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Abstract

In this paper, we describe the results of the docking phase test in the ground environment of the
rendezvous/docking technology verification satellite under development for the first time in Korea.
rendezvous/docking technology is a high-level technology in space technology, which is also very
important for accessing and performing tasks on relative objects in space orbit. In this paper, we describe
the ground test results that the chaser finally docks the fixed target using an air bearing device. Based on
the thrust control algorithm in the docking phase and the relative object recognition and relative distance
estimation algorithm using visual-based sensors validated in this paper, we intend to use them for later

expansion to rendezvous/docking algorithms in three-dimensional space for testing in space.

walo] : Spel/E7, UL, 24U, ABAS, ofoldlol AlEa
Keywords : rendezvous/docking, proximity operation, nanosatellite, artificial
intelligence, air-bearing testbed
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Target

Fig. 1. System configuration of the chaser (left) and target (right).

Fig. 2. ESA's RACE mission[2].

Fig. 3. Final docking phase.
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Table 1. System major requirement

[tem Requirement
Mission orbit 600 km SSO (TBC)
Lifetime At least 6 months
Test items 1. Rendezvous test (Long range — Close range — Final approach)

2. Proximity operation test

3. Target identification test

4. Target pose estimation test

5. Docking & un-docking test

6. Drag device deployment test (for target only)

7. De-orbit test (for chaser)

Weight & size 12 kg (max) and 6 U for chaser and target
Power Chaser: > 18.61 W
Target: >15.4 W

ADCS 3 axis attitude control for chaer and target
Pointing knowledge :
Chaser 0.007 deg. (10)
Target 1 deg. (10)
Pointing accuracy :
Chaser 0.007 deg. (10)
Target 1.5 deg. (10)
Link margine UHF: Down 6.9 dB, Up 24.7 dB
S-band: Down 5.1 dB

ArgolM @t she A2 & 77101, olg AldES AR s
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7Fsot=E AlolA9] A9 AFF ALUwrt oF 0.007% Fkolw, =o] Bl ofF 15k
otk g AJH 2 ¥F ASS AsiA= UHFE ol 85l =u, A°lA7E Bl
HAZste] Al A5 A4S S8t &9t 4 TlolEle S =S ol8sto] A A
ot

YT ALl Fig. 4014 He viet go] TAF & oA e & 3 Aof P} &
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Fig. 20. Performance evaluation by contaminated sensor simulation for real image.
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Abstract

The high—level Space Situational Awareness (SSA) objective is to provide to the users dependable, accurate
and timely information in order to support risk management on orbit and during re—entry and support safe
and secure operation of space assets and related services. Therefore the risk assessment for the re—entry
of space objects should be managed nationally. In this research, the Software for Re—Entry Prediction of
space objects (SREP) was developed for national SSA system. In particular, the rate of change of the drag
coefficient is estimated through a newly proposed Drag Scale Factor Estimation (DSFE), and is used for
high-precision orbit propagator (HPOP) up to an altitude of 100 km to predict the re-entry time and position
of the space object. The effectiveness of this re—entry prediction is shown through the re-entry time
window and ground track of space objects falling in real events, Grace—1, Grace—2, Tiangong—1, and Chang
Zheng-5B Rocket body. As a result, through analysis 12 hours before the final re—entry time, it is shown
that the re—entry time window and crash time can be accurately predicted with an error of less than 20
minutes.
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Fig. 1. SREP STEP 1. Select epoch of orbit element. SREP, Software for Re—Entry Prediction

of space objects.
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Fig. 2. SREP STEP 2. Estimate drag scale factor.
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Fig. 4. SREP STEP 4. Display the result.

[pie

JEEE= 27 A= FEE= B5Z 70 Y AEAE8A e 3 HuilEe s
AEgt 4= Qlok. BAIEA] g IB-FEAIR] S524a7|9] B 27] AB-FEAl
el AHQl A mass), ©AZR(cross-sectional area), 7182 Al4(drag coefficient) ,
AR Ale(solar radiation pressure coefficient) 52 H5F 40| "Qsich B A
ol 7 di7] B vl 8 e 27] Ao ks 9Asto] ofF B9 5%
FEAS] AH AEE F8R1H 3] A2 8 1Y Alx ASolMe At S 9
B FAIRIO] ofet s, HigT goll o3t A& 1
T s, t7] &8 AeE SAl0l FATCEN g AUEE FHAET 1%
100 km7HA = A8 ES o 28D A= A5 35k, 2% 100 km o]}t 7] A
Y & AR Hs7t = A= 7Hgsto] At & AdH ARRE dlEsisit. ALt 2
W7t 524 =2 e 40 viE E8E o UEE JIFSFEAY 5 odF AR
A9 AV AR = HIE THgo R BAISIIT B3 27] Ak Ao wet ¢ 9

5 ARt F= oll& *3]9] Wabrt og A Waleh=A] Sl 4= Slch

ol

%

£

frt

https://www.jstna.org | 27



DEQ0 HE

28 | https://doi.org/10.52912/jsta.1.1.23

3. ASLF=A F= 0= 2t
3.1 2#|0jA 15(GRACE-1)2t J13[0|A 25(GRACE -2) 914 2t 05

T12]o]A(GRACE) 9182 74| 487 kgl F 719 450l A+ B /9 2= GRACE-13%+
GRACE-27} A& 220 km®] AZE FAIsHH, A7 A, i, A1 5= 45k <
T2 93 Q1FZ-9/doltH4l. 20024 3 1700 BAlol TAKE o, HlE AR 8959
YAER, 1= 500 km A= JFE B3I 20179 9E GRACE-2014 HiE=] &
A7F AYsHAA, 22 o 100 Y55 "R EGA7]7| 2 243 o]F GRACE-2+=
Wt AR AFAEE S SAIEA 22 AElE AF= F=E 20179 10E =Y
= A4S o|F A ti7|H ARY al&2 FHsieH, MEE JIS3FEA 5 oS &
ILEQoIE & GRACE-29] 2T & o5 A7} 12417F A oF 20& 24 §9] W= =
& A4 A2 ST 5 AT GRACE-19] B9+ UFE vHX I BA7F 713t AH
= A g7 ZHX]?J A= or, e & AlZE 8AIZE Ao 2089 o4 He W=
2 Az} A= E AISsiginh 2E F=2 oS Al AP vl= A A2 (CspOC0)
7} 95= space-track ARP)E Q] TIP(tracking and impact prediction) HAIXE 53f H]
WS Fig. 5} Fig. 62 & w4 AlFolA 9] S ol& AIZHUTO A5l et 4
Ang Hojet) 7 199 = oS A2 BF UTCE HEAES] itk A= HF2 32
ARG ARZE AAE BASHIOH, FH2 A A tf7]H o] HFE FEAISIAL glo] £ol

S5} o3 A8 Leh,

@ Space-track Re-EntryfReint
¥

e m m @m = o+ ®m a w m 0w m aw @® & ®» 7 ®» @ W m m

Earliest Re-Entry Time : 20180310 05:52:42.8879 Latest Re-Entry Time : 20180310 06:30:42.8879
Earliest Crash Time  : 20180310 06:19:26.3879 Latest Crash Time  : 20180310 06:58:20.8880
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16:07:05 UTC (about 8 hours before re-entry).
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Fig. 10. Reentry prediction performance analysis using SREP.
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Development and Field Test of the NEXTSat-2 Synthetic Aperture
Radar (SAR) Antenna Onboard Vehicle

Goo-Hwan Shin'", Jung-Su Lee!, Tae Seong Jang', Dong-Guk Kim!,
Young-Bae Jung?

Satellite Technology Research Center, Korea Advanced Institute of Science and Technology,
Daejeon 34141, Korea

’Department of Electronics Engineering, Hanbat National University, Daejeon 34158, Korea
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Abstract

Based on the requirements of a total weight of 42 kg or less, the NEXTSat-2 SAR (synthetic aperture radar)
system was developed. As the NEXTSat-2 is a small-sized satellite, the SAR system was designed to
account for about 40% of the dry mass of the payload relative to the total mass. Among the major
components of the SAR system — which are an antenna, an RF transceiver, a baseband signal processor,
and a power unit — a part with a particularly large dry mass is the antenna, the core of the SAR system.
Whereas various selections are possible in consideration of gain and efficiency when designing the
antenna, the micro-strip patch array antenna was adopted by reflecting the dry mass, power, and
resolution required by the NEXTSat-2 project. In order to meet the mission requirement of the NEXTSat-
2, the antenna was developed with a frequency of 9.65 GHz, a gain of 42.7 dBi, and a retumn loss of =15
dB. The performance of the antenna was verified by conducting a field test onboard the vehicle.

ol | AAABAE2E, TAATELES, SIE, ]S, B8, HAHeEt
Keywords : NEXTSat-2, synthetic aperture radar (SAR), resolution, gain, efficiency,
micro-strip patch array antenna
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Table 1. SAR requirements for the NEXTSat-2 program

Parameters Requirements
Frequency X-band
Dry mass 42 kg
Altitude 550 km
Look angle 20°-35°

Operational mode

Standard
Resolution 5-44'm
Scan width 36 — 46 km
NESZ -27--14dB
Polarization W
Maximum side lobe level <-19dB
Accumulate side lobe level <-12dB

SAR, synthetic aperture radar; NESZ, noise—equivalent sigma zero.

T 359 55 o= QY] el =R E 7RsT 4+ Itk 59, Table 1014 o€
4 & I =(resolution), TZE(scan width), 7RS4 (noise-equivalent sigma zero,
NESZ), HiKpolarization), HHEHd M (maximum side lobe level), FAEA | W(accu-
mulate side lobe level) 52 A5AHY 593t HApEolc) wehA, o9} 22 9 AL
D57 Aol muh QY &5 FEie] Tukt QbElG whART QEEIG 1 i QFElu
4 oj%] St Y 5 ot F579 FEY SRS HESIOH, ol F 71E 7 T4,
A, i A, AQ A 52 SH 0 FE 11251 micro-strip patch array antennas
Aol ARt QbEUE A7ste] 7Rdsteltt. Table 2+= SAR AIAHIQ] AF9] 8+ 270 o)
£ QY A 4 deRdch

Table 201 AAIE QY A +4& EXZ QHHY AAE $=3¥519ct. A A
23504 8+5k= QFEIY Zol= 5.197 m, 2 0.552 mo|th. ©]2F 22 tig 9] HEuE
s 87 2AL FEIIEE micro-strip patch array® 7HEeH= 22 4A] Y4t} webA,
PGS At o] 2R Alo|22 Zefsto] ZAISHH. &, & AF-& QW] 712 &=
FHjA(sub-array) AfP]2EA] o] HIRFO = 0.37 m, 2 0.552 mE HASHI. tha 374
T 202 A" el ot W (sub-array antenna)?] &0 2 md Qe WK(panel array
antenna)s TSI 0™, AAHAG Y 259 AA A2 aefsto] Faljd kL 1470
£ &83F 529 1id QHY 2o g A|AR”IA @75k AR 35S 915 AA ofFo]
OHIUE AAIBIALE. Fig. 12 FHiE QHELHsub-array antenna), 3H'E SHel|WH(panel array
antenna) ¥ AIAEC] 2YEAS W] A oflo] QFELKSAR system antenna)?] B3
Kol A 25.9] Aol B33 HA| ofFjo] QHe|u o] 52 42.7 dBiolw, &
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Table 2. SAR antenna requirements for the NEXTSat-2 mission

Parameters Full array antenna
Size (mm) 5,197.567 x 552.000
Dry mass (kg) 13.7
Material Micro—-strip patch array
Frequency (GHz) 9.65
Gain (dBi) 42.7
Efficiency (%) 50%
Beam width (MHz) 250
Polarization W
3 dB beam width () Range: 2.90

Azimuth: 0.21

Side lobe level (dB) Vertical: =13, Horizontal: =13
S level (dB) -15

SAR, synthetic aperture radar.

