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Abstract

Space debris is amajor concern for the development of human space activities and has a significant impact
on space resources. This is a pressing issue that needs to be addressed by countries around the world.
High—power picosecond lasers have been found to be effective in enhancing the detection range and
accuracy of space targets. This technology can be used for collision warning of orbiting spacecraft, and
removal of space debris. In fact, a kHz infrared ranging system for space debris has been successfully
established by high—power burst-mode picosecond lasers. This system operates at a wavelength of 1,064
nm, a repetition rate of 1 kHz with 4 pulsesin a burst, and an average power of 30 W. It has been able to
obtain over 240 effective observation data points of space debris. The system has successfully detected
targets at distances exceeding 1,700 km, with a best detection accuracy of 2 cm. Additionally, it has
achieved a minimum equivalent radar cross section (1,000 km) of 0.04 m?2 These results demonstrate the
superiority of burst-mode picosecond lasers in the infrared band in terms of detection range. By improving
the ranging accuracy to the decimeter level, this technology provides essential references for high—precision

debris target measurements.

Keywords : space debris laser ranging, burst-mode picosecond laser, kHz (kilohertz),
single photon detection

1. INTRODUCTION

With the rapid advancement of space technology, human exploration in space has
become increasingly frequent. In recent years, many countries have proposed large-
scale construction of satellite constellations, such as the Starlink Program, OneWeb
constellation, and Amazon Kuiper Space Program. These initiatives have the potential
to threat the safety of the space environment and the utilization of orbital resources, but
also pose significant challenges [1-3]. However, the growing number of space debris

resulting from spacecraft abandonment, explosions, and collisions presents a major
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threat to the safety of spacecraft. According to statistics, the European Space Agency
(ESA) has recorded over 630 debris collision incidents, and the U.S. military estimates an
average of 21 potential space conflict accidents per day. Currently, there are more than
30,000 large fragments (over 10 cm in diameter) in space, with even higher numbers of
medium and small fragments [4,5]. This poses a serious risk to the normal operation of
spacecraft in orbit. To mitigate the impact of debris on spacecraft, protective nets are
often used, but they can only withstand large debris and are not effective for smaller
fragments. As a result, many foreign scholars have proposed debris removal plans to
reduce the risk of space debris collisions with spacecraft. For example, the German
space agency and NASA plan to use laser ablation to remove large debris, using ground-
based or space-based lasers to emit high-energy pulses to disintegrate debris near the
spacecraft. The ESA has also proposed mechanical capture methods, such as harpoons
and flying nets, to remove space debris [6-9]. However, the success of these methods
relies on accurate real-time measurement of debris targets. Debris laser ranging (DLR)
technology is an effective means of detecting debris targets. It involves emitting laser
pulses to the debris and measuring the round-trip time between the ground station and
the debris to determine the distance, allowing for real-time measurement of space debris.
This technology can help ground stations monitor the movement of debris and reduce
the risk of collisions with spacecraft.

In order to effectively monitor debris targets, various international stations are actively
developing space DLR technologies. Significant progress has been made in the
observation period, detection band, and measurement frequency. For example, in 2017,
the German Wettzell station, the Stuttgart station, and the Austrian Graz station
conducted joint measurements of non-cooperative targets using 532 nm and 1,064 nm
dual-wavelength lasers. They were able to measure distances of up to 3,000 km and
detect debris with a minimum scattering area of 0.4 m? [10]. In 2019, the Graz
observatory used a nanosecond laser system with a repetition frequency of 200 Hz and
an output power of 16 W to successfully measure over 40 rocket fragments during the
daytime [11]. Similarly, in China, the Shanghai Observatory used a nanosecond laser with
a repetition frequency of 20 Hz and an average power of 40 W to conduct the first space
debris measurement in 2008. Other stations, such as the Yunnan Observatory and
Changchun Renwei Station, have also completed successful detection of space debris
and obtained valuable measurement data [12,13]. However, the current space debris
ranging technology relies on a kHz nanosecond laser light source with an average power
of about ten watts, which limits the detection ability and accuracy of the system[14]. To
address this issue, the Shanghai Observatory has developed a kHz pulse frequency debris
measurement system to achieve high-precision detection of longer-range and smaller
targets[15,16]. This system is based on the satellite laser ranging system of the Shanghai

Observatory and uses a picosecond laser with a central wavelength of 1,064 nm and a
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repetition frequency of 1 kHz as the emission light source, with an average output power
of 30 W. The goal is to conduct the laser ranging experiments on space debris at different
orbital heights.

