U 272 7HH5haL 454
B 213t FA A (payload)E A g UHA] ABAARISS QAR = FakelA] guty
o2 s REES FAsto] CLUB FEAGS] 27| A4 BdS 4513t HH&H|

https://lwww.jstna.org | 57



CLUB #ERH9 A7 S g4

Table 3. Requirements for mission performance according to the conceptual design of the

CLUB cube satellite

Level 1 User requirement definition
ID Title Requirements

The satellite shall be designed as 3 U [TBD]

URDO0001 Size
cube satellite
The satellite shall be operated on low earth

URD0002 Orbit
orbit (LEO) at 400-600 km [TBD] of altitudes
The satellite shall carry at least the following
payloads

URDO0003 Payloads - Four photodetectors

- Laser retro—reflector array

- Laser communication terminal (LCT)

The four photodetectors shall be able to
Uplink propagation
URD0004 measure the center position of the beam
measurement
within the relative error rate of 1% [TBD]

The reflected laser from the satellite shall
URDO0005 SLR link budget have an average number of photons of at
least 1E + 5 [TBD] or more

Laser communication field  Laser shall enter a LCT at least 1° [TBD] from
URDO0006
of view (FOV) the center axis

CLUB, Chungnam National University Laser Unity Bus; TBD, to be determined: SLR,

satellite laser ranging.

UHF/S-band SolarCell || SunSensor | [ UMFAntenna |
Transceiver 3
GNSS Receiver P Emmmrry
ATEEREEEY ST
BT Y
I EPS Board ] . [ l % |
| |
1
On-Board Computer h{ ¥
(08O i LA I l
Magnetorquer | S S e St =i -
ignetorquer —_——
ADCS Board | | =
e —— | Photodetector | | Laser Comm. S-band Corner Cube
[ Reaction Wheel ] | Module Terminal Antenna Refiector
ADCS CADHS | coms ][ -
(Electrical Power Subsystem) (Attitude Determination & Control Subsystem) (Command & Data Handling | | o yioad

Fig. 8. Initial CLUB cube satellite 3D CAD model equipped with payloads required for mission
execution and subsystems fundamentally necessary for cube satellite operations. GNSS,

global navigation satellite system; CLUB, Chungnam National University Laser Unity Bus.
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£ AL "HFHA|, 181 AES a8H 07 Fuljs) & YA EE(EPS board 2 T3
e}, ZAAO1 A MEAARE A7 E 7 (magnetorquen®t BlFAIA (sun sensor), 183l
GNSS(global navigation satellite system) FJHE FAlote] ZpAME AASlaL, #2184
(reaction wheel}& &3l FELIS Alofeith. o]F-9] oA F7t= AlHE= AHA|A o]
AlS] QAR giEo] ¥ 47| 9] 37t 845 IEdth upR9 g CLUB FE9
A2 oA Al EAE SAIAl ABEAIARE LRI SIFPARE S-HiE, ARFEA
& UHF(ultra high frequency) 9= AR&Sto] FELIAJoIA BHS ASsHAY, FEA
oA +HE HolHE Ao m AEste qT=2 STt olet BAlol HolA BAl& Edfl o]
HE $Alste] MukaAla} glo]A 419 Jol& AdA o0& eI 4= Qlrt

[>
It ol
r\l
©

=
B =5olA AA-9% dolA ofZeiAolde AutH o ol8sty] gisl o] Hutel
Tt B3 SIS TGS oolElol AT, 019k 50 Y47 Aol o
el AE SFENN BUAOE o8 4 YUt ATLE WL AL ZIEE ek

S %ﬂif'a FEAY PFE Ak Yol A
e AT ATARES 2T & =20 AEd 8:7”‘]’60 =2 CLUB %’rﬁ%@e} SIL
TS AT FAES FHoE JPEFon, A8 52
=] A

oj9} 22 CLUB FE99 A A HddA 2nE 7|Rtes 7o) et 848
< A TRAIA W Aol o] oudA dARME FAIA wE S FE
3 et LS R4Skl E=aE WA Vs BAIREN4E I efshEA fde
A5 disf 83l U Ao, AlLE Fote] Ve de] ZRA L wEh AA KRl HEE
3l FEAGS EstaAt et St 92]9] CLUB FEAIE &) koo 21—+
dolA Huto] oS FiL, LFFLINA IRt HlolA 871 Aol 7hsdt /lzet
& 7EUeEHA 29 FE0] Fom] AF-9F FojA ARGl E e T &
< A0 7]digi.

o)

ALl =2

B AFE ARV HEEAR)0] AYog AT AEe] XU ol £EQIG
UTtHNRF-2022R1A2C1092602).

