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2021 2| STLAIRIE(AMOS)H| ZHE =20 M2, MY T30 @F2X 7t S5/Isd
2 HSSQ 10| OfLf2t LA &H, HRlY S 5 AP0 ofet SS2HE0| 1!, RFTUSEA|
(space traffic management)2 Safl 11 £= 7ts8S &Y A2 Xetek Tt 0[248t HiAN =2 2
T30l 214 & X 24T B2 25 M2f7|(debris) 2AVF FHERI £ EHMNE £2¢
E07 U, 0joff A 2022 98 720 B2 FASS(0| == Zelet R 2E=S0| +ALUAR
QMO AO|AI (anti-satellite, ASAT) AIHS AA[GHK| UEE SH= Z0|ot AEHS EaH HAM|1H 87H=(23
H 62 7IE 137H=)0] ASAT A3t HAISIA| 7|2 it L5t @F Mef7IE S017] fIgt &eto] 2
7200l ero| AT U=, 0|2feF R MY7| 48MH|AE HRA| FAMHOZE ME0| Vs

:IO

g Ao MHECDL 0/0] 23 27| MAHVI= oig, 91 T/HE He o HUHR & 28V ISAH
ALi[of] CHoll LOPE, @3 =2 RF M27| HA/IeS &€& 3771 M HEHG0 CHol 12Eot

Zict J2|10 0j2 QTFES HHISH | {8t L2715 K (space maneuver warfare) O[SHE Saf| 22

LEFXIMA L] i HRM0i THEH MG X} i
Abstract

According to the studies recently published through advanced maui optical and space surveillance
technologies (AMOS) Conference 2021, LEO conjunction assessment revolves around not on operating
satellites but space debris such as rocket bodies and non—operational satellites, hence suggesting a
solution through space traffic management. Against this backdrop, the issue of active debris removal (ADR)
has emerged to the surface as an international challenge throughout the globe. In step with this, the United
Nations General Assembly approved a resolution calling on nations to halt tests of direct-ascent anti—
satellites, to which U.S. and twelve other nations included Republic of Korea were original signatories. ADR
techniques are also actively being researched in the civil sector, and these commercial services, if
successfully developed, could possibly be utilized for military use as well. As such, this paper will help
readers understanding for the current status of ADR techniques, space threat assessments, on—orbit

rendezvous and proximity operations by looking at previous cases, reflecting on space—faring nations' ADR
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techniques and its development probability in relation to space weapons. As a conclusion, this study will
propose the needs of developing space propulsion system by understanding Space Maneuver Warfare in

preparation for the future space battlefield.

4ol 1 5 27|, 571, 7154, dTY], 5 28716 AA 71E,
LA A
Keywords : space debris, space weapons, anti-satellite (ASAT), active debris removal,
space nulcear thermal propulsion (SNTP )
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31715 FITH2]. o]9)o= OneWeb, Amazon, Telesat®} £+-9] SatNet 52 HAAZ o2 A
A= B IO E 90,0000 7ol Dok S 3110l FARE ZE AlE FoloH3l.

ol 914 olejol= F, BAlot & AR F=o ti9)dF A (anti-satellite, ASAT)
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Fig. 1. Approximate number of active satellites, 20132022 [4].
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= H213 ool FIA] 531t BAZ A FXIA|, Hlolg 5 10 cm o 271 3
TSRS o8 AA 28 3 4ol He- AF A EAITBIFg. 2). & 1&59] £
F 27 e 30 A A 1 FE 7FeEE STHAIPIAL =T, ekt 85 A
719] tiFE-2 200749 =9 P8R AIE & 20099 =3} BAlo) 940 FEE W
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2t 5 27l @A 1 f520] 9 B9 SSFHAHENA(space surveillance
network)ell 2J8f| 10 ecm o} 2719] £5EA|(27,0009] 7H)oll thofafwt &= 1 Qlet.
20219 A 51A8HS][Advanced Maui Optical and Space(AMOS) surveillance
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Fig. 3. Damages of satellites caused by debris (ESA). ESA, European Space Agency.
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HAFU(ASAT) AE AASHA] REs o= ARk AEs HA1A 871112349 6¥ 71 13
7)ol ASAT AdS HASHA °——P71E et vl=e 2022 49 SAEAR] ASATO] T
/A AREE A S |2 =l /AU5Y), wERETY), 593 4209), T+ 9
=, 2904, 35109, T18)a 12¢¥90ll= Tt Fo] AAFITHS] Eh vgshEs 2023 2
H A9 AdHboflA F¥ 53 UN 390l Q591 87 wAd AlgE SHeittal
- AAFHI). o]Yo= == 2F71E Eo]7] Y3 "Rte 2 {8 95=HEuropean Space
Agency, ESANS ‘Ea]ojAd|o]A-](ClearSpace-1) 02 FHst TRAE R 2025W0f 95 &
7] FARRS 2ACE Ao} S7 F HHI MfES S| Ak, X} eA A+
£ Tl AEots Ae BHE FEAHIAE FHl6laL Qi ol=et 5= A87] AAY &=
83 FEAHI A= A FARCREE ARGo] 75 A0 R W o]d 5= A7)
AA7 & 8%, 99 37 H A= A DR 2 2871524 Allo] disf] Yok, 5=
227] AA71EE L83 97571 /i 71 gl s argsiAle). 18 ar v 5
tjulsl7] 1%t 25718 %(space maneuver warfare) °©|51E 3l 22 FFFHAA ] A
g g /do]| s AlAskarAt gtk