(a)ANT#1 (b)ANT#2 ANT#3 ANT#4 ANT#5 ANT#6 ANT#7
(€) antss ANT#9 ANT#10 ANT#11 ANT#12 ANT#13 ANT#14

SHRSS QL
TH SHELL
TH| o1l0] QrE(IL}

Fig. 1. SAR antenna. (a) sub-array antenna, (b) panel array antenna, (c) SAR system antenna
and the entire antenna configuration mounted on the NEXTSat-2 spacecraft. SAR, synthetic

aperture radar.
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Fig. 2. Far field beam pattern measurement of the NEXTSat-2 SAR antenna configured with
5 panel antenna: (a) range beam pattern, (b) azimuth beam pattern. SAR, synthetic aperture

radar.

mff SUOPHILE 122

Fig. 3. SAR panel antenna 1 set assembly onboard VAN vehicle for field test. SAR, synthetic

aperture radar.
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Table 3. SAR antenna requirements for the NEXTSat-2 mission vs. field test results

Field test results

Parameters
Requirements Results
Frequency (GHz) 9.65 9.65
Gain (dBi) 36.9 >36.9
Efficiency (%) 50% 50%
Beam width (MHz) 250 250
Polarization W W
3 dB beam width () Range: 2.90 Range: 2.90
Azimuth: 1.00 Azimuth: 1.00
Sidelobe level (dB) V=13, H: =13 V=13, H: =13
S,y level (dB) -15 >-15

SAR, synthetic aperture radar.

Fig. 4. SAR panel antenna test section from Daejeon to Dangjin express way and imagery.

SAR, synthetic aperture radar.
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Satellite Image Resolution Enhancement Technique using
Diagonal Information of Image

SeokWeon Choi', JaeHeon Jeong, DooChun Seo, DongHan Lee

'Korea Aerospace Research Institute, Daejeon 34133, Korea
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In this paper, we will discuss techniques that can increase the resolution by 1.4 times without distortion or
performance degradation of the original image, using diagonal information of the image. The applied
method is to use the image information of 4 adjacent points without actual rotating the image by 45 degrees
and enlarge and rearrange it according to the characteristics of the camera, so that the same physical
concept as the actual 45 degrees can be applied. This is a concrete realization method that can improve

the resolution by 1.4 times without deterioration of performance and a demonstration of this resullt.

o]« S W, A, o, Al
Keywords : increase the resolution, satellite image, distortion or performance

degradation
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Fig. 1. The concept of obtaining a 1.4 times improved image in a rhombus without distortion

using diagonal information.
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Fig. 2. 1.414 x image resolution improvement processing schematic and steps.
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Fig. 3. Coefficients of applied CR spline interpolation. CR, Catmull-Rom.
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Fig. 4. Coefficients of applied B—spline interpolation.
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Fig. 5. Results of improving the resolution of the Baotou edge targeted image.
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Fig. 6. Results of improving the resolution of the Salon edge targeted image.

Fig. 7. Comparison between 55 cm original image and 38 cm image obtained through

resolution enhancement algorithm.
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Lunar Crater Detection using Deep-Learning
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Abstract

The exploration of the solar system is carried out through various payloads, and accordingly, many research
results are emerging. We tried to apply deep-learning as a method of studying the bodies of solar system.
Unlike Earth observation satellite data, the data of solar system differ greatly from celestial bodies to probes
and to payloads of each probe. Therefore, it may be difficult to apply it to various data with the deep-
learning model, but we expect that it will be able to reduce human errors or compensate for missing parts.
We have implemented a model that detects craters on the lunar surface. A model was created using the
Lunar Reconnaissance Orbiter Camera (LROC) image and the provided shapefile as input values, and
applied to the lunar surface image. Although the result was not satisfactory, it will be applied to the image
of the permanently shadow regions of the Moon, which is finally acquired by ShadowCam through image
pre—processing and model modification. In addition, by attempting to apply it to Ceres and Mercury, which
have similar the lunar surface, it is intended to suggest that deep-learning is another method for the study

of the solar system.

SAlo] : & FFo]E], H&d, YOLOv5, AAEA], Lunar Reconnaissance Orbiter Camera
(LROC)
Keywords : lunar crater, deep-learning, YOLOv5, object detection, Lunar Reconnaissance
Orbiter Camera (LROC)
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Fig. 1. The greater number of craters as older surface. Adopted from Strobel with

permission of Author [2].
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Fig. 2. ML detection for Mar's craters. (a) candidated crater, (b) predicted crater. Adopted

from Stepinski et al. with permission of |Gl Global [5].

dolgo) digt Hoj= &9 DEM(digital elevation model& 01835H= ¥} panch-
romatic F/goIA A olEE Holol= WS ARESIAITE M4l 21golA skl geld
S o]gsto] FFolE YAE A=sH|® SFTt. Siburt et al.(2019)[612 convolutional
neural networks(CNNs)& o|-&5to] Z#o|ElE AlEsi3lal, B9 DEME HEAE U=st
of HElS SFAIFDL, Sy 2} 7|0 gEXl AgolBE} W2 429] AgolEE BAT
5= AATKFig. 3).

el 9@ Agold A4 HEelRhs A BYE stal, geidE ol&sto] Aol AA
AEE A%519t) Lunar Reconnaissance Orbiter(0]5}, LRO) ©€A41E LROC WAC d|o]
B2} LRO archiveol A Al&sk= XS 5-20 km 27]19] AF°1E]9] shapefile(abeling data)
< dFdlolEE ARSI HEd 48 I8 1) train data set, validation data set, test
data set R34, 2) YolovoZ 24| #& 29 7iet, 3) train data set, validation data setO&
Tel 3%, 4) test data set 02 HEl HIAE 9 J5E7HE ST

2.1 HIOJEA 1=

dolg Al AtdlolElet 2hEE dlolElE AER 5ttt F/dtlolEl= LROC WAC
AEE 643 nm G4, empirical normalized, 9= +600|4H, s F 470m FAS ]
23519 1(Table 1), 288 glo]El: LROC archive AF|E0JA] A-Zoich Q8= A& 5-
20 kmoll tigt ol thsfjAst Hed ZES A5kt Table 12 94 AZAE

T Post-Processed Craters
] 3

Ground-Truth Craters

Moon DEM and Target

150

200

250

¢ ., i
] 30 100 150 200 250

Fig. 3. The train data set. A left image is ground truth. red circle is newly detected crater,
purple circle is missed result, blue circle is good. Adopted from Silburt et al. with permission

of Elsevier [6].
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Table 1. The metadata of image which is train dataset[7]

Product meta dataPDS
Product ID WAC_EMP_643NM_E300N1350_064P
Data set ID LRO-L-LROC-5-RDR-V1.0
Volume ID LROLRC_2001
Product target MOON

Product creation time

2020-08-31T12:12:41.000

Relative volume path

data\mdr\wac_emp\

Label file name

wac_emp_643nm_e300n1350_064p.img

Product type MDREMP
Full product type name RDR
Instrument host ID LRO
Instrument ID LROC
Spacecraft clock start count  N/A
Spacecraft clock stop count  N/A
Center latitude 30
Center longitude 135
Maximum latitude 60
Minimum latitude 0
Westernmost longitude 90
Easternmost longitude 180

Map resolution 64.0 (PIX/DEG)

Map scale

473.80235037734 (METERS/PIXEL)

Producer ID

LRO_LROC_TEAM

Product version ID

Adopted from Washington University in St. Louis with permission of Author [7].

v1.2

Orbiter Data Explorer (ODE) processing notes

- Product type set by ODE.

- Map resolution set from label map projection object.

- Map scale from the label map projection object.

- No observation time available.

- Min/max latitude and east/west longitude set from map projection.

LRO, lunar reconnaissance orbiter.
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i3t HEo|H, Table 2= labeling data® A3t shapefile®] X o|H shapefile B2

Fig. 49} ATt Table 32 7+ HI°[EE thadhe 5= 3= ARIE F4o|th

Table 2. The information of shapefile

Vector map Craters 5 km to 20 km in diameter (60N to 60S, O to 90E)

Base map Monochromatic (643 nm) LROC WAC morphologic map with a
resolution of 100 meters/pixel

Scale The crater rim is digitized 1:250,000 and 1:500,000

Coordinate system  IAU Moon 2000 Geographic Coordinate System : =180 to 180 and O
to 360 longitude domains
- 180 domain: LROC_5TO20KM_CRATERS_OTO90E_180
- 360 domain: LROC_5TO20KM_CRATERS_OTO90E_360
Adopted from NASA with public domain [8].

- “ »

0100200 kry
[ e G R

Fig. 4. Shapefile of lunar crater. Adopted from NASA with public domain [8]. LRO, lunar

reconnaissance orbiter.

Table 3. Data downloaded link

Data type Available site

Lunar images LODE: https://ode.rsl.wustl.edu/moon/indexProductSearch.aspx
Download Link: http://pds.lroc.asu.edu/data/LRO-L-LROC-5-
RDR-V1.0/LROLRC_2001/DATA/MDR/WAC_EMP/

Shapefile http://wms.lroc.asu.edu/Iroc/rdr_product_select

(labeling data)
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Fig. 5. Archidecture of YOLOv4. Adopted from Bochkovskiy et al. with permission of Author
[91.
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Fig. 6. The structure of models. (a) DenseNet, (b) Cross stage partial DenseNet (CSPDen—
seNet). Adopted from Wang et al. with permission of Author [10]. CSP, cross stage partial

networks.
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Fig. 7. The network structure. top) current CDNN, bottom) PPNet. Adopted from He et al.

with permission of Author [11].
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fixed-length representation
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AR A A A

feature maps of convs
(arbitrary s1ze)

' convolutonal layers
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Fig. 8. The structure of Network Pyramid Pooling. Adopted from He et al. with permission of

Author [11].