References

1. Carrasco-Casado A, Biswas A, Fields R, Grefenstette B, Harrison F, et al., Optical

communication on CubeSats — enabling the next era in space science, Proceedings of the

https://www.jstna.org | 59



CLUB #ERH9 A7 S g4

60 | https://doi.org/10.52912/jsta.4.1.48

2017 International Conference on Space Optical Systems and Applications, Okinawa, Japan,
14-16 Nov 2017.

2. Lim HC, Sung KP, Yu SY, Choi M, Park E, et al., Satellite laser ranging system at Geochang
station, J. Astron. Space Sci. 35, 253-261 (2018). https://doi.org/10.5140/JASS.2018.35.
4.253

3. Butt Y, Effects of Chinese laser ranging on imaging satellites, Sci. Glob. Secur. 17, 20-35
(2009). https://doi.org/10.1080/08929880902864376

4. Kaushal H, Kaddoum G, Optical communication in space: challenges and mitigation
techniques, IEEE Commun. Surv. Tutor. 19, 57-96 (2016). https://doi.org/10.1109/
COMST.2016.2603518

5. Ritz T, Coogan D, Conklin JW, Coffaro JT, Serra P, et al., Laser time-transfer facility and
preliminary results from the CHOMPTT CubeSat mission, Adv. Space Res. 71, 4498-4520
(2023). https://doi.org/10.1016/j.asr.2023.01.018

6. Rose TS, Rowen DW, LaLumondiere S, Werner NI, Linares R, et al., Optical communications
downlink from a 1.5U CubeSat: OCSD program, Proceedings of the International
Conference on Space Optics, Chania, Greece, 9-12 Oct 2018.

7. Buck AL, Effects of the atmosphere on laser beam propagation, Appl. Opt. 6, 703-708
(1967). https://doi.org/10.1364/A0.6.000703

8. Koo IH, Lee MK, Park SH, Systems engineering for system design and fabrication of
CubeSats, ]. Space Technol. Appl. 3, 342-354 (2023). https://doi.org/10.52912/jsta.
2023.3.4.342

9. Andrews LC, Phillips RL, Laser Beam Propagation through Random Media, 2nd ed. (SPIE
Press, Bellingham, 2005).

10. Lim HC, Park JU, Kim DJ, Seong K, Ka NH, Laser tracking analysis of space debris using
SOLT system at Mt. Gamak, ]. Korean Soc. Aeronaut. Space Sci. 43, 830-837 (2015).
https://doi.org/10.5139/JKSAS.2015.43.9.830

11. Park JU, Lim HC, Sung KP, Choi M, Link budget analysis with laser energy for time transfer
using the Ajisai satellite, Remote Sens. 13, 3739 (2021). https://doi.org/10.3390/rs13183739

12. Schmidt C, Fuchs C, The OSIRIS program at DLR, Proceedings of SPIE LASE, San Francisco,
CA, 15 Feb 2018.

13. Song SM, Lim HC, Choi M, Yi Y, Analysis of tip/tilt compensation of beam wandering for
space laser communication, J. Astron. Space Sci. 40, 237-245 (2023). https://doi.org/
10.5140/JASS.2023.40.4.237

14. Koo, Lee M, Park S, Lessons and countermeasures learned from both domestic and foreign
CubeSat missions, J. Space Technol. Appl. 3, 355-372 (2023). https://doi.org/10.
52912/jsta.2023.3.4.355



J. Space Technol. Appl. 4(1), 48-61 (2023)

Author Information

smsong@kasi.re.kr

Fdeieti sl SFXWslol 20244
HALBl9lE SR T, 5 TSRl Hpatle)
4 Bl ek 20225 AT T S
ZOERAAEIA SPeloR Holstel
QB AolA 54 A2 -9 7t
ol FAlo] thet A2 S5t ek