2. F X7 A= 7IeH 2R

S5 2715 APshe S @ 7 7] £olotk shbs A Hi7]d R AEUAA &
As] AdaAZl= Aolal, tE shhe HE QIS9FEC] A5 ARESH] = A, & 8

oA W7t HA| = AER &7]= Aolth. 19 F S AF A
A F 7K A"A]7t ot AA= IADC Space Debris Mitigation

AlE A=A 2 2] R S5 5 254 ol A tf7]Ho
A AAE H71E AYskeE 5 & AE](post-mission disposal) B4]0]tH10l. EAl= 5
T7tog HAL QIS HY o= 2AH7E A AASI= 5524 A A(active debris
removal, ADR) B2le]tH11]. olF 95 2871& A4 AAsH=s 5524 AAADR) 7€ @
ol sl Yot Ak 552 AAMADR) 71& A 47H] WHOE JEIFTE AAH
(drag augmentation systems), H|ZZ Hl(contactless methods), HIE(@) 715t w4

(tether-based methods), < AA%4](contact removal methods) & E531t}

2.1 g8E7t A|AHI(Drag Augmentation Systems)

FES7H AAEE 95 28719 AAS A sto] di7] @& VA 1 E BE
AT 7R AEY AlA A AbA7]= BHAloleh o] HPAE 95 2g7|9] H7]o]
gglol AA A=rh Zhsskal EFolu ti7]d Qs 9%t 5 28719 AR U(re-
entry) A= 70| BRX| At} FEF7 AlA”lol= Efoam), B4 (inflated), A7-718t
(fiber-based), B1¥/32 E(solar/drag sail) B2lo] Ut} E(foam) HA &3 2AF)7] Al
7 o] Jit el HEHF)St] 2 14 HH| EAlsto] FF HYOo R THAS
A vHeo] FEE S7HKIA s WA sk Baloloh B (inflated) WA 9 &
7o S Z2 & BAE FASto] S S7MI7IE A eE 9 A7) AlA 94
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o] %# - 270 AEEHEE 2 EA)ote] 4 E2 FEE 719 EAE RS
A5718Htiber-based) W42 Efoam) W4T FARHY & il HAREEE
l 7] Xﬂﬂ Vol Fi §5 27| HIEHFs] AREdE B

S 37 vHEo] FFS ZTTMIA IS BRI AT gi7]EeE A=Y
HFAlole}. B E(solar sail) W42 5l E2joh|E(aluminium-
polyamide) 99| & B¢S H3 o 2304 AA AL f1dE7] 7154 BA FEE 7]
= g4lolot
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2.2 H|HZE "HA(Contactless Methods)

HIZS A2 5 28)7] AlA f1d0] ZH 5= A7)0 HEQlo]l &5 247|& AlA
Sk WAl g 91 7F SE81R0] /710 71”1 S 28717 sk ko, HER
Alof| Blg] iAo 95 27| AA £~Q5= 7IXto] Aot BIFS WAofl= QS 7]
3K artificial atmospheric influence), Hl°o1A 71¥Hlaser-based), ©]2 ®(ion beam shepherd),
77| EFE(electrostatic tractor) BF410] It} QIF- th7|F&H artificial atmospheric influence)
L EH 9 1= A=l 9F 7 (gasoline)S: WAL S SMAA ZH 2719 ?J]
T 55 =50 2 S| otk o] MRl trl] 93 27|17t 2o 9l
5 AAN golsttt. oA 7|WHlaser-based) 412 3717} 1-10 emQl 95 27190 ‘:H
s FolAE 5‘—/\}0}04 1 95 29719 Al S5 =50] t7]oA AEATE AL
2 A4 7|6kt 23 71EE "halo] Qltt. o] Wl(ion beam shepherdr> ZH Aol &4
(1020 mysto] o] HlZ RAlsto] B3 95 297]9] Al $EE =50] th7|olA &EA|
71 "haolct, 7] EZE(electrostatic tractor) Bl FAHE 4] H Aol 274