2 YOLOV59)lA+= spatial bins& 5 x 5,9 x 9, 13 x 13 Feature Map= ARHE3loH, &
HOo=E 5+9+ 13 =279 2712 11789 134 viEE AH4d5te] Fully Connected Layer?]
YHoE AREF

2.2.3 Neck

Neck backbone®} head#-2-2 o]ojF= HEo|t}, A2 0 2= PANet(Path Aggrega-
tion Network)Z ©]F0JA Qlt}. PANet2 FPN(feature pyramid network)ol|A] EA ==
o], FPN2 SAE R AH4YES 536 Feature Map2 74 & A9 gloloj®H Yz
™, FeatureE &7 ¥ 44| ©AE 213 ecHFig. 9)121.

PANet 222 FPNoj| ZE& Qo] ThE ZHo2A, URtHo 2 AR FEH low-level

Fig. 9. Top—down architecture with skip connection. Adopted from Lin et al. with permission

of Author [13].
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Fig. 10. lllustration of framework. (a) FPN backbone, (b) bottom-up method, (c) adaptive
feature pooling, (d) box branch, (e) fully—connected fusion (Path Aggregation Network for
Instage Segmentation), Adopted from Liu et al. with permission of Author [12]. FPN, feature

pyramid network.

featureds& vHA9F GAZER] Y= UL W(outputZFA| propagate®H) HAZE <l
L A3} &5} ol wWR|sl] Y8l low-level feature
2 =% ZoltkFig. 10).

2.2.4 Head

Head &2 &4 feature maps HIF O & EAE BRI F£2&, Anchor BoxE
Aol A5}, o]& ol-&sto] XEZ2I bounding boxE AJ/JgItt.

Yolov5& S, M, L, X9 4577} ?lon, FxE= % X4 depth_multiple, width_
multiple 2714 ¥4=9] zjo|2 S Sich S7F F 7HA] Wt o 2L X& 24 AXE
g, depth_multiple®] <% BottleneckCSP layer”} © &o| HlEEo] & B2 layerZA]
34011]“4 width_multiple°] S5 29| Ad 7} Bolt}, & AFolA= SHET} X

58 A8olo] Augre B, vmsich

2.3 2% 43

SEAIZ] W8-S A5 Table 4, 52+ ZT}. YOLOvSs, YOLOv5XE backbone© & o}
o] ol AA X E Pkt MXF7]+= 1,024 x 1,024, epoche= 30032 Zd-&
Fsttt. s H7HE Al iou_threshold 0.6, conf_threshold 0.3 71522 precision,

Table 4. YOLOvbs

Testset result

Model Img Conf lou  Precision Recall mAP mAP
_size _thres _thres @5 @.5:.95:10
Org 1,024 0.3 0.6 0.878 0.748 0.767 0.602

Percentileclip_0.5 1,024 0.3 0.6 0.829 0.773 0.774 0.582
Percentileclip_1 1,024 0.3 0.6 0.834 0.766  0.765 0.586
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Table 5. YOLOvbx

Testset result

Model Img Conf lou Precision Recall mAP mAP
_size _thres _thres @5 @5.95:10

Org. 1,024 03 0.6 0.894 0.767 0.783 0.633

Percentileclip_0.5 1,024 0.3 0.6 0.85 0.771  0.774 0.625

Percentileclip_1 1,024 0.3 0.6 0.843 0.782 0.776 0.628

recall, mAPE A6t

37K AT TS AA wEA 7|1E GA percentile clip(0.5%) G4, percentile
clip(1.0%) FAol YOLOvSs? YOLOvSxE A3t Ado|e ©A] A= Fig. 11, 120014
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Fig. 11. The results of YOLOvbs.
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Class 1 Class 2 Class 3 Class 4

Fig. 13. Gardened the rim of crater. Adopted from Kirchoff et al. with permission of Elsevier

(14].

o 22 FolE e & FASHIR, 2 AFlolE | disiaes §A7F 2 HA] et it

E AoME & EHO tiFE-S XX|ok= 5 - 20 kmE 7H I o]g o] tigl =351t
g oAM= & ¥HEE 9= lunar basin € AJE 5 km v[gte] IFojH: ¥ BExE X}

AlSkal k. & Aol =3et AolE AIF 5-20 kme] 2E-2 A& 5-20 km ©]2|9]
Aol ol thsfiAe "A7E olgfe Ao= Byt 3t of¥l AFoM= 9F = B
F9| 54 Aol tefjAlRt S5 st BIAES 355t SHAINE & o= T
gk Aol 7} £35taL Qlar, ofo] thet Aol e P Eofof T pAo|thFig. 14).

o] A9 XF EHZ /NUet HAS FF FESHA d ShadowCam FAel A-&starxt
3lo|t}. ShadowCam2 A|8-& G =A(Korea Pathfinder Lunar Orbiter, KPLO)Ol A <
J20 NASACA 7 521 29 J713BAGolA &5 BAsH] St HHo= 7dsy
At} ShadowCam2 FT-2 B G2 F4E& secondary scattering® & o|-g-sto] FFT
dAold, o]FA BEH JAL AWFHQ reflectance AT thE A0 Z A THFig. 15).
ShadowCame] &d3t 7|& = tFE G40l &2 A7olA et deid Rds A&
Sto] 2 BAGY FdolA AeolEE AEstarAt Bt E5E= ol AHolE 4
3 gEldS B9l Aleske A 2717 AAY BAVE EEESHAY e E HE olE
Qlsto] 8Qto g wsly] ofle F/dollA AolHE AHsh= shte] WiHol & Zlojt,

FF, o] A= ShdowCame]l oJsl =2 FAoll 285t 11 AHE AAK AL it
A 92l LROC/LRO G4} Qo= Ml/Selene data, HIRES data/Clementine “18]3L
LOLAS] DEM At&E olgste] kel sk S3otal Aikg AT AHolch &3t & &
AT FARE AT Al AcE HEsto] Hed 7ol BdA HA Aol =2 & 5

N THYS A S

Fig. 14. The various lunar crater types. left) a small crater is in a large carte, middle)

connected rims of two craters, right) double rim [8].
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Fig. 15. Lunar south pole, main target of ShadowCam. Adopted from ShadowCam with per—

mission of ShadowCam [15].

arel =

£ IAs SEATFATNRDY A9 doba AGE $35klSUTH2018M1A3A3A0
2065832).
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Lunar Exploration Employing a Quadruped Robot on the Fault of
the Rupes Recta for Investigating the Geological Formation
History of the Mare Nubium
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T=9| HiCHMare Nubium)oll= SME 258 4 = Rupes Rectadts 7127] 10° — 30°9] HE X|

=
S0[ ACH, 0] X|H9| Gty HIFIZ S20l= 2H= AP 27I5017 | 0 et HAME 26 8
7(

A=et BX| 0|5 FHE| +3 7istt 4% B 2R AIZSHOfRt STt 4% B3l 2502 HEMHS
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HolE B E= MEIREE MABTE 2|10 4% B3 222 2gct HEH HAI0| oo T-ETA|

2 SMe| A e HFot FEsl| ffst FalFHiet, TEMRE BAol| ffst 227, XIEM o
EXX| A2 NEE 27| I8t EZZE O|R0T TL8S AMQISHT

Abstract

On the moon as well as the earth, one of the easiest ways to understand geological formation history of
any region is to observe the stratigraphy if it is available, the order in which the strata build up. By analyzing
stratigraphy, it is possible to infer what geological events have occurred in the past. Mare Nubium also has
an unique normal fault called Rupes Recta that shows stratigraphy. However, a rover moving with whegls
is incompetent to explore the cliff since the Rupes Recta has an inclination of 10° — 30°. Therefore, a
quadruped walking robot must be employed for stable expedition. To exploration a fault with a four-legged
walking robot, it is necessary to design an expedition route by taking account of whether the stratigraphy
is well displayed, whether the slope of the terrain is moderate, and whether there are obstacles and rough

texture in the terrain based on the remote sensing data from the previous lunar missions. For the payloads
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required for fault surface exploration we propose an optical camera to grasp the actual appearance, a
spectrometer to analyze the composition, and a drill to obtain samples that are not exposed outward.

sl : TR 4% R 23 24, JAEE, B, 780 v
Keywords : Lunar exploration, quadruped walking robot, stratigraphy, Rupes Recta,
fault, Mare Nubium
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Fig. 1. NeBula Spot modified by NASA JPL (left). NeBula Spot performing an operational test

in an earth lava tube for exploration of Mars caves (right). NASA, National Aeronautics and

Space Administration; JPL, Jet Propulsion Laboratory.
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Fig. 2. This is the Wide Angle Camera (WAC) image of the Lunar Reconnaissance Orbiter
Camera (LROC). (a) shows the position of Mare Nubium in white squares, and (b) shows the
location of Rupes Recta in Mare Nubium with white squares. (c) is the morphology of Rupes
Recta, which is the topography of the fault that extends in the north—northwest to south-

southeast direction.
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HA] A7 2 S8 35S AAdlof Sttt Fig. 3a: LRO9) Lunar Orbiter Laser Altimeter
(LOLA)®} Selenological and Engineering Explorer(SELENE)2] Terrain Camera(TC)S =g
3t 32k A= AH=(SLDEM)lAL[4], Fig. 3bi= 32HY 3% Abzol SELENE Multiband
Imager(MD2] 74 =& HAISE Zo|tH5]. Rupes Recta?] Z|go] EAE] o] =], EF

Elevation (m)
[ R
1732360 1736770

—

Olivine (w1%)

Fig. 3. The appearance of Rupes Recta as a three—dimensional image based on SLDEM
altitude data (double exaggeration applied). (a) It shows the SLDEM altitude, and the altitude
is higher as the color goes red. (b) As the data of SELENE Ml olivine content, the content of
olivine is higher as the color goes red. When viewed from the north—-south direction, it appears
that the content of olivine is high in the central, northern, and southern regions (red circles).
(c) SLDEM slope data shows that there is an intersection (red circle) between a place with a
high olivine content and a place with a high slope. Since the picture is displayed in three
dimensions, there is a sense of perspective, so the scale is not indicated. SELENE,

Selenological and Engineering Explorer.
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Fig. 4. It is an enlarged image of the place where the stratigraphy is well visible. It is the

middle of the red circle in 3(b). (a) SLDEM altitude data reveals the existence of craters
overlapping the fault plane. (b) It is data from SELENE Ml olivine, and the olivine content is
high in the upper part of the fault surface and relatively low in the lower part, so it can be said
that there is a stratigraphy. (c) SLDEM slope data show that the slope of the region with
relatively high olivine content is high. (d) With the LROC NAC image, show the actual shape
of the fault and identify texture and obstacles. SELENE, Selenological and Engineering

Explorer; LROC, Lunar Reconnaissance Orbiter Camera; NAC, Narrow Angle Camera.
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=

Fig. 5. The LROC NAC image is shown in Fig. 4(d) A partially enlarged view. The fault plane
appears dark due to a shadow caused by the solar incidence angle, which in contrast shows
that obstacles look bright (yellow arrows). At the bottom of the fault, a texture appears (red

circle). LROC, Lunar Reconnaissance Orbiter Camera; NAC, Narrow Angle Camera.
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Fig. 6. This is a 360° panoramic image of Mars taken with the Perseverance Mastcam~Z (Image

credit: NASA/JPL-Caltech/ASU/Malin Space Science System [MSSS]). NASA, National

Aeronautics and Space Administration; JPL, Jet Propulsion Laboratory.
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A FEE T 4 k. 71E 2 YR E& A2+ MSLY Chemistry and
Camera complex(ChemCam; Fig. 7) Chemistry & Mineralogy(CheMin), Alpha Particle X-

ray Spectrometer(APXS)¥} Perseverance®] SuperCam, Planetary Instrument for X-Ray
Lithochemistry(PIXL)°] $1th.