&£ S M hssong@kasi.re.kr

Fytista ojst $EAEsold 20199
A} AISIE HSIIL, 5 Thekel
A 20239 $FAAsE BpastelS wkc A
SpAL Bjol|7 B0k w e mealEo] ot g
A 2 olets B4 BE Ao Zofsigi
A BHARATUN U} T Asglo

A FESV hE 2 A B dols] #4 A7 sk Urk

A A rlacofuddl@o.cnu.ac.kr

20219 Fadista HEesarstae] Qlstet
of At Folth. A shgoRA g ¢
Aol TAE 7HA AL FELFl Hisl &

kyi8707@o.cnu.ac.kr

2018d St HEeaele] dstst
of AR Fofl Qitt. CLUB FEL/39] 7
JEAE I 619ioH, 24P 4
A ED AR, 999 Attitude Determination
and Control System(ADCY), glo|A] BAlof T

A 7H13 ek

ZF A5l jush020902@o.cnu.ac.kr
20219 Sty HESHstol st

of Ao = A}t Fol, CLUB FEHA

L 9] AT HALL 7id HAlof Fofste] FE
e
o] 722 BAS B S
Z Ot £ cmsoo@kasi.re.kr

Feiota Azl Aol % gy A
o whpislE HSson, 200845

FLARATAN SPIPRALD 29 9
287 IE A7E PG, A S
ZSRAAEA T oA 224

Q:

S hclim@kasi.re.kr

KAIST F3-9533lolx] $143A40] Hgoa
HIAEERIE FESIQIT) 19965 E @tiAxt
FPIARRATolA T3 o] %, 200095 El= g
TR AZ Folct 200095 147k
NASA/GSFCOllA] Visiting scientist® 27511
3, 201595E 20208714 Hsl|&agitist
Acfistaol] wez Ao, A AeEYg =l
o]#54 YEEQAWPLTN) 71749] o3& il Qi Hlojx{of 7]9ket

A 74, el # AR A9 et Sl

0| &

euyiyu@cnu.ac.kr
,1‘ = 2% 8K University of Colorado at
BouldenellA E218} ¥FAK1994)E F15511L,
1 % LASP(Laboratory for Atmospheric and
Space Physics)olA] Research Associate@ o+
Baleh} 1097RR e S BRSO
I SFA TN T A
oIt} TRt Aiaio] Tt 571402 o
2} s}gol 1R9] w2 714 24T A TS PRt TR 8
QHEZ, B9 W 5 AU AT ok ow, o A
AyRg 8310l AT HF L o] Hsle] glo] S e 719 5
& st glck

https://www.jstna.org | 61



J. Space Technol. Appl. 4(1), 62-73 (2024)
https://doi.org/10.52912/jsta.2024.4.1.62

x4t 88
Journal of Space Technology and Applications
pISSN 2765-7469  elSSN 2799-3213

A a
jI [y

L))
Check for
updates

Received: January 12, 2024
Revised: February 6, 2024
Accepted: February 13, 2024

*Corresponding author :

Jaedong Seong
Tel : +82-42-870-3933
E-mail : acestars@kari.re.kr

Copyright © 2024 The Korean Space Science
Society. This is an Open Access article
distributed under the terms of the Creative
Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial use,
distribution, and reproduction in any medium,
provided the original work is properly cited.

ORCID

Jaedong Seong
https://orcid.org/0000-0003-2042-2422
Okchul Jung
https://orcid.org/0000-0002-1310-1148
Youeyun Jung
https://orcid.org/0000-0002-5268-7217
Saehan Song
https://orcid.org/0009-0005-5791-4369