2. SPACE DEBRIS RANGING SYSTEM

2.1 High—Power Lasers

The schematic diagram in Fig. 1(a) shows the kHz high-power picosecond laser. The
laser consists of four main parts: I) the semiconductor saturable absorber mirrors (SESAM)
mode-locked cavity, II) the volume Bragg grating (VBG) pulse broadening and beam
splitting section, III) the regenerative amplifier, and IV) the traveling wave amplifier and
frequency multiplier. In the SESAM mode-locked cavity, a laser diode (LD)-pumped
Nd:YVO4 crystal is used to produce picosecond pulse seed light with a central
wavelength of 1,064 nm. This seed light then enters the section II for pulse broadening
and beam splitting using optical range difference. The VBG is responsible for broadening
the pulse width to prevent damage to optical components during amplification. The
beam is then split into two beams by the beam splitter BS1. These two beams are further
split by the BS2 and BS3, resulting in four beams of light pulses. These pulses are reflected
by M01-M04 and combined in BS1 to produce a burst pulse string composed of four
pulses. The section III is the regenerative amplifier cavity, which amplifies the energy of
the burst pulse string using a Nd:YAG gain medium. The injection and output of pulses
in the cavity are controlled by adjusting the laser polarization state. The amplified laser
light is then reflected into the two-stage single-pass wave amplifier by P3. The two
modules, MD2 and MD3, are LD-side-pumped Nd:YAG modules, and AR1-AR3 are

concave lenses used to compensate for the thermal lens effect of the crystals [17].
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Fig. 1. Schematic diagram of high-power laser. (a) Optical path of burst picosecond pulse
laser, (b) waveform of burst pulse train. VBG, Bragg grating; QWP, Quarter Wave Plate ; HWP,

half-waveplate Plate ; PC, Pockels cells ; ISO, optical isolator.
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Fig. 1(b) illustrates the burst waveform, which is composed of four pulses. Fach pulse
corresponds to the waveform returned by MO1-M04, with the spacing of each pulse
representing the time interval corresponding to the optical range difference of each path.
The amplitude of each pulse varies due to the different energy loss of each beam at the
beam splitter mirror. By adjusting the pump current, a 1,064 nm laser output with a pulse
width of approximately 100 ps, a repetition frequency of 1 kHz, and an average power
of 30 W can be achieved.

2.2 Optical System

The telescope has a transceiver-separated optical structure, with separate apertures
for laser emission and reception. The optical transmission system, shown in Fig. 2,
consists of the folded-axis optical path, the emission optical path, and the reception
optical path. It is capable of performing laser ranging in the 532 nm as well as 1,064 nm
wavelength bands. The transmitting optical path has a 14 cm aperture, and the pulsed
laser is collimated on the optical rail before being introduced into the Coude folded-axis
optical path of the telescope through a 45° reflector. It is then transmitted to the space
debris target through the outgoing mirror tube after undergoing 6-fold beam expansion.
Additionally, an achromatic lens is placed in front of the transmitter tube to compensate
for chromatic aberration at 1,064 nm. The signal from space targets is received by a 60
cm telescope, which passes through a Cassegrain telescope system and is reflected by a

third mirror into a terminal box for reception.

2.3 Receiving System

The terminal receiving system is responsible for receiving and detecting the echo signal

Y
‘ l [ ] Achromatic lens

OR- [l || g ¢
Processing Terminal Elevation

system box + axis

PIN
I:] H Coude path

Laser 7’

It

' Azimuth
~ Optical Rail axis

Fig. 2. Structure diagram of telescope optical path. SPAD, Single Photon Avalanche Diode.
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in infrared fragmentation laser ranging experiments. In order to do so, the terminal
optical path needs to be modified by adding an infrared detection optical path to the
original visible light detection system. This structure is shown in Fig. 3. The echo signal
comes into the terminal box and then passes through an adjustable diaphragm and
collimating lens. A portion of the beam then enters the infrared camera, which monitors
the position of the star and the beam in real-time. The remaining beam passes through
a narrowband filter and enters the infrared photoelectric detector. The optical signal is
then converted into an electrical signal and uploaded to the computer system. The
narrowband filter is used to filter the spectral properties of the echo signal, with a central
transmission wavelength of 1,064 nm and a spectral bandwidth of 2 nm. This helps to
reduce interference from environmental noise. For the experiment, a single-photon
infrared detector with a receiving target surface of 500 #m, a central detection
wavelength of 1,064 nm, a detection efficiency of 20%, low time jitter, and good stability
is selected. This allows for high sensitivity and high-precision detection of the echo

signal.