Fig. 7. The appearance of MSL's ChemCam (Image credit: NASA/JPL-Caltech/MSSS). MSL,

Mars Science Laboratory; ChemCam, Chemistry and Camera complex; NASA, National

Aeronautics and Space Administration; JPL, Jet Propulsion Laboratory.
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Fig. 8. A drill mounted on the MSL (left) and a hole in the rock of Mars using a drill (right)
(Image credit: NASA/JPL-Caltech/MSSS). MSL, Mars Science Laboratory; NASA, National

Aeronautics and Space Administration; JPL, Jet Propulsion Laboratory.
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Calculation of Satellite’'s Power Generation by the Earth Albedo
Won-Sub Choi, Kiduck Kim, Hae-Dong Kim

Korea Aerospace Research Institute, Daejeon 34133, Korea

Qo
UMIHOR o4Ol BTN EIIS XISOIES HAIET| TR0 X7 LHI0| o3t MArHze 7|
o] g1, 0[0f H2 EAOIME HE FAIEC T2t FESS ERIEKIHO| FHEIX| s HeZ 2

Ao = FAEE 97t R 0] 39, HYTATE A9 63| 20 212t HE Yoz
St/ | 201 Al 2HIE0 ofeh M= Y2 AR o~ gl= 0| 2 o AULH 2 ==0kis X7+ L
S0 ofph gl it TS ALGIRN. L= HURIS Ao | ol SEHEAS 7|22 XHHHEH
= A= Ui, O] AXI0IAS] SIMO sl EHJITX| AofA] diteh= HHUHAIS 2E6IAC.
115 500 km, ERYS7IHI=0IM HIgEH= 1 U 3719] REIMES ASHI0KEGIAL, X7t L0 Ofsh
Y= THEE AR

Abstract

Because solar panels of normal satellites are faced to the sun, the power generation by the Earth Albedo
is almost neglected in satellite’s power analysis. However, many cubesats don't have deployable solar
panels and in this case the Earth Albedo is not negligible because solar panels are in six sides facing
different directions. In this paper, we calculated satellite’s power generation by the Earth Albedo. We
divided the Earth’s surface into grids based on polar coordinate system. We modeled power generation in
each solar cell by reflection on these grids. We simulated 1 U cubesat which flies in sun synchronous orbit

and 500 km altitude so that we calculated satellite’s power generation by the Earth Albedo.

io] : AT e, FEY, A AlEdold
Keywords : Earth Albedo, Cubesat, Power simulation

1. M2

I

A eI A A EHEeIY 7], 75 S0l 23l B FARUAIZE Bk A
YR AT L] o3f vAbE ouAls 243t 5 71% @il 2 Je riAER
ol e A7t Wol AUTH 2L AT AEE HFSAL e 4G9l F oA E2 'Y
OJAJRE, A7+ Lo SJ3t oA #1499] A A4t AAIAl], EAQl S & TRt F
o] il FF2 mIRTk ool #1449 & s AT+ o] oft FFe A8



J. Space Technol. Appl. 1(1), 76-84 (2021)

3.4, EiF AlAe A Rt dHzo]| ofgt of2tE EAshe 52 A77F AFE B 5,6l
g BASHorMe S/dF 89 B, S B AFoHes HFAAH o] 743
7] w2o] A7+ H=e] FIFol 1] 24 got A BAAE HE FAEE 497t
Wt Iy FEA A, A=aAe] 2 Holl HigRA] Hide] 2k Bt gL, o]
AT g AR L= A AT Ee AFs] dheel A 271t Solle A4
?l B oAt oFyet, A7t Ieol] QSiA . A ofux]7E AgEt. £ =wollAl=
Al o] osf /gelA BAtElE A AT °IE #1519 Dan et al.o] A7+
= KRS Hxsto] A7 dH=of osf BjFA] oA itEls A ouzlE &
LA, 015 HE5H] 1 U Afel= L] Al Algdolde a8t A&
ol doflAl= gHfol ofFt AR ofyet, HlwE ffs o rRE AF A= A
VA= 23E AlLbsteict

2. 28

AT e E] HEP S ffote] AL Fig. 13} o] ST 7HA 02 Lo Ao
FH= 2L 5 Ak ATE 72 7PIsH 74 ARe] 42 S H;A 251 (6, 9)
= 33 4 9tk

AR Mt A HFeR N A ¥z ML shE ARt S (6, )= A
(D 22 3= 2=t

6=(%—1)n+% (0Si$N—1),<p=(é—%)n+% oO<j<M-1 ()

Fig. 2= o|2|3t A&} Fof|A] whakE]= B o|A|o] osf 91/d9] &zt MojlA Fitel=
Agofz]e] mddy g Hojerh IgolA ARl SHREE (0, 9)0l1, 7y AR
FHoNA ] g2 W3k W, n, (0, p)= AR il HE, 744.(0, 9)-= A&+ SAolA
o =o] WepdE, 1AL ney > /80 F2ME &t AlY] i HEE ouidith. 7 |
E|l:= ECEF(earth centered earth fixed) F3EAA19] ©9] #E o}, T=]1l X7+ X 3EH
A19] HhARES Blge] dARoIu REARZES] groll Fatkstal, ARRe] HE FollA A 7k

4~

Fig. 1. Polar coordinate of earth surface.
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Fig. 2. Modeling concept of satellite’s power generation by the Earth Albedo.
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(O, 1)

Fig. 3. Solar FOV and satellite’s FOV. FOV, field of view.
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— albedo power(LTANOS]
—— albedo power{LTANO9]
—— albedo power{LTAN10]
— albedo power{LTANL1]
— albedo power(LTAN12]
~—— albedo power{LTAN13]
—— albedo power(LTANL4]
— albedo power{LTAN15]
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o 10000 20000 30000 40000
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Fig. 5. 1 U cubesat’s power generation [W] by sun directly.

Table 1. 1 U cubesat’s power generation [Wh] in each orbit

LTANO8 LTANO9 LTAN10 LTAN11 LTAN12 LTAN13 LTAN14 LTAN15 LTAN16

Albedo
power 0.7276 0.9809 1.1553 1.2884 1.3146 1.2384 1.1116 0.8970 0.6258
(Wh]

Solar
power 30.417 28.120 21.182 26.218 26.753 24585 28.271 28.612 32.848
[Wh]
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—— albedo power
—— solar power

Power[Wh]

LTANO8 LTANO9 LTAN10 LTAN11 LTAN12 LTAN13 LTAN14 LTAN1S LTAN16
LTAN(08 ~ 16)

Fig. 6. 1 U cubesat’s power generation [Wh] in each orbit.

=] A 2

Hlizo] ofsh BAEIE Ao ulgo] 2.3% - 5% FEE ANT, £ =2
5 Fusidel 12 o

© Fu9lge) A Bl 2gslo] oA 7 AEeold
34 BAo) A8 gl

£ A7 AEFE AT Al I FEHT/EA Vs A58 A Y A
A= FYPEoH, oo A=FEFAT-H Ao A=Y
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Development Trends of Life Support System for the Manned
Space Exploration

Jongwon Lee, Younkyu Kim, Joohee Lee’

'Korea Aerospace Research Institute, Daejeon 34133, Korea

o
=

QUZI0] XIF1S HH0oft @5 32t EHYA L2 HA(Ol, 2, 3 §) SUIM TG Mest| fIsiMes

<]

SIEA| BIERI0] 2 MBRAINAE] 7]20] LRAIC, YBRTNALS UHKOR T7[ERlAAH, 27

SNAY, HY[22eMAY S22 TR0, RFSU0| BHE FHX0IA QZto] 55 St T
0| 7150 E SiEL. 2 =R0ME 24 0I5 SBLFANASA) FE2 MU0 2 YHRXAA
Ho| 7iE Seks AVNGIUCE. 1211, S SHFEAHYISSUM 28 S YHFXIAAZC] S

4

CHotOY &=L, =L JHE S ol ERAT.

Abstract

Environmental Control & Life Support System (ECLSS) technology is essential for humans to live safely in
space other than on Earth and celestial bodies (ex, Moon, Mars etc.) in our solar system. Life support
systems generally consist of Air Management System (AMS), Water Recovery System (WRS), and Waste
Management System (WMS), and it can enable humans to breathe and live in enclosed dwellings in outer
space. First, this paper described the development trends of life support systems that have been
developed under the leadership of NASA. In addition, we introduced the current development status of life
support system in operation on the International Space Station (ISS) and prospected the development

trends in Korea.