62 | https://doi.org/10.52912/jsta.4.1.62

=AY TMHKE Set RF=H S==1 28 =4

YAMST, HSH, YRA, SMst

ror

AsmOx
ocoT T

re

1o

__'J.

Analysis of the Effectiveness of Space Object Collision Avoidance
through Nano-Satellite Attitude Maneuver
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This study analyzed the effectiveness of orbital change through attitude change in nano—satellites operating
in low Earth orbit (LEO) without thrusters, focusing on collision avoidance maneuvers. The results revealed
that changes in the satellite's cross—sectional area significantly impact its in—track direction, influenced by
the aspect ratio of cross—sectional area change and mission altitude. Notably, satellites at lower altitudes
demonstrated significant reduction in collision risks with a small amount of attitude change. Through this
study, it is judged that the changing the cross—sectional area through attitude maneuver is a sufficiently
suitable method in the operation of nano—satellites without thrusters, and is expected to contribute to

improving the safety of satellite operations in the New Space era.
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Nanosatellite types
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Fig. 1. Nano-satellite types [1].
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Fig. 2. Nano-satellite approximate orbits after launch [1].
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Fig. 3. Effect of attitude maneuver: The minimum distance can be increased by altering the

altitude through an attitude maneuver. The object labeled in red represents the approaching
risky object, while the object labeled in yellow shows the satellite's position before maneuver,
and the object labeled in green indicates the satellite's position after maneuver. The yellow

ellipsoids around the objects represent the uncertainty in their locations.
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Table 1. Simulation setup: This simulation aims to evaluate how effective attitude maneuvers
are. It does so by measuring the change in the satellite's position before and after performing
the maneuver. During the simulation, various factors are varied: the cross—sectional area of

the satellite, the mission altitude, and the duration of the attitude maneuver

Area (m?) 0.01, 0.06,0.16
Altitude (km) 400-800 (step size: 10)
Duration (sec) 300-86,400 (step size: 300)
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Fig. 4. Shape example of 3U nano-satellite (C3S electronics development).
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Table 2. Propagator setup

Perturbation Value
Gravitational force EGM2008 (21 x 21)
Atmosphere model Jacchia—Roberts (Constant F10.7 = 150)
Solar radiation pressure Dual cone
Third body Sun, Moon
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Table 3. Orbit elements of primary and secondary objects (orbit epoch time: 1 Jan 2024
00:00:00 UTC)

Coord. J2000 Primary Secondary
Semi-major axis (km) 6,778.000 6,777.712
Eccentricity 0.00000 0.00034
Inclination (deg) 98.000 68.029
RAAN (deg) 360.000 10.390
Arg. of perigee (deg) 0.000 203.423
Mean anomaly (deg) 360.000 149.727

UTC, coordinated universal time.

Table 4. Conjunction assessment results of before attitude maneuver

TCA (UTC) 3 Jan 2024 12:06:15.649
Minimum range (km) 0.0537
Maximum collision probability 1.9787E-03
Radial distance (km) -0.0510
Intrack distance (km) -0.0157
Crosstrack distance (km) 0.0061

TCA, time to closest approach; UTC, coordinated universal time.

BEFORE RIC

Time (UTCG): 3 Jan 2024 '12:06:15.649
Radial (km): -0.051006
In-Track (km): ' -0.015794
Cross-Track (km): : 0.006089
Range (km): 0.053741

Fig. b. Visualization for conjunction event for primary and secondary object. UTC, coordinated

universal time.

https://www.jstna.org | 67



=AY MMHAHE S8 *F=H ST

68 | https://doi.org/10.52912/jsta.4.1.62

149 19 919 234820 dish QIAlsk, 353975 AZS -sto] 1
0z ZA718-E B3l 71 0.08 m*?l HHAE 0.01 m™® &2 F 587t t7]stal, oA
GHAS 0.08 MR B 7]15-S HALSHSIT

Fig. 62 Azt T2 AA71E At £o] Ak 2jo|E vehls Lefizoloh 9149 X3y
O] Zpol7t Al7te]| whet A} Sk A& B 4 9loH, 2Y A Foll= 2F 500 m ©]
} Z71eRe Ao YRt ole JF1%Er} 400 kmZ W2 Holw, ZpAjo] Hsls 53t
FHA S v WA FA AASRANE HEo] 27] glo] AAIRARIe R fou]gt A