3. DEBRIS MEASUREMENT EXPERIMENTS

The Fig. 4 shows the space target laser ranging system. In order to obtain accurate
information about the debris orbit, the debris ephemeris is first downloaded from the
Space-Track website of the North American Air Defense Command (NORAD) and
converted into debris orbit prediction files on the computer. The control system then

uses these prediction files to adjust the orientation and height of the telescope frame in

\ ]

I
Echo signal ]I
1
1 |

[T

Visible light
photodetector

Variable aperture

IR photodetector Ele\-a_tion
axis

Fig. 3. Structure diagram of terminal receiving system. CCD, Charge—coupled Device.

https://www.jstna.org | 249



1 kHz Burst-Mode Infrared Picosecond Laser for Space Debris Laser Ranging

Control command
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Range gate command

10MHz

Fig. 4. Block diagram of space target laser ranging system. CCD, Charge—coupled Device ;

APD, Avalanche Photo Diode.

real-time to track the target. When the control system gives the ignition command, the
laser is split into two beams - one enters the main wave detector and the other is
launched through the telescope. The main wave detector uses a PIN photoelectric
detector to collect the optical signals at the launching end and transmit the moment
value of the main wave to the event timer. The return echo is transmitted to the terminal
receiving system through the receiving telescope, where it is collected and processed by
a single-photon detector. The event timer records the arrival moment of the echo signal
and uploads the reception moments of the main wave and the echo to the computer.
The computer then calculates the distance of the target debris using the difference of
the laser round trip time and the speed of light. The time-frequency system is responsible
for synchronizing the local time with the coordinated universal time (UTC) and also
provides a high-precision time-frequency reference for the entire ranging system. The
control system outputs a gating signal to control the detector's opening time, allowing it
to receive the echo signals before their arrival and minimizing the interference of
ambient noise.

When preparing to observe a target's transit, the tracking control software is used to
guide the telescope in real time. Once the tracking camera confirms stable tracking, the
laser is fired at the target. Simultaneously, the camera is used to align the laser light with
the debris target and adjust both to the camera's sensitive area for accurate tracking
measurements. During the measurement process, the acquisition software interface
displays both the echo signals and noise points. Fig. 5 depicts the echo acquisition
interface for measuring target THOR_R_B (No. 25163). The points in a linear shape

represent effective echo points, while the remaining points are considered noise. The
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Fig. 5. Interface for data acquisition of target debris.

intensity of the echo signal can be adjusted by continuously fine-tuning the position of
the target and optical tip. Once the measurement is complete, the data processing
software is utilized to analyze the data and obtain information such as the return echo

rate of the target fragments and the measurement accuracy.

4. RESULTS AND ANALYSIS

We conducted measurements of debris targets at various altitudes using the ranging
system. A total of 240 laps of observation data were obtained, with 60 laps being jointly
measured by multiple stations. Table 1 shows some of the measurement data for the
debris targets. The second column displays the corresponding NORAD number, while
the third column shows the farthest distance of the debris target. The fifth and sixth
columns indicate the measurement accuracy and radar scattering cross-section product
[radar cross section (RCS)] of the debris, respectively. The last column displays the RCS
size when the debris is equivalent to 1,000 km. We have included measurements with
equivalent RCS values ranging from 0 to 1 m*

Based on the high-power kHz infrared ranging system, we have successfully collected
data on 36 debris observations with an equivalent RCS lower than 0.1 m? with the
smallest RCS being 0.04 m* Additionally, we have observed six debris targets with an
RCS lower than 1 m% Our results, as shown in Table 1, demonstrate a detection accuracy
of approximately 2 cm for the abandoned satellite SICH_2 (Gz) No. 37794). Furthermore,
we have analyzed the measurement accuracy and detection range of the debris, as

depicted in Fig. 6. The figure illustrates the distribution of measurement accuracy and
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Table 1. Space debris measurement results of 1,064 nm.