59 5 2d17] AAN R-&st, 259 HA(Coulomb's law: F Hs} Alo]9] T2 Ao}
9] A719] Foj Hl=stal Azje] AlFol vkl ghrth)S 288l AR AA(tug)” |7t AR
Hs 51 95 2870 WAlsto] JHstE BHA| shal, ARI7|9F 5= 28|719] HMstkE &
A gkEo] A2 "ojuiA stof, &5 271E T Hl=(graveyard orbig= EUlE A0
= 2-47f1o] A9 Ht

2.3 HIG(#®) 7|8t 2r(Tether-Based Methods)

ElE(@) 719k WAL 9 29)7] AlA o] vttt Hi{@) FEY] WHos X 5
AH71E BolA AT "oz HEA Ielectrodynamic tether), 1E E3(net
capturing), 2HHharpoon) ®2lo] Qlct. A=A Ielectro-dynamic tether, EDT) ¥
S5 270 Axd £ 9ot Ef‘;ﬂé 3](Lorentz force)oll 2Jsf 43t 3FEL WHAgsHA
sto] ¢ 27] A= &5 =50 HA=E ol (de-orbigr7]= Falelth Edl= I
(Lorentz force}2 7140l Q8] A7/ 52& TA E= HsE 7M1 55k YA
Z-gshe Jog Aol &k Wk A1 HiRke] R Al ke s 9ls etk
TERE A skl g6/do] o, Ak R AAHEA S5 2715 AlASH
710 7Vdnl7E £ EeL 95 27|19 oy B4 5 =94 M5E AA AEsto] A
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Mo 7] 9% 2] AAZL Rt 2L WAL 9% s AA e AR B
B 9% 29712 o] AASKE WAOR e olg8] 9% Ad1E SA%L 7)Y

oM Ei¢= g4It

2.4 = HAHYA(Contact Removal Methods)

AE AATAL §5 2871 AA 140l H1 5= 29710 ASs 5 2471E AA
5= W02 MZ(slingshot), F2HA|(adhesive), £5X3(tentacle capturing), §¥ Z&
Zsingle robotic arm), T Z5Z(multiple robotic arms) H4]o] ltt. A& g
Aol ofF 719 9 AE71E AAT 5= s PAoE 93 27| AA & 5 2
#71E 285t AFe® I (spin-up & ejection) LT, T3 U 5 2AF7|E XL
Qe A A2 5 28)7] AA o] XA e 2871 AA 71Ei) o A
£ gAs o 719l 5= 2700 242 JH2HA A A7) AlA 7|EE TAlSte] BR
5 287]0 RFAIA d7|HC R fEste] AFATE Walolth S5(FA B) X8 &
F 2715 S5 2ol A7 BRIl 95 A7E HA 7SR fkeste] 4AHA]
= WAolt}. & 2R 18y v 25T 232 & ¢ oM 5 2AqV|E 285t
of 7] E REsto] &A= HACE vA| S 9 §5 A S04 FEo] 7}

5o 71& 7ol B asteH12](Fig. 4).

o 1

Jot

25 227| A Yo X LER e RO
@ &(Foam) A .,.f. LEO >0.1
YAZTH A AT (drag P AR S LEO 01

augmentation ) x4e5|ul (Fiber-based) , LEO 50.1
systems) 5 =
@ Y F(Solar sall) 190 o° LEO/GEO 50.1

e e [
artificial atmospheric LEO 0.1
Hlﬁﬁ ',’J"bl Influence) (

(contactless lojx 2|t ® x| SN LEO/GEO £0.02
({laser-based) @ v, B
methods) 5% &> d LEO/GEO  <0.02
®o|2 ' LEO/GEO >0.1
(ion beam shephard)
@ HH7| E3H GEO £0.01
{electrostatic tractor)
@EEd 8 LEO >0.01

({Electrodynamic tether) |

HE(E) ’I?." 'éti{ Jg = et capturin
(tether-based o b Gl
methods) D) EfsHhamoon)
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02 M B (slingshot) LEO »0.1

13 x| (adhe sive) LEO 50.1

ESES C[FITIN W HTES LEO/GEO 0.1-1

(contact removal (aREacla chpOx®
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Fig. 4. Comparisions of different ADR methods. ADR, active debris removal.
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3. QXM Wt L UE A DHTISHH A

SFAY 7R 20189 89 u|=F HEF(Mike Pence) U= LFApAL| ish F=,
ZAloke] go] S7kE 1 Uk W7, 2023 3¢Y 1] 574 Chance Saltzman)

70| SFEopflA 7FE & HIgolgal AxohH F=0] £571es 7713} ok k¥
A& 0= skl Jlokal BFETH13]. 2jAlere] B vl=o] oS skt o e 55
ojxje} tf g mIANEE A SolH, S BAloke] f14do] ml= ol 4 Hdok= 5
A glo] 1ol =i lokar A HH141Fig. 5).