3HE WE & e ERIT & Qi

£ A718E B9 71% 36417 Foll AgE 2349 SEATEE IA A4t 4
Al -8 Table 5014 &I 4= A=dl, LA 3¢ F= 53 m =004 360 m7HA]
Z7Forl o, olo] w2 HFELES = tH| 1/100 FE2=2 A4S Fig. 72 &
AI71E Ak &, ZHEEA O] gt 33 AJZS}F A3kE UEhdh A7 Hof| H]sl ©hE A
= AaAF710] 9140 W ti71REo] AAsilaL, 71 tiH| § w2 =0 7] whizol
A=F717t diid o= 8 71E 9199 1A tiH] FEo] fIXIskal U2 SRl 4~ AUt

91 B4 AHloll gt #4412 Bol AAl7e= B8 ©HA #ske] m8/dol thsl g1
4 Uk Th&O =& Fig. 4004 Hofgt 2707 AlEd oS Sttt

H

o ok

¢

g
s
1;14:1

o,

To Object: Satellite-BEFORE

0.50 - +-0.50

0.45 - 0.45

040+ I 0.40

035+ 035

030+ +0.30

0.25 4 025

0.20 020
015+ 2015

010 3010

\

0.05 4 o5

O-Il T T T T T T T T T T T T T T T 0
2Tue 300 600 900 12:00 1500 18:00 21:00 3Wed 300 600 9:00 1200 1500 1800 2100 4Thu

2024 Jan Time (UTCG)

— — — =
Radial (km) In-Track (km) Cross-Track (km) Range (km)

Fig. 6. Orbital difference over time in RIC coordination. RIC, radial, intrack, crosstrack; UTC,

coordinated universal time.

Table 5. Conjunction assessment results of before and after attitude maneuver

Before attitude maneuver After attitude maneuver

TCA (UTC) 3 Jan 2024 12:06:15.649 3 Jan 2024 12:06:15.675
Minimum range (km) 0.0537 0.3596

Maximum collision
1.9787E-03 2.2178E-05
probability

Radial distance (km) -0.0510 —0.0543
Intrack distance (km) -0.0157 0.3434
Crosstrack distance (km) 0.0061 -0.0920

TCA, time to closest approach; UTC, coordinated universal time.
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AFTER RIC

Time (UTCG): 3 Jan 2024 12:06:
Radial (km):

In-Track (km):

Cross-Track (km):

Range (km):

Fig. 7. Visualization for conjunction event for primary and secondary object (‘Before’ means
primary object without attitude maneuver and ‘After’ means primary object with attitude

maneuver). UTC, coordinated universal time.
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Deviation(km) by Attitude Maneuver Duration and Mission Altitude
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Fig. 8. Deviation according to mission altitude and attitude maneuver duration (AR = 0.125).

AR, aspect ratio.
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Fig. 9. Deviation according to mission altitude and attitude maneuver duration (AR = 0.75).

AR, aspect ratio.
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Deviation(km) by Attitude Maneuver Duration and Mission Altitude
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Fig. 10. Deviation according to mission altitude and attitude maneuver duration (AR = 2). AR,

aspect ratio.
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Fig. 11. Monthly variation of the observed and predicted (underlined) values of the sunspot

numbers and F10.7 cm index [9].

https://lwww.jstna.org | 71



=AY MMHAHE S8 *F=H ST

72 | https://doi.org/10.52912/jsta.4.1.62

100 32 71 ofsiel mFA B Folw, B AT Azt thul A5 B FELI)E
A3 Folso] 2% o o AR WA A4S S5k & Aol

4, A2
£ A7 AR YRS SR F2/7E g 22PN o A
AN AES WASH: WAlo] B850 ol A Al BAslglck A7

A3k, ApAuE] e whed Wk 22 Sjgo] Aggel G mA, gusel vl
HIRART o] ket AeiAelo] folulst Xjolh WSk A ST & gt
£5], GRAL F/MASE B QRIS eSS vua vsl] ne vt Sesh
Hn), ol 5] 2 £80] BE HolFt eﬁz_w} 32 1980 35, 2 A
7 59to] AR RE FEARS AA £ 1= 351 At
g P R P
A o7l D8 A A0 RN, UFEY 3 999 9 25 A 3 ) 2
G710l BRAe Zo] AiARE S/ Aol HET 4 k. Edh, AREEY] o
Vool TES S Aol AL 2o ATIACIE PPl A0] £ 0
o W%, ARsgo] ZRsaheiAl AR THE BeAe 7 =
£ 2yste] YRETHS AU FEANE S 2 3
FHHoRE 22YIEE A0 2L AEANE 5 23E o] uigst
U} 7149 Quishrt o]20i7)7] ol pA7)E