Observation Serial Distance Point  RMS/cm  RCS/m?  Equivalent

target number /km RCS/m?
GONETSM_03 38734 2,548.3 172 552.42 1.7 0.0403
SICH_2(Gz) 37794 1,731.9 243 2.24 0.9 0.1000
UME 8709 1,648.9 117 97.13 1.14 0.1542
SL-8R_B 16494 1,960.6 643 240.98 44 0.2978
SL-8R_B 16511 1,942.3 147 133.2 4.3 0.3021
SICH_2(Gz) 37794 1,285.5 2,011 33.92 0.9 0.3296
SL-14R_B 19275 1,798.8 6389 202.65 46 0.43%4
AGENA 2144 1,517.2 220 75.48 2.5 0.4718
SL-14R_B 20741 1,890.7 120 58.24 6.3 0.4930
Globstar(Gz) 38041 1,751.1 351 36.78 4.9 0.5211
THOR_R_B 1583 1,074.9 113 256.83 0.7 0.5244
THOR_R_B 2940 1,319.1 84 145.67 1.6 0.5285
Iridium 24948 1,630 1,838 99.6 4 0.5666
NOAA 26536 1,700.2 1,637 47.4 5.31 0.6355
AblestarR_B 1508 1,531.2 141 86.78 3.6 0.6549
SL-8R_B 20805 1,651.3 66 117.23 49 0.6590
AblestarR_B 1508 1,499 114 82.93 3.6 0.7130
SL-8R_B 21090 1,579.5 320 100.29 4.7 0.7551
CZ-4C_DEB 39015 1,691.6 154 126.12 6.4 0.7816
SL-8R_B 21797 1,539.9 85 78.63 45 0.8003
THOR_R_B 1583 966.1 57 88.13 0.7 0.8035
NOAA_9(Gz) 15427 1,567.5 404 43.44 5.2 0.8613
SL-16R_B 23343 1,753.7 425 152.89 8.7 0.9198
SL-8 6324 1,211.9 158 235.62 2 0.9272
OPS 13736 1,373.8 100 74.58 3.33 0.9349

RCS, radar cross section.
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Fig. 6. Statistical results of space debris measurements. (a) Distribution chart of measurement accuracy, (b) distribution map of

detection range.
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detection distance with respect to RCS. Our findings indicate that the majority of debris
targets have a size of 4-6 m* and a detection range of 500 km to 2,000 km. The root mean
square (RMS) measurement accuracy is mostly below 200 cm. Notably, the debris target
GONETSM_03 (No. 38734) has a detection distance exceeding 2,500 km with an
accuracy of approximately 2,000 cm. This target's detection range is at the meter level.
From the experimental results, the use of burst pulse train composed of 4 pulses can
realize the measurement of more distant targets. At the same time, the combination of
the ranging advantage of the infrared band and the nonlinear effect of high-power
picosecond laser pulses in atmospheric transmission makes the ranging system based on
the burst-mode infrared picosecond laser to achieve a better detecting capability

compared with the conventional single-pulse nanosecond laser ranging system.

5. CONCLUSION

High-precision space DLR technology is a crucial means of obtaining real-time
information on space debris movement, providing a vital basis for spacecraft collision
avoidance and debris removal in orbit. In this paper, we addressed the development of
a 1,064 nm infrared kHz picosecond laser ranging system, with an output power of 30
W, based on the satellite laser ranging system at Shanghai Observatory. This is the first
time such a system has been built. We demonstrated successful measurements of space
debris targets at various altitudes, obtaining 240 sets of observation data with a detection
range of up to 2,500 km and an equivalent RCS of 0.04 m* at 1,000 km. The ranging
accuracy is up to the centimeter level, establishing a new method for high-accuracy
ultra-high-frequency DLR. The average measurement accuracy is at the decimeter level,
laying the foundation for subsequent high-precision laser ranging of ultra-high-

frequency debris.
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Analysis of Ground-Based Satellite Laser Ranging (SLR)
Response to Reconnaissance Satellite Observations of
Regions of Interest
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OjXl= Sek FEAYol 5 SH0| TME U HHXIGe| = 7158 Ul 71K d2(Case 0-322
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Abstract