Wo] : Aol D AFRANLH, FALFEAR, RA9TTA
Keywords : environmental control and life support system (ECLSS), international space

station (ISS), manned space exploration

1. M2

196190°] QIFE F202 ATAL ol 97 F7 9 vk, 196990 HE=
77k ofd ThE FANTY Bl AL HelReH1 2l 1970902 e 2A@A 2xlop
3} vlo] BAHoE AN LYW SFIAYIRE, 2ol0ld, vZ H)E 1998
BeL A 167450] F4) FEOE Folsle] AN FY YRR uiHle] FRSF

AZ(International Space Station, ISS)°O|EhH= 5 AZER BAY5IY oM, A7 F5
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ARE 93t 93719 Tt A=A 0] RS a¥skal JITH3]. T $HE oF 20do] Au
AA SF-HARE FESHL Qs Hl5 NASAE of2H[W]A X2 A E (Artemis Project)g 5l
ol A RIZEE B, & FH|| 7|RE AAste] XS] BARE S AL EHSH
tH4]. 3 vl=9] w7t 71491 Ao]A AA(SPACE-X)= SHMdS ARIA|Slso] 385 Q1
7t AFE 5 = 3XhE WAL Sk AlgS HESIIHEL

ojg% 5= Y ol SHoA B3] FAkE 3710] ofyH, g, 528 AH]
A TY S4Bl Rl SFHARE Be 4] BXte R o] S E= MER 5 S
FAH o)A (new space)d] AlTi= WHall7kaL itk

T olgt Adigt Algat G, Ak SEEE Hou $ollA] QlTte] Aottt
= AL A3 $}2 I otk AT QA ARt 7] g Ak, T=]A ol B
3 =3 FHI AL ARSI, 9 31} e A= JoFEE AUt €39 EX
Alojet. o] gt fof|A QITto] Aolrhr] YsiAle HIEA] 2 Ao W ABRAIAHAIA
© (environmental control life support system, ECLSS, ©|5} AE-F-AA|2H]) 7
sttt AgRAIAA”ole, S3H9] Q1 9 3 E F, 31 59 FAollA] QITte] Ao
717] gt 371, &, oY, 2% 52 350t Alofslks FAEA Aol MEER QEASHA
5 5 AEE LokErt o] AIARRS 1960d o] A8 FA 2 JIE o, ARE-
ARZeE Algto] Ao A7tolsi(Skylab)at ARS8 Aol = AgEo] 7heolEs
A, 7 o] 717 8ol 7Hs3HA = ATHG8L.

£ =olie wHel(Mercury), AU (Gemini), °FEZ(Apollo), 27113, A4
7 & "= NASAOA sl BEGAAARE SHOE AIAFS] g1} At tfsto]
A HE A} S o] 99 “NASA-RP-1324(1994)" BA1E F=xsto] 2ottt ok
AR RS EEe A= g9 ABRAA AR SEjuete] FYaAAAE Al A%

of diste] 275kt

Iy

|

el

2. ‘SERXIMARL HEHAL

A FAIALRZ Fig. 13 o] F=pedold ARgEe AEaAALdlE Ed= 7S5k
oH[10] #FolA Hz2= olF AE AT ARle sEUANA AREI. 19574, da
2 AFEYA 25(Sputnik ] 2tel7Klaika)Rle 7S B 2 AR H(11]
19584, =2 FHE|(Jupiter) "MLl I 2% (Gordo)EhE ©152] YsolE HH 8w
AA 2R 715S AAstTHI2). 2719] AgfAIAIA 2 vidH(baralymeye ©1-82t ©]
ARRIRA(COYQ =, Ata S5 FIt 4871, BEA 2t 2&A40f, b 228
ol &%t #3571 T, W' AF AR FE0] B9 AaE S0l ohlelEAE A
75k, E& Aofske "ajoll 230l BHEA A 137 died] s&9] AL At =
T 242 ZAEA sl o] BERAAILER 2F FI(open-loop) ALHCEH, oF
152712 g2 29 AR SR BEC] 7R3 ol %, ARRAAIA S Hite, A
Y, olER ZRAES F3 RS AEstlon, dAd o2 SAleFEAelM B
2t ARgo] 7hssHAl =it
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RESUPPLY ON BOARD DISCHARGE
Cabin CO: CO»
Food and Removal > CO:
—> . Crew .
A H:rp)d
0. ir H:0
: > CHX* —l
v
) | Commode | Waste &HzOI | Waste Waste
1 | & Urinals ” Water >  Water
Latent Storage & Solids
o Water )
= = Waste
é _;.—-: Galley 1 Water
= ;
H:0 Hygiene
O I RV
= Facilities
Evaporative o | Clothes
- ——> Water Washer | Brine
Processor
H20
0 -
2 Generator

*CHX(Condensing Heat Exchanger)

Fig. 1. Schematic of a typical Submarine ECLSS. Adopted from Wieland with public domain
[9].

2.1 1960-1963: MF2|(Mercury)

19584t o]%, "l HFe ZRHEZ Fof 1.56 m’ 77|19 F2 & FH| &
(capsule) FQ1-9-41S 7ttt ofnf, 7iE AYERAAIARL 25291 §F Ho] AJEo]
EHxollon, 95T} AR A2 FE AHA|A”(pressure suit subsystem)Z} 9541
U 371741015 1t A& ABAAR cabin subsystem) 22 THEEITH Fig. 2= H-e]oflA]
AREE BERAAAEE HolFa Qlrt. 955 ABAIA- A 25919] gzt AgQlE

waisisqns mqe

wansdsqns s 2amssasg

N e esae ik teed

Fig. 2. Schematic of the Mercury ECLSS. Adopted from Wieland with public domain [9] and
NASA with public domain [1].
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& 2 AP 1A EY(solid trap) Wi 27 2.5 cm, Z°] 86 cm©] A2
oF 2= 9lom, 40 pmET 2 AL BEJIH A EFE IR ThAe 952
upola2EY WS BAJS] S8 e dHESde] Aok ddEn sl

r
I kU
5 ol
i

She] =718 AeAATE 5718 TRt 7iAE oiletEta 9 o EAleF s,
FAksl #E(lithium hydroxide, LIOH)#} &/g8Hactivated charcoa)2& FAJ=o] Qlct.
LiOH9] oJikalets g4 WHg-2 ofefi2}F ZH13].

2LiOH + CO, — Li,CO; + H,0 + heat

5712 Ay vkgollA U 1i,CO,9t B2 9535 AW3|(suit heat exchangen® &
o7} oF 4T E YZhe]l 2=x]o] Wz BT (water coolant tank)ol] A& =T & B
(water separator)= JAE HIQ} AW E JLAE] o] 9low AW B3} 7lAT} o1}y
A Fzof| ofsf AHAE Aol 5 S5 B0 AT =g Ak, CO, H Al Al
A, I 9 Al 759 slEo] AT AR HEoH Hi Wiie] 9 57 3

ol AE il AlesiA "rHi3l ol o], P FE AHALHS] AT &

FRAoA HEt 7] AES ATokal 2%, 5F Alojok= AoltH14l.
A ABAIAELS W A8 Dl (habitat heat exchanger), 2] W H (relief valve),

AW 37] &4/81& WH (habitat atmosphere inlet/outflow valve)2 A= o] lo] AW
) 9 258} 7] g 2deith A4 ti7] A4S 34.5 kPaclal, 42 4k 100%
ot} E3h AR Ak A, f5410] Btk 2F3 A thH|sto] ke AleE(snorkel)
o] k=0l qltH13l.

HiE] ZRAEfA FPRAAAHL] 8 752 Aag, EAlo], Ao, LiOHS
o]-g3t olileta Ep, ti7] F FoiEdE AlA 5o2A 37] B BEE A% AlAE0]

FE 1R Stk S 542 AL ol Aol AReiglen At 22 AR ke

2.2 1964-1966: HMIO|L|{(Gemini)

sltel LeAEo] 54 A7el Auly ZAEL Do) e Bu] 9% okEE nw
qEO] A7 ATEM, 142 B2 957 AUTOIN] S0 A3} 97elo] BEAE Al

AL THE 9aAlale] £771%, Aol extravehicular activity)®] £ 2 7] 953

A% B210IcH14). ofu] AL8E AFRANATL welolA AFgTE A2} A] §AI)

ARt 4ka7kAg7), e, aEEe]7] 5ol Hakstitt. ofef digt -8 Table 1] 71



J. Space Technol. Appl. 1(1), 85-103 (2021)

Table 1. The difference between Mercury and Gemini's ECLSS

M2 Aoy Bl 11
LENEda ZU7| A XYY P EDEPICER]
TIZS
Huet7|2t AHX| FEO| = F We|Q & 27| SF NE=EIR-T
=2|719 22| HMAAQ /2| ZA
ECSS #4=2| Hix| 744 3 QX|HA 20|
=

Adopted from Wieland with public domain [9].
ECLSS, Environmental Control & Life Support System.

2.3 1968-1972: O}ZZ(Apollo)

19619 5¢¥ 259, vl= thd® & F. Alvlths 29 fRIARE AFR] FAASS i
2 gt ol EE ZRAEES UHSIGUHIS] olF sl Mot Any Z2HEE Fof 3
H BYFAAARL] 7|2AR] 58S EUE ofERE ZEHEof|A= o] ARH AT
AX AR B B39 A|AR 02 MYt o) ER2E 5.9 m’Y] FXIOlA 379 952
o] & 14Y &<t o] 7hetles AERAAIATC] HAEGoH, FH/AHA HEd
(command/service module, CSM)¥}+ & 25 2-E-&(lunar excursion module, LEM)2.&2
HETH12,14]. 7 BE50] AERAAAES thA] v, Anjyofx ARG A} o], 5
583 A48 HEAAHCR L ofER20] APRAAAFA 7} & HIk= Hi=
STHAIAFo|T o] o] YA ARL &5 0] Asto] ARgSIlon, AT 2
< A #7182 SRSk HiESIIT 13y okE=E CSMe ARBRAAI Aol A = AlH]
2 Bgo] X7t 3709 ARHA(fuel cel)l16]9} Aba BIAERE E& AB4otal gt
5 /dElon, o= Qs FBRAAAHE LR A== &2 FAF A4Stk 3T
OREE YYRAALRNN= B Aol 7]e0] ZAEoH olF fls] AlotdAr Y
EE(sodium hypochlorite}& 24A17ttct Eof 718kt ohat, LEMolA+ 783 242
o g 5F 950 AAste] ARSI

OFEE JPRAAATL T thE 2 AA9] tj7|242] vislo|th. ofEE ZEAEojA
AR Al AA W AbAsTe= 100%%7] dhizoll S f19l/do] mi9- Zitt. o] 2 ?lIs) 3789 ¢
FRlo] APt T1EiA ofEE= AL Al AA W 7EARAGE A 60%, At 40%= A
SFoEN A S FTTHIR O FBRAAAE Z]&oA S titt S84 <
A5HA] = ARH171.