59 B 35
A3 2718 24RO AT 290] 7lofat 4 AL Aotk

4
§9
_EL
O

i)

e L (S
)
oX
1o
z
i
el
:li
%
u=)
-,

ZAte =
B Al ARREorATde] SHUTBANRIFR2AGI0S] AYS Mo} FAH %S
Y,

References

1. KULU, Erik, Nanosatellite launch forecasts: track record and latest prediction, in 36th
Annual Small Satellite Conference, Logan, UT, 9 Aug 2022.

2. SATCAT Boxscore, CelesTrak (2024) [Internet], viewed 2024 Jan 3, available from:
https://celestrak.org/satcat/boxscore.php

3. SeongJ, Jung O, Jung Y, Song S, Development and operation status of space object collision
risk management system for Korea Aerospace Research Institute (KARI), J. Space Technol.
Appl. 3, 280-300 (2023). https://doi.org/10.52912/jsta.2023.3.3.280

4. Hilsmann M, Kahle R, Schneller M, Aida S, Hahn M, et al., Debris collision avoidance by
means of attitude control-in-flight demonstration with TET-1, J. Space Saf. Eng. 6, 284-290
(2019). https://doi.org/10.1016/j.jsse.2019.09.003



J. Space Technol. Appl. 4(1), 62-73 (2024)

5. Liao H, Xie J, Zhou X, Yao C, Tang Z, et al., Compound attitude maneuver and collision

avoiding control for a novel noncontact close-proximity formation satellite architecture,
Int. J. Aerosp. Eng. 2022, 2606233. https://doi.org/10.1155/2022/2606233

6. Omar SR, Bevilacqua R, Spacecraft collision avoidance using aerodynamic drag, J. Guid.
Control Dyn. 43, 567-573 (2020). https://doi.org/10.2514/1.G004518

7. Mishne D, Edlerman E, Collision-avoidance maneuver of satellites using drag and solar
radiation pressure, J. Guid. Control Dyn. 40, 1191-1205 (2017). https://doi.org/

10.2514/1.G002376

8. Alfano S, Relating position uncertainty to maximum conjunction probability, J. Astronaut.
Sci. 53, 193205 (2005). https://doi.org/10.1007/BF03546350

9. Singh AK, Bhargawa A, An early prediction of 25th solar cycle using Hurst exponent.
Astrophys. Space Sci. 362, 199 (2017). https://doi.org/10.1007/s10509-017-3180-2

Author Information

acestars@kari.re.kr

CRUES

Fepledgistelistaolr 20169 ¥k
SIS F53 &, 201695 8&%@*’&9—’?
ATl 8P H BRI AR

SPsIler, e =78

(i}

2 A  ocjung@kari.re.kr

e |EY FEeFastaolA BiAkst
A& A5t 200590 S=HAREAIA
U0 EFEAT, 20069HE AAEA] g
TYTETATLoNA SRR ° &

WEHA|, FFHFSS, fARTEY Sl
Ut AFE s 3o

He9H yejung@kari.re.kr

SISy &dolA 20169 HABIAIE HE
a St 5 20169RE SHEalelr]&d HP/\}:?‘_
o TFHog SFEARE HHsiol gt A

= apslgion], 2017d%E EUYFIE ma
‘\ f. AN HFATLCR 5 ATE Sl
th. 20189 F=a}sl7 | oAl AFARA]
PHE P10, o] 2018FHE FATHA A=FFFFATE

A FAYEBEAYAEANA QTP ST %

SFUSHA| 5ol Bt AFE kL Ak

b

of>

M 8t songsachan@kari.re.kr

=&
3 %, 201995E X7
7Y YA REGAGAE A LA

ZUolA 20199 AARERIE HE
]-__clLOL—‘—O z

L T SFRETA, BN SO R
g\ ’) A7E gk ek

https://www.jstna.org | 73



J. Space Technol. Appl. 4(1), 74-85 (2024)
https://doi.org/10.52912/jsta.2024.4.1.74

x4t 88
Journal of Space Technology and Applications
pISSN 2765-7469  elSSN 2799-3213

A a
jI [y

Check for
updates

Received: January 4, 2024
Revised: January 30, 2024
Accepted: February 11, 2024

*Corresponding author :

Wonseok Kang
Tel : +82-43-234-5181
E-mail : wskang@spacebeam.co.kr

Copyright © 2024 The Korean Space Science
Society. This is an Open Access article
distributed under the terms of the Creative
Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial use,
distribution, and reproduction in any medium,
provided the original work is properly cited.