20229 wl=k A A ZFALA(Center for Strategic & International Studies, CSIS)ollA] &
7kt ‘FHE7Kspace threat assessment) 20229 9Jahd H=2 202149l 71 @
9 A=A &9 yetolyl, 529 9553 (counterspace capabilitiesk> 943 7t
LA =N FH|F{co-orbital rendezvous) ¥ AAE T} FAAE 4 it &
g4 o] 9 HE FARF olUA, A 5) 82 BT 2R EASH glo
o, 2Alore] A A B4 iS4 ASAT) AT S-Aeteuo] gt GPS A9, 14
7t 237182742 (rendezvous and proximity operations, RPO) 53 Z2 fl 95532

AJ&2 0z JPAIZ]AL ITH15).

=13

-

QO:

|

3.2 Y= & ZERIISEHE Akl

A= A TH7152E EAY ARE 20204 1€ #AloF FARIAIo] vl g2
3l 160 km7HA] FH(RPO)TH AHEIet S= 9148(TJS-3)°] 20229 10¢¥ wl=r FZH(USA
233)f| tisf 6.2 km7HA] BoFATHFig. 6; Table 1).

=2 A 1237 A= 918 AolA 9487 2471852 ARPO) 53 2ttt
FF71ES ARE 3tk $59 A= 89 §-12+= 20109 559 =98 9491 §)-
OGF & Hlste 237152 2 A £33, o] 7162 A&0& 2] Ho]glom,
20109 o5 % ol AA e o= oot FA] §-12+= J-06Fet B0 HF&
o7 AL SHEE EAY S 00 St &4 A7 A0 R HolA|= gdgith
o] 24l M2 20119 AYH AAS- & dlg-1 579 AR 9] 42 I3t AP
Agoar FAHEAN, §-129 7152 e 772 AME $ e FF0lH

2 A0} = o | wmE | e2m | TR
HAHIE Y HAYF I Direct Ascent) MU Y HAYTIIE0 Direct Ascent) 492 | yg2 | g L]
FUS/BIRE AT |Meo/6e0 Drect Ascent) FUS/BIRE AP IMeo/6e0 Drect Ascent) s Or | ¥¥28 | w8
HUS A TS AHILE0 Co-Orbital) HHIE Y US4 AL Co-Orbital) o2 s | BEYS s
SHT/EXIUE HIE2 91 SME/GE Co-Orbital) =3 sERUS | B2AUS &8 FHUT/EXUE HIT2 S ME/GE Co-Orbital) o QUS| IEAUS o8
I 0l Xi(oirect Energy) ) a9 os oy EE] XIS2A! Ofl A Xl irect Energy) 7gsg 423 LT ES s

& X1 H(Electronic Warfare) a2 yget £y e & XM (Electronic Warfare] Yot g 4ot =

3= 224012 (space Domain Awareness) yg ygo 499 ey Q25919101 Al(space Domain Awareness) Ny Aoy Aoy Ee

Fig. 5. Space threat assessment of Russia & China.
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Fig. 6. RPO activities of Russia's olymp satellite against USA satellite. RPO, Rendezvous and

Proximity Operations.

Table 1. Recent Russian rendezvous and proximity operations

Date(s) System(s) Orbital parameters H

Jun. 2014 Cosmos 2499, 1,501 x 1,480 km;
Mar. 2016 Briz—-KM R/B 82.4°

S 7 715

Apr. 2015- Cosmos 2504, 1,507 x 1,172 km;

ok 7t Yo

Apr. 2017 Briz—-KM R/B 82.5°
Mar.— Cosmos 2504, 1,507 x 848 km;
M-2F MY7| 7t B2
Apr. 2017 FY-1C Debris 82.6°
Oct. 2014~ 35,600 km;
Luch, multiple SRIHEOIAM B 1 B2
Feb. 2020 0°
Cosmos 2521,
Aug.— 670 x 650 km
Cosmos 2519, oM £2 3 RPO
Oct. 2017 97.9°
Cosmos 2523
Mar.— Cosmos 2521,
?lg 2t 52