2.4 1973-1974: A7}0|3(Skylab)

s7tolRe ule] 3 WA SRAARORN QREE oA Algto] Aokt gle]
QA WX G ZARI FAI) nlol AR FE AN TRt At St o

=

52 Sasien. 270lde 99l0] B5F7Hel OWS(orbital workshop)et fejet &
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(airlock module, AM)&E 2=, AJFFAAARL ofojgt o] vj2]stlth. A7 0|9
ABRAAA-ONA 7P & Wk d7 | AIART SRiA] 7solh A7tolsie] AA
7192 34.5 kPaZH FATEA 28%, ALA7EA 72%E Bt 2Adetqlon olilsieta
9] AAE 95l 7129 LiOH th4l 2712] Al&etolE AEe] Eej&8 AlE(molecular sieve)
£ ol85tytt. 3 A9 e, A W B2l 361 m’e=E AR whet 1] AH
2 ]| o5l sk Aol E7FsSHAl HI olof ARJA A FA71E AR =M
SHfo] AAE AFsslsigint. ol2et A71olf] <= $50llA Abol A71% A7t 7hs
sHA | A+ AEE S8E ]I

2.51981-2011: 2F =M HE=M(Space Shuttle Orbiter)

Qo A LR IPe SFEAe] 8-S WY, 90 Aol Sk 9

8 Arrgel 7hsdt #5718 Ndske AomM ISAR] R A
ol

FRlo] 78 B4 HSY 4 U= AN wet AR AR FAEL
ol A TAFEAT BERAIA LT 7 AR FEIZA 7192 101 kPa, =
732 Ak 22%, AA 78%=A, ko] A 243 st A7 G RARBIH. 539,
A=) AL 9R1e] A Holg SHolA A A, A2 =2
FoE Fs) 21 HiEskal o€ 88310 F7142% ofo]2H(odineyE 3E3 e,
£ Al=Aoie vdE ATWEE F7RIC RN A&H 0 R Fof ofo|ee] 2/4de 2Es)
ek 3L 95919 S osf wiEE= 1A HiEES 7Pbag)oll Eaksigt=H, o]
£ Hiilet B7] 48 oA E FUISHAH. Fig. 32 & ¥ Al&®l(water management system)
< HoFAL Qi 5= vielAR2EY @4o] 2ol &9 555 Rks] flsiA Aa
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AHl(water recovery system, WRS), A-48417](oxygen generation system, OGS)Z A=
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Fig. 5. ISS Regenerative ECLSS Flow diagram. Adopted from NASA with public domain [7].
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Fig. 7. ISS Urine Processor Assembly Schematic. Adopted from Bagdigian & Cloud with

permission of SAE International [8].
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Table 2. Summary of ECLSS

NAE MEAA o172 OfZZ LM A710] oxgi=M YxM 1SS (R-ECLSS)
CO, -CO, E4H:LIOH -CO, 84M:LiOH - &4K(absorbent): - CO, E4H: LIOH - E4H: £X
SHA g oEA - T4 2EA ZAH(molecular - i 2EA - RIZ2}0|E BA: CO,

- ST AME = WY -

ETMl ALE = 17|

sieve)

- STM A = Y|

H|A

ElmE EImE FHISE0IE 5ACCO; o mxy - HIS2I0/E 13X &
A 42|71 (silica gel):
- HZ22H0|E 13X: H,0 H,O XA
A - AXH: T Y2AS
- XK|(desiccant): kst
T T o | = _ 7H¢: 4 bed
~ Jh41 2 bed _
= - THAF 7H5( 2 bedM
- AE ks 308 F7I2 A
—_ - LiOH (g
S
S assd — AH}E|Of(sabatier)
©
é R H37|
o N
% (Gas s ORMEIEHAE
%) - -
o} recove = L L L 3|40 AbA HIAY
g v/ 598 598 lseie sgg 0 IOl db e
< generation) THAYS: 40%
ﬁ
e ~ ALAEI71(0GS)
ol
0; AR AL
T
] - ENE - ENE - E4E - ENE
2E=E MY - |ioHel - LIOHQ| Atl20f| Mx| - 2XIH|Q A=0| AX| - LIOHS - LiOH2| sl=z0f 4x|
(Trace A2 (upstream)| - my|doz |12 55 (downstream)
contaminant  AX| 17|(venting) of EX|
control)
Ojel - YULSHEA MM 71588 - E2§7(Draeger)  7IS8S - TCCS (trace
RAEH JtAARI contaminant control
DUEHY system)Z 0|83t
(Trace QAZH ZX|
contaminant - Z[tf 216719
L QESE ZX|
monitoring)
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Table 2. Continued

AAED MEA|AE H&32] OFEZZ LM fo[ = gad Hed ISS (R-ECLSS)
4% - 2B8(poteble) - 228 - gz8 - eg8 -g=8 &
(water M (hygiene)
2 quality)
(O]
%.% a2 - x| o - X2 oret - X2| oret - $=X2| oret - WPAE 0|&31¢
§ (water - H4Z OF2 HiE - M4 BI0| MY 5 - B Y30| XY $ - K B30 My 5 Het 262
2 processing) LF2 Hi=(when Q=2 WS =2 HiE MEat0]
;% tanks are full) S24(potable
8 - o EROIAE DS waten) &t
g - MiegE =2
g LALETI0 2=
E 22 ZLHE - No on-orbit - No on-orbit - 0t0]4 - No on-orbit - 7| ML MM
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E)H%J I -1 -3 - 10 7H(272 kg) -4 7K (76 kg) -8 74 (& 600L)
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15,16,17) (11.8 kg) (HE M7 |ZEE] M) o5t S MAE 2006 L
7124 - 100% O, -100% O, -72%0,,28%N, -21.7%0, 783% -21.7% O,, 78.3%
- 34.5kPa - 34.5kPa -345kPa N, N,
- 101 kPa - 101 kPa
JIAKE - 0,2 7M(1.8kg, (OFEZ CM) ~0,/6 7,2,779kg, - 0,&N,:22.8MPa - 0,: 6 7, 2,779 kg,
51.7MPa/Hd)  ~0,:2 J(145 kg, 6.2 20.7 MPa -0, 2 KA 20.7 MPa
-1 70 (HHE) MPa/70F) ~ 17§ 0, eaHAtR) ~Nai6 7, 741 kg,
20.7 MPa

E2(Atmosphere control and supply)

al
=

CH7 [HI07

- YA SX2
2H|(superecritical
cryogenic fluid)

o)

-0,: 18.6 MPa, 21.8
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&5

(i}

o=

=A)
-0, 5.86 MPa

- 2YA SX2 FAH

~N,: 671, 741 kg,
20.7 MPa

~ N, E3: 474
- JQITIAEBT: 5 Jf

(0,3 74, Ny: 2 7H)
- 41.4 MPa

- AAHYTI(0GS)

AR

g/day
L=y

H
[

4
a
2

I

N e o me

9 kg/day
A=
27| (SFOG)
- NORS (Nitrogen

oxygen recharge

3-
— HHOI:
—1H-
A8
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Table 2. Continued

AAR MEAAH e OlZZ LM AF10|2H FE=H A=Y ISS (R-ECLSS)
oi/awel - @%xs U - A 10 MY £ - AR ASiZ KN - AR ARKI0| - AL UPA ¥
M2l 4B N ibag) PFZ HIE 7Y 2T 3 SF2 S WPAS 0/8510]
(Fecal/urine — cyet Majgx| gig - il o4 - OiEt JhA STE - e Aejo) oa  MYE AHS HMS

7|2 &2|(Waste management)

tset 22 e 2

handing) AAE(Apollo CM)  712k(gas permeable  £=Elgt & =510
bags) sk E712 90%
- Ot 7|2
S=EIot0] 1o XE
TSR - A3 BAE - &3] BAE - A3 FHE aECIgE - AP SATA|

(suppressant) =3t Z4(food

rehydration gun)

- 45 Al e

-

—_
5
% =h=
1
o
K >
ok @
o
K &
N o
— c
I
X g
o B
e}
2
L
<

=3} Afood

rehydration gun) &

SUE OFRNA
Hl(aqueous gel)

1ot

2 g

OfFOIA W (M

hydroxy—methyl

cellulose)

Halon 1301 (37H)

2tor

- QLH (=)=

(A0} 2=)

OjMBIErA (O]

=0

(detection)

- @F0l0| B ZA| -

22:010] 2 ZA|

- Aol gx7|

- 0|22t A7] HIA

obscuration) ¢7|

4dx7]

Adopted from Wieland with public domain [9] and Bryce & Humphries with permission of SAE International [8].

R-ECLSS, Regenerative Environmental Control and Life Support System; OGS, Oxygen Generation System; LiOH, Lithium

Hydroxide.
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Abstract

Some optical schemes of lenses for spacecraft developed by the author are considered. The main optical
characteristics of telescope lenses of various architectures are compared. We propose compact solutions
of mirror, lens—mirror, and lens systems with maximum available angular resolutions and other parameters.
Examples of calculating the optical systems of lenses used for various tasks both in the field of astronomy
and in the field of remote sensing of the Earth and other planets are given. The example of onboard
computer system is discussed. Practical recommendations on the development and use of telescope

lenses are given.

Keywords : lens, telescope, satellite, aberrations, optical system, optimization,
bandwidth

1. INTRODUCTION

The creation of optical systems with highest resolving power is one of the most
important tasks of the space industry. The constructing of such optical systems
significantly overlaps the ground-based technologies, which are very important for
example in professional cinematography, especially in the field of calculation of optical
systems, registration and image processing. There are various methods for calculating
and optimizing the optical systems, including those suitable for space applications. The
possible solutions were published by [1-3]. The recent discussions can be found in [4-7].
Here after we demonstrate the results for several optical systems. Note that few of them

were first published by [8], the other are developed in this paper.

2. PROBLEM STATEMENT

Various system parameters such as dimensions, wavelength regions, mass, resolving
power, relative aperture and photodetector parameters for a well-corrected optical
system (without noticeable aberrations) are interconnected in a complex way. This is
also due to the existence of various options for the developing of optical systems (suitable
for overall limitations) that are approximately the same in basic characteristics. In

practice, the requirements for dimensions, preferred focal length, and equivalent angular
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resolution are often given at the same time (angular resolution criteria may vary), which
can lead to poorly resolved contradictions even for diffraction-limited optical systems.

The process of choosing the necessary features of optical systems for space ap-
plications is inherently connected both with the choice of way of image detection (the
method of its registration), as well as with the hardware and software component of its
processing. Sometimes it is necessary to increase the resolution by the post-processing
of the obtained image. Usually it is not allowed since the image received from the matrix
photodetector is discrete and contains a fixed amount of information about the
observation object and any manipulations with the provided amount of information at
the output can only reduce it. This way can improve only the visual perception of
received information, but the equivalent angular resolution cannot be increased without
the postulates concerning the properties of imaged objects. Especially the amount of
information obtained about the objects depends on the information throughput of the
lens, the shooting conditions, the photodetector’s properties and on some other factors
(for example, you can process several images of one object, which can lead to some
limited increase in the amount of information received).