ORCID

Taewoo Kim
https://orcid.org/0000-0003-4686-5109
Wonseok Kang
https://orcid.org/0000-0003-3390-1924
Sang Hoon Oh
https://orcid.org/0000-0003-1184-7453
Yong-sun Park
https://orcid.org/0000-0003-0198-3136
Jung-Hoon Kim
https://orcid.org/0009-0005-0731-9406

74 |

https://doi.org/10.52912/jsta.4.1.74

Experiments of Free-Space Optical Communication for Optical

Ground Station
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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
Hdol= S E0|Z(optical communications terminal, OCT)1t X|MOA HEE $Aok= ZHEM 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 g&i2 22 10| 108 Ol4 XISEE SeIsHLt.
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.

Ao : 5 FFA

N
%
ok
)
ot

541


https://crossmark.crossref.org/dialog/?doi=10.52912/jsta.2024.4.1.74&domain=pdf&date_stamp=2024-2-28

J. Space Technol. Appl. 4(1), 74-85 (2024)

Keywords : space laser communication, free-space optical communication, optical
communication terminal, optical ground station

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

] AN A2 thaat 2ok A= 8 9 1t 9 BEAE 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 FEAl Buld 9 B4l A AEleh A9 i, 1=l 2 3,

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

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
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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)
[ tens [ Beati str

—

/_\ . | —— camera

I 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

Fig. 3. OGS at BOAO. OCT, optical communications terminal; OGS, optical ground station;
BOAO, Bohyunsan Optical Astronomy Observatory.

f2 Beam splitter f3

Telescope ' Camera

Lens

f4

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) Y= oIA ATE HEsHITh o] AoA SFP+E FgAog AeE wof
=Y F U= FAA719 A= 2F -17 dBm Folnh. HAIAR] A AAl= Fig. 59 2t
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| oCT Reflector Focal
B (:0 mm) (250 mm) | e

Laptop
| i 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.
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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

+6.110.5 (3km, 2023-09-05)
4000 4 -2.821.3 (9km, 2023-09-11)
-10.9£1.6 (20km, 2023-11-02)

3500 4

3000 4

|
w

2500 4

Counts

2000

RX Power [dBm]
A
o

|
-
w

1500 - | 1 1 I R — ]

2T 1000 {

—— +6.1x0.5 (3km, 2023-09-05) |

w2 -2.8+1.3 (9km, 2023-09-11) 500 1
-10.9:1.6 (20km, 2023-11-02)
=30+ T T T T 0 ¥ T T T g T
S . S T PN T N S
Time [s] R 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,-2.8 + 1.3,-10.9 + 1.6 dBmo]|c}. %41 #lo]# 2] A717} +23 dBmeol2kaL 7k
e o, ;ﬂ‘é‘ &AL 747 -16.9, -25.8, -33.9 dBO]t}.

SFP+9] 4241 SHAI7} oF 17 dBme| B2, J3+ Teug 2 S74% A3E EH 20 kmollA]
= A9 &3 §lo] 10 Gbps £&9] BAlo] 7Fsdtths 2 & 4= Utk 20 km A=A A
st i, R0 E HSt JAS E&oA AAgtez H*o} 4K HDMIZ ¥glsto] &35}
E A%S P8Ik 20 kmollAl HDMI AAIZE B4 55 A8S 533 27, 108 ol
B4 glo] FAS TS 5 Q= AL IS Fig. 108 W, A AljoflA 3541 En
gg 5ol AAztoz Mgt 52 afo] HaibE o] Qs AAFo|A FaHod 24l
H A EIsk 4 Qlrk

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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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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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.
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