Apr. 2018 Cosmos 2519

Aug.— Cosmos 2535, 623 x 621 km;
?ld 7t B2 2 RPO
Dec. 2019 Cosmos 2536 97.88°
Cosmos
Dec. 2019~ 859 x 590 km;
2542/2543, Q|A 7+ RPO
Mar. 2020 97.9°
USA 245
Jun— Cosmos 2543,

do
0x
=)
iga)
r
el
D
)
@)

Oct. 2020 Cosmos 2535

RPO, Rendezvous and Proximity Operations.
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% 949) B AR 9 AR 9 2915 AU 94 A FeR A
7 230 AR BN §-172 2017697 20189 IEdlAlote] EAIA B
359k 77hg: SIXIoIA el 9 /1B AHRPONS AN HCHEg. 7).

20159 209 F7Y AT wh2wl, JIAEL HAA=NA S o] 2 94
of el 1oky A A, wheA FEs BA 7R HAsKE 4 leieh T S

TH16,17]1(Table 2).

SJ-17 Nearest 200°E
Neighbors
(2016-2019)

[l chinasat sa (china)

-(hinasat 6A (China)

150°E
Telkom 35
(Indonesia)

100°E \/
[ chinasat 20 (china)

BBl chinasat 2c (china) 50°E

LONGITUDE"

8l chinasat 1c (china)

[P exrana (russia) Bl Iz & B EE EZ @
-chinam 68 (China) . JAN 2017 JuL2017 JAN 2018 JuL2018 JAN 2019 JuL2019

DATE

Fig. 7. RPO activities of China satellite against Indonesia satellite. RPO, Rendezvous and

Proximity Operations.

Table 2. Recent Chinese rendezvous and proximity operations

Orbital
Date(s) System(s) H 1
parameters
Jun.— 570-600 km;
SJ-06F, SJ-12 Ad 7+ ZH2
Aug. 2010 97.6°
SY-7: 22% / CX-3:
Jul. 2013- SY-7, CX-3, Approx. 670 km;
LFUAEED,
May 2016 SJ-15 98° i
SJ-15: = HO|
Nov. 2016- SJ-17,YZ-2 35,600 km; SJ-17: Chinasat bA ZOE
Feb. 2018 upper stage 0° YZ-2: BXH T — graveyard orbit
Jan.- TJS-3, TJS-3 35,600 km;
14 7+ RPO
Apr. 2019 AKM 0°
SJ-21, Y =4 ¥ HEHO| / TIS-3
Dec. 2021- 35,876 km;
Compass G2, 4 7+ RPO(O|RF USA 233
Jan. 2022 8°
TJS-3 6.2 km ED)

RPO, Rendezvous and Proximity Operations.
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4. F Z= 2F AYJ| MAHYIE HE

rOII
ol

F|T 5 28717F SAPA F9] 8 SRR WERth 20219 68 9= 2ol €
A F82 7HHG7) B3YelA o] EAZE F8 o= =957] wiiZoeltt. o]¥ 399
AT 2= e FeANES Bl = 28] B4 didS oA HE yeteo]
A FFofok S L TR, “R&EAR] 9 AMES Yol BAIEY SEAQ diEe

A A Aol B asity" L FEUCH18).

41 017

S5 7= & 29)7] AA7IE Y @ v=2 SFH[GA|S] A AHIAE
sl SuFA(RE ZZH7F 5] PO Aert FH Rolkl= A 9L 7
£ 9ol A58 ARG sbAY, Y4AI} B2 ARES AESoH 2T S5RE A 5
FHIBA Y] 8-S AR fIRt A= g B4 (on-orbit servicing, O0S) 71&Z &3f %
F 287] AA 71eE L Selth &, A=ZAHIL008) -F51tolA =491,
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Fig. 8. Mission Extension Vehicle (MEV-1) Lab Test and Robotic Arm.
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Fig. 9. ROBOTIC ARM DEMONSTRATOR SY-7 & ESA ADR Project CONOPS using Space

l K SFUAA

Net. ESA, European Space Agency; ADR, active debris removal.
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Fig. 11. lllustration of ELSA-d CONOPS. ELSA-d, end-of-life service by astroscale.
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Fig. 12. lllustration of ELSA-d specific CONOPS of ADR. ELSA-d, end-of-life service by

astroscale; ADR, active debris removal.
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Fig. 13. lllustration of active debris removal (ADR) project using EDT & Lorentz force. EDT,
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Fig. 17. lllustration of active debris removal (ADR) project CONOPS using ground laser.
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Fig. 20. Comparisions of different ADR methods by TRL, duration, cost. ADR, active debris

removal; TRL, technology readiness level.
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