In some cases (for example, if the exact information about the observed object is a
priori known), it is possible to use numerical-analytical methods to restore the
information about object beyond the level obtained at the output of photodetector, of
course with a certain degree of validity. However, these methods are very limited in
practical applications. There are also various apodization methods, for example, the
decrease of first dark Airy ring diameter, which theoretically can greatly increase the
resolution, however, in practice, these methods are practically unsuitable for remote
sensing of the Earth. Another method of increasing the resolution is the active interaction
with the observed object (special external illumination, as, for example, in some
microscopy methods), but these methods are complex, not universal and impossible for
space objects.

The various options of digital image processing algorithms can improve the perception
of some details of the obtained image, as well as the improvement of image quality by
obtaining a lot of frames with different offset relative to the matrix (offset up to several
pixels), the use of observations received at different angles, and also the photo-

grammetric processing.

3. THE SELECTION OF OPTIMUM OPTICAL SCHEME
CONSTRUCTION

Currently, there are various software packages for the calculation of optical systems.
However, the use of such packages is not a sufficient condition for performing an

applied task. The main necessary condition for constructing the optimal architecture of

https://www.jstna.org | 105



Compact Optical Systems for Space Applications

106

https://doi.org/10.52912/jsta.1.1.104

the optical system is the algorithm for predicting the properties of the system, the main
of which is the bandwidth information [8], in advance of the calculation stage. At this
stage the cost of the work can be estimated and the wrong result often leads to the
impossibility of the project as a whole.

Another condition is the criterion for achieving the optimal calculation result, i.e. you
need to know how much the result differs from the truly optimal for this technical task.
It should be understood that an optimal optical scheme (the so-called global optimum)
may not be a point result, but mathematically can be represented by some structure in a
multidimensional space. In this case, it is possible to carry out the additional optimi-
zation with new criteria, for example, in order to reduce the price or to facilitate the
production process.

The next condition is the existence of algorithm to find the optimal solution. This
condition not only restricts the mathematical methods for finding the minimum of the
optimized function (implemented in all software packages), but also helps to define the
optimized function, which should characterizes the entire optical system by a few
numbers. It should be understood that a good software implementation of the numerical
method for finding the minimum of the optimized function is not sufficient to achieve a
global optimum. Therefore, the main difficulty is the lack of versatility of optical systems
and the wide variety of technical parameters required. That is why an algorithm suitable,
for example, for calculating the telephoto lenses may not be used for wide-angle ones.

Here after we made an overview of several solutions developed by the authors and the
possible use of these solutions in space applications. A distinctive feature of optical
systems for space-based lenses is the requirement to minimize mass and dimensions.
This condition often leads to the creation of multi-purposed optical systems, combined
in common housing. Such lenses can use the optical system architectures where the
certain optical surface can be a refractive element for one group of wavelengths and a
mirror element for another (i.e., combining optical systems with different ray paths into

the framework of one optical architecture). Fig. 1 shows the architecture of the optical

Fig. 1. The optical scheme of the combined system of the transceiver.
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system of the combined three-channel lens of the transceiver. The main purpose of the
system is the creation of a secure communication channel, including the channel

between the spacecrafts.

4. THE COMPACT OPTICAL SCHEMES

The process of selecting the lens architecture for space applications is associated not
only with their functional application, but also with the requirements of necessary
radiation resistance of the product. This requirement significantly limits the range of
optical materials used. The strict weight and size limitations, as well as design
requirements for dynamic loads and assembly adjustment features are necessary also.
The combination of these factors often leads to significant differences with the
architectures of ground-based optical systems.

Fig. 2 shows the optical system of two mirror lenses with a three-lens corrector and an
aperture diameter of 700 mm. In the basic version the angular field of view is 1°, and the
corresponding linear one is 85.5 mm. The relative aperture ratio of the telescope lens is
1:7. The angular field of view can be increased without changing the basic characteristics
of mirror’s part of the system by adjusting the lens corrector only. The lens is designed
to operate in a wide spectral range - from 0.4 to 3 microns, which allows user to solve a
wide range of problems of the Earth's remote sensing. Fig. 3(a) shows the graph of the
polychromatic modulation transfer function (PMTF) of this system. It illustrates the high,
diffraction-limited image quality for all wavelengths and across the entire field of view.
The field curvature and distortion plots (Fig. 3b) show the high quality correction of the
corresponding aberrations. As a rule it does not require for further improvements. If
necessary, the distortion can be reduced by the order of magnitude, but a significant

complication of the optical surface profiles will be required.

1 500 mm

Fig. 2. The optical scheme of two mirror system with a lens corrector and aperture diameter

of 700 mm.
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Fig. 3. Graphs of the polychromatic modulation transfer function (a), field curvature and

distortion (b) for the optical system in Fig. 2.

To create the small-sized lenses it is possible to construct the mirror-lens optical
systems with refractive components comparable in diameter to the main aperture of the
system. Taking into account the necessity of minimizing the total weight of the product,
the number of such components should be as small as possible. The example is Fig. 4,
where we demonstrate the compact high-aperture (1:2) mirror-lens system with an
extended spectral range (0.4 — 3 #m) and a field of view of about 4 degrees. This optical
system is made of one material and possesses not only diffractive image quality over the
entire field, but also an ultralow value of distortion as it is shown in Fig. 5a, and
chromatism (Fig. 5b). The relative apertures of similar lenses in Fig. 4 can reach 1:1,
however, for systems with apertures of the order of 1:4 — 1:5, it is possible to find better
solutions (depending on the special requirements, especially in terms of the angular field

of view and spectral range) .
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¢ i 100 mm

Fig. 4. Optical design of a high aperture (1:2) mirror-lens compact system with an extended

spectral range.
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Fig. 5. Graphs of field curvature and distortion (a) and longitudinal chromatic aberration (b) for

the system, shown in Fig. 4.
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In some cases, in order to increase the resolution, the telescope lens may have several
apertures. The example is shown in Fig. 6. The figure shows the compact system with
an embedded ring aperture, which can be transformed by eliminating the non-used
fractions of a given ray path. In the considered case with two apertures, the lens is
actually an interferometer. It contains two entrance apertures and the mirror’s system.
Due to multiple reflections it is quite compact in its class and provides an angular
resolution of 0.3 angular seconds at 546 nm, with aperture diameters of 140 mm each.
The figure does not show lens corrector and some auxiliary components to ensure
multispectrality. The aperture ratio of such systems is usually near 1:15 and cannot be
too high due to the construction difficulties and due to the availability of better solutions
for higher aperture ratio systems.

Let us discuss the systems designed not only for visible and near infrared wavelength
range, but also for mid-infrared range (for example, 8 - 14 microns). Due to a significant
restriction on the choice of optical materials used, the requirement of radiation
resistance, as well as due to high requirements both in image quality and aperture ratio,
the range of optimal solutions for lens architectures is significantly narrowed. Both lens,
mirror-lens, and purely mirror systems can be used. The example of lens system with

high aperture ratio is shown in Fig. 7. The diameter is 140 mm, the aperture ratio is

]

/]

1200 mm

Fig. 6. Optical design of a dual-aperture high angular resolution mirror lens.
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Fig. 7. Optical design of a high aperture (1:1.4) four-lens system for mid-infrared wavelength

region.
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1:1.4, the field of view is 6° (linear field of view is 20.6 mm). The plots of the PMTF (Fig. 8a),
field curvature and distortion (Fig. 8b), and longitudinal chromatic aberration (Fig. 8c)
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Fig. 8. Graphs of the polychromatic modulation transfer function (a), field curvature and

distortion (b), longitudinal chromatic aberration (c) for the optical system shown in Fig. 7.
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show not only the diffraction quality of the image over the entire field (Strehl ratio is over
0.9), but also an ultralow distortion. Note, that asperical surfaces are not used in this lens,
and the distorsion is less than 0.025 percent.

The next lens is shown in Fig. 9. The basic features of this system is similar to previous
lens (Fig. 7), but of a different, compact mirror-lens design is used. It allowed the creation
of more compact and low weight lens with even better aberration’s correction (see Fig.
10a, 10b). The Strehl number exceeds 0.99 over the entire field of view, the chromaticity
is lower by two orders of magnitude. Nevertheless, the presence of a high (25% by area)
central shielding should be taken into discussed. The comparison of Figs 8a and 10a
allows the visual estimation of the influence of central shielding on the contrast of
resulted image. So, for example, for a spatial frequency of 20 lines/mm, the lens, shown

in Fig. 7, gives an image with a contrast twice as large as the mirror-lens lens of Fig. 9.

Layout
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Fig. 9. Optical design of a compact high aperture (1:1.4) mirror-lens system for mid-infrared

wavelength region.
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Fig. 10. Graphs of the polychromatic modulation transfer function (a), longitudinal chromatic

aberration (b) for the optical system in Fig. 9.

Note that the focal length and aperture ratio of these lenses are similar. However, the
angular resolution of the second lens (Fig. 9) slightly exceeds the angular resolution of
the first one (Fig. 7). Also, the distortion of mirror-lens system is significantly lower.

It is possible to construct compact optical systems which preserve the overall system
architecture similar that of Fig. 2. Such systems are often needed in the visible and near
ultraviolet range. The aperture ratios can be of the order of 1:10 or less. An example of
such a system with an aperture diameter of 140 mm, spectral range from 0.4 to 2 or even
3 microns, and a aperture ratio of 1:10 is illustrated in Fig. 11. The angular field of view
is 0.7, it can be increased twice by modification of the lens corrector.

The size of this lens along the optical axe is only 90 mm, and in combination with a

[ 1 100 mm

Fig. 11. Optical design of two—mirror compact system with lens corrector and aperture

diameter of 140 mm.
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small-sized lens corrector, the total lens mass is negligible. Note that the reduction of
lens size to 90 mm required the use of three-lens corrector with more complex
configuration and the introduction of sixth-order aspherical surfaces (second-order
aspherical surfaces were used in the previous scheme). Despite the complex ray path in
the corrector, the chromatism of the system is small and does not affect the image quality
(Fig. 12a). the distortion is also close to zero, as it is illustrated in Fig. 12b.

In some cases, when, for example, the requirements are the wide spectral range, the
absence of spurious glare, and the operating under high radiation it is necessary to use

of complex multi-mirror lenses, including the lenses with high values of aperture ratio
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Fig. 12. Graphs of longitudinal chromatic aberration (a), field curvature and distortion (b) of

the lens in Fig. 11.
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and field of view. More complicated schemes usually require an integrated approach in
optimization to satisfy all three of the above conditions. For this case of simple opti-
mization methods used in various commercial programs are not sufficient.