This study simulates scenarios involving the potential observation of domestic areas of interest by
reconnaissance satellites passing over the Korean Peninsula and analyzes response strategies for each
situation using the Geochang Satellite Laser Ranging (SLR) system of the Korea Astronomy and Space
Science Institute. We investigate how observation characteristics, such as the satellite’s altitude and
maximum off-nadir angle, influence the likelihood of observing domestic areas of interest and classify
these possibilities into four scenarios (Case 0-3). For each case, we propose appropriate crisis alert levels
and response strategies. In particular, we reassess the actual threat to domestic areas of interest by
analyzing how resolution degradation, occurring when high-resolution reconnaissance satellites perform
off-nadir observations, affects the validity of the observational data. This study emphasizes the need for

effective response systems to global reconnaissance satellite threats and aims to provide valuable insights
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that could contribute to the development of complementary monitoring and response technologies in the

future.

ol : A-95 dlolA, 94 dlold A2, W A, 95 24
Keywords : ground-space laser, satellite laser ranging, reconnaissance satellite, space

surveillance
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Fig. 1. Case 1 situation simulation.
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Fig. 2. Case 2 situation simulation.
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Fig. 5. The orbit and ground track of the reconnaissance satellite used in the simulation.
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Table 2. Spatial resolution required for identification by observation targets [1]

Obsenvation target Min. reS(_)I.ution Min. re59|ution
for recognition [m] for details [m]
Military airfield 9 45
Loading dock 15 6
Aerodrome facilities 45 3
Submarine 6 1.5
Fishing boat 45 1.5
Bridge 45 0.9
Aircraft 1.5 0.9
Radar facility 09 0.9
Air defense camp 15 0.3
Truck 1.5 0.6
Tent 1 0.6

£ ole] AnE o) FF Ao RN BYAG] B2 oifo] ek o A 5
%ol 71of51iL, SR B2 olele] BgkHel thg AA Aol Ego] B & 12 7kt

arel =
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Correlation Analysis between Atmospheric Transmittance and
Observed Brightness Using Ground-Based Satellite Tracking Data
Chul Hyun', Donggeon Kim, Hyunseung Kim, Hojin Lee

Department of Battlefield Analysis and Development, LIG Nex1, Seongnam 13488, Korea
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TEAE BMGIQLE 7| ENtes ST A2 X712 2195106 MODTRAN(MODerate resolution
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Abstract

This study investigates the correlation between atmospheric transmittance and observed brightness
using satellite tracking data collected from a ground-based observation station. Atmospheric
transmittance was calculated under mid-latitude winter conditions using MODTRAN software, while
observed brightness was derived from satellite tracking data independently of transmittance
measurement angles. Polynomial regression was applied to model the relationship between
transmittance and brightness. The results allowed for a quantitative assessment of the impact of
atmospheric conditions on satellite brightness across various elevation angles. This study provides
foundational insights for satellite observation by clarifying the relationship between atmospheric
transmittance and brightness changes under specific observational conditions. Future work may expand
upon these findings by exploring a broader range of seasonal and environmental factors to enhance the

generalizability of the model.

4ol : 148 =S, H7] B, B7] £4), MODTRAN, ARHAREA
Keywords : satellite observation, atmospheric transmittance, brightness analysis,
MODTRAN, correlation analysis
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Table 1. Polynomial regression coefficients for atmospheric transmittance
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Fig. 5. Comparison of polynomial regression model with calculated values.
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Abstract

With global efforts focused on achieving crewed lunar landings and long—term habitation, a comprehensive
understanding of the lunar environment and the development of corresponding technologies are essential.
In particular, lunar dust is a factor that affects the efficient operation of surface exploration equipment, the
design of lunar surface habitats, and the health of astronauts. Therefore, the development of effective dust
control technologies is crucial. This paper analyzes the physical and chemical properties of lunar regolith
and dust, as well as their effects on surface exploration equipment and human health. Furthermore, the
paper reviews various technologies for lunar dust control, with a particular focus on the use of low-
frequency sound and vibrations, and discusses the potential of these technologies. This study highlights

the importance of developing dust control technologies to mitigate the impacts of lunar dust on exploration
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equipment and human health. We also propose future research directions, including the improvement of