That is why we developed a computer program designed for this special problem. For
complex lenses, for example the lenses with variable focal length and wide-angle, such
programs are compiled individually, due to the lack of universal requirements for image
quality. The task is usually solved by a semi-analytical method. At the initial stage, various
simplex methods (the methods without the use of derivatives) can be used to achieve a
local optimum solution. The separation of different order aberrations is not done in the
classical methods. Instead, the optimization function is defined so that the number of
equations for its exact description is finite.

There is also no separation into axial and off-axis aberrations, since the solution of
the problem only for axial aberrations is insufficient. This is especially true for systems
where the uniform image quality across the entire field is required. The final part of
calculations can be made with the use of usual commercial programs. Moreover, one of
the criteria for the correctness of the obtained solution will be the similarity of results
obtained by different programs (within the specified evaluation function) and by
different optimization algorithms.

Fig. 13a and 13b show, respectively, the optical systems of high (1:2) and super high
(1:1) aperture ratio four-mirror lenses developed by the author in 1987. Lenses with
similar characteristics were presented for the first time [9]. In this case, the diameter of
the aperture is 140 mm and the angular field of view is 2°. The central shielding of the
system does not exceed 10% in area, which minimizes its negative contribution to image
contrast. The scatter plots in Fig. 14a show a high and uniform diffraction limited image
quality over the entire field. The lens is free of all monochromatic aberrations (the Strehl
ratio at a wavelength of 546 nm exceeds 0.98 over the entire field), including distortion,
the ultra-low value of which is less than 0.001 percent.

The scatter plots of Fig. 14a were calculated for the optical system of Fig. 13a with
second-order surfaces only. If necessary (for example, to scale the system to a larger
diameter or to increase the aperture ratio), it is possible to improve the image quality by
introducing the higher-order aspherical surfaces.

So for example a similar to Fig. 134, a four-mirror lens with a relative aperture of 1:1
has a central shielding of only about 10% of the area and also a similar ultra-low
distortion value. The image quality is also much better, as it is illustrated by the scatter
plot in Fig. 14b. The presented four-mirror telescope lenses, can be developed to correct
all monochromatic aberrations. As a result these systems can be easily recalculated to
significantly higher input aperture values, say to the scales of 1 meter or more.

To reduce the optical system weight and production cost, it is possible to reduce the

diameters of the last two mirrors several times, which is extremely desirable for the
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Fig. 13. The optical scheme of high aperture (1:2) (a) and super high aperture (1:1) (b) four-
mirror systems with an increased field of view and diffraction image quality over the entire

field.

practical use of such lenses with an input aperture diameter of 300 mm or more. Such
an architecture of the optical system is also advantageous for constructing the combined
multispectral optical systems with high degree of compactness, low weight, and resis-
tance to high accelerations.

All the results presented in this paper are not intended to predict the development of
any architecture of the optical system depending on the initial data, although this
possibility partially exists. Any changes in the initial data for calculating the optical
systems can change not only the basic architecture of the output systems (the number of
lenses, mirrors, their location, etc.), but also affect even the possibility of creating the

acceptable solutions in the frames of required dimensions.
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Fig. 14. The scatter diagrams of systems shown in Fig. 13.

5. THE ARCHITECTURE OF ON-BOARD COMPUTER

SYSTEM

The above set of classes of space optical systems (SOS), operating in standalone mode,

gives special requirements to the architecture of the on-board computer system (OBCS)

https://www.jstna.org | 117



Compact Optical Systems for Space Applications

118

https://doi.org/10.52912/jsta.1.1.104

used to solve various problems. Fig. 15 showed one of possible architectures of OBCS as
a good example. Also, OBCS can be used for the needs of astronavigation, commu-
nication, spacecraft control and other needs, beside tasks of image recognition, data
processing and matrix control. The optimal computational architecture is the most
critical parameter of OBSC to provide fixed-time response of the whole system without
unpredictable delays and interruptions.

The OBSC architecture depends on the optical scheme of the telescope and classes of
computational tasks. As a rule, OBSC architecture uses field-programmable gate array
(FPGA) and special high-performance microprocessors. FPGA allows execution of
primary real-time image processing tasks that require high speed information pro-
cessing (for example, 2D-3D Fourier or Wavelet transforms). At the same time the OBSC
microprocessors (MCU) used in more complex tasks, such as heuristic algorithms with
high computational complexities, where post processing or time-critical computation
executed by using FPGA parts which then will be used as an input of MCU.

FPGA ability to dynamically reconfiguration for the short time makes it strictly
desirable to compare with the classical architecture with MCU only. In adaptive filtering
tasks, the system response time is important, which makes such a scheme a good
alternative to classical architectures. In systems where the cost, power, performance and
reliability are critical such systems are good alternatives to classical architectures. Using
two port synchronous memory is more preferable than error correction techniques for
dram memories.

Design and manufacture of radiation-resistant computing devices requires a special
approach and technologies, as well as special protection of operating equipment. As a

rule, the set of concrete solutions against radiation can be determined depending on
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Fig. 15. The architecture of the onboard computer system.
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such parameters as the type of orbit, distance from the Earth, the probability of uptime
and other parameters affecting the spacecraft operation, what is not a trivial task.
All calculations were carried out using the method and software, which was developed by

one of the authors, as well as the Zemax OpticStudio 17 — 19.8 Premium program.

6. CONCLUSION

The schemes considered in this paper belong to the category of optimal optical
systems (the ideal solution for the discussed problem) and cannot be improved without
deterioration of other characteristics. This allows (according to the author’s method) to
calculate the lenses with significantly different characteristics. Only a few lenses with the
most interesting optical system architectures were considered here before.

It is technically possible to build systems with a higher resolution and similar dimensions
(with not circular input aperture, including asymmetric apertures). However, they can
be more complex (for example, the weight limit may be violated) and the describing of
these question is beyond the scope of this work. Further development of space-based
lens systems is possible only in combination with the development of technologies for
production of high-quality light-weight optical components, as well as registration

systems and image processing hardware.
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Abstract

Since the 1960s, the United States has developed and implemented policies to encourage commercial
space launches. Specifically, national policies have been implementing to expand the role of commercial
space actors, which required establishing a process for private space launches. In the early days of the
space age, private launches accounted for a small portion of the total launch rate, but, since the 1990s, the
proportion has exploded, with private space companies presenting large projects one after another,
accounting for more than 50% of the total launch rate. This diversification of space actors and the increase
in orbital space objects have led to changes in the perspectives of existing space environmental
management processes. During and after the Cold War, when the space age began, civilian actors' actions
were limited, and policies limited their actions, too. So they had little impact on government space activities.
However, space technology's entry barrier has lowered since, and policies to facilitate commercial space
launches have been implemented for a long, and the accumulated amount of space waste over the past

60 years is also threatening the safety, stability, and sustainability of space use. This paper examined how
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the United States, the most active country in commercial space launches, has managed commercial space
launches. The United States has a Space Traffic Management (STM), distributed to departments such as
the Department of Defense, Department of Commerce, Department of Transport, NASA, etc. A review of
changes in U.S STM management policy could also provide implications for us to manage commercial

space launches in Korea.

salo] | $FTEV, Aol AYSFUAL, 1] 974
Keywords : space traffic management (STM), new space, commercial space launch, U.S.
space policy
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Table 1. U.S. Space Launch Management Cycle in 2010s

Mission
Dept.
Before launch Activate spacecraft De—activate satellite

DOD *Provide launch vehicle - Maintain space catalog - Management of
standard and launch - Ensure safety arrival of successful reentry/
range infrastructure the sat to the orbit disposal/return

+Manage the flight safe - Sharing Space Situa— process
tional Awareness info.

FAA -Licensing and regula- - Promote operators to *Notice to air traffic
tion of commercial register space object control center to clear
launch and reentry and check with the path for objective

international treaty return
obligations

FCC + Licensing for non- - Supervision of non- + Licensing for spectrum
federal spectrum use governmental spec— use for re—entry FCC-

+ GEO orbital slot trum use followed by licensed satellite
assignments 1967 OST - Govern safety issues
+ITU process +Maintain non-federal of the FCC-licensed
spectrum database spacecraft
- Collects info on FCC—
licensed disposal
satellites
NASA + Provide orbital debris -Ensure safety arrival of - Management of
mitigation requirements the sat to the orbit successful re—
* Provide launch range - Space Exploration and entry/disposal process
infrastructure Research
+Manage the flight safe
NOAA - Licensing US - Provide space - Licensing and

commercial remote

sensing

weather info.

- Management of

NOAA-licensed

satellites

monitoring of NOAA-
licensed satellites

disposal plan
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Table 1. Continued

Mission
Dept. . _ _
Before launch Activate spacecraft De—activate satellite
NTIA + Licensing for federal *Management of US
spectrum use government spectrum
+Maintain federal use and its database

spectrum use

databases -
* Provide policy on

allocation and

regulation of federal

spectrum uses

Adopted from Hunter (2016) with CC-BY-NC-ND.

DOD, United States Department of Defense; FAA, Federal Aviation Administration; FCC,
Federal Communications Commission; ITU, International Telecommunication Union; NASA,
National Aeronautics and Space Administration; NOAA, National Oceanic and Atmospheric

Administration; NTIA, National Telecommunications and Information Administration.
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Table 2. U.S departments on STM mission followed by SPD-3

DOD

NASA

DOT

DOC DOS DNI FCC

SSA-STM R&D

Mitigation of
orbital debris

Commercial use
in SSA-STM

Offering SSA
data and STM

service

SSA data
sharing and
improving its

interoperability

Promote STM
standards and

best practices

Reduce
unintentional RF

interference

STM and Space
object

registration

Develop
regulations for
future orbital

operations

M, supervising agency; @, cooperative agency, ©, advisory agency.

STM, space traffic management, SPD, space policy directive; DOD, United States

Department of Defense; NASA, National Aeronautics and Space Administration; DOT,

Department of Transportation; DOC, Department of Commerce; DNI, Director of National

Intelligence); FCC, Federal Communications Commission; SSA, space situational awareness.
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[Telescope]

Parameter Value

GSD @ 500km 375 mPan;: 15 m MS;

Swath width (@ 500km ~21km

Spectral band 400~700 mm

MTF @@ Nyquist frequency | = 0.2

Effective focal length 600 mm

Sensor Pixel 4.5um (4096 x 4096)
Dimension 95 x 95 x 14¥ {mm)
Weight <2 kg

Camera interface Gigkl

Cubesat standard 3U and above

Fig. 1. 2022 3 AH7] UAGIEOl FM 2 248 F29I42 150 37/9 BES 2.
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