artificial lunar soil, to enhance the safety and success of lunar exploration missions.
S0} : & R WAL & WA, §Y B4, WA Aol 7%
Keywords : lunar surface exploration, lunar dust, inhalation toxicity, dust control

technology
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FT ofg] YUgolA & BARE St tdRt 71E A S sk Qi vl of
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Sulare] 7 SR 2 Wxlo] e A7 Bedolrt 2 WX mlAE U4
o drlze P 587 LYY ABS FUT 5 9om, 7] AR A Aol mHE
Y R4 AST 4 Uk T ol SIS Haskshs wslo] Wase, By g
9 Ao} 714 o] BFHEHI020L B Uobrl, & WAl Fulet 71719) Aoz $47
91 JFL 0)F 4 glol, ] hTAL A4 e Al FRF 1 84T 4
oleigt e Tefst, & HY WA QP BRAS olv] St T WA Alolel Tt
7147 thgol Wag Aoz waEr,

webA] £ 7oA & WAl thet HukASl e AFle] A543 ofshS B, of
2 vigoR 9 WA B A7 2 EW B4 AE S0 Qo] Fa3 Hok & st
Az Stk B9, O WA Alo] 7140 AT FRS BAlst] G AT WS AN

WA} gt

2 FlZ8 A (unar regolithys & FHS P11 Q&= ohHSHH Rt 082 528 24 &
of o5l A/ TRt 2719 AR FAHHETH21] €2 AFHeE 1= w2 A HZ 9
t)5k= A H(highland)#t A 0= W11 et 2|9 oJu]sl= HitKmare)= -6
[22], o]2f3t A|Ho] w} HEH A9 E82 EAdo] thEA ISHEHH23). ol =A1A A3
z27, pH 4 FF VL, HYES =E AT 5 TSR 59 289 FFoE EAHEN
(21,24,25].

ESH 2 HEEaE o4& 27190 wet & ER(unar soil) @ @ HA|(lunar dust)® R
ot g EG2 2L F 9A 27171 1 em oI5l RS QJulstH, 11 FoAk 4Ho|
20 pm oJsto]al - (agglutination) 9] YRE FAHH HAlRE YAES & HAE A
oJdTH26,27]. @ WA= @ EY AE FAY 20%= ARGk T, ol A&7 vast
H - T2 gotH27l

PR 2719 #H FHl= 5 FAF Y] 8 9 B =449 B2 ATl T
a3t 942 283 weh27,28], thRo] A Aol okERE 2 WA #E(Apollo lunar
dust samples)?] AT= Bl YA 37] EE(particle size distribution)2} FEl(shape)oll &+
?F A7 Y= ATH28-33].

dlE £91, Liu et al.[29]1% FAPAAE ] (scanning electron microscope, SEM)S 28]
of g x| HE9| At FeEE AAls] A 6IGit & HA YR Y 2] 7PEAH
o B5Rt FElE 7L Qlo] Hlof] JA7F M2tEE b JE v o e, vke HHE

o] 71z Hrelulrh. o= YA U=of A0 RS HIA B HAY ¥EE &
8] 9 QIA|0f| WA= FFE TS E4SHA W= 4= AUtk Park et al. 271 oFEE A5
A AFSE G HAE EASH], & WA AR IAI0] Rl 54 I 7HsAd= AAIst

At A Aat g WA 95% ool 87| AE Y 5 e A YRHC2 pm)E
=] Qlof, HE7R] JES 7Fs/do] 2= WAt E3L o ER 113 = Uk
YAHC 100 nm)7t A7 HA T FA =2 H]ER1 40% o 3= o] Qlof, AFE AHo
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A9 Ui JRFS] o] At S} vlsiAY B AR ¢ tke M2 AESIAHB0L
L AF BlloAE X-ray AEFE ©E2Y(X-ray Computed Tomography)#} SEMZ &
3 & Wz BES 33108 BASle] Yxlo] noF F7], EH EAS FARIIT ol#gt
WS 53 1 mmo AE Feks A 3 & A 7] 3 (Table DB4IE He
slo] PR} FFo oF 30%S AATR= 20 pmHTh 2R QAR] BIE BAEI) AT A
I}, ZA| DA 9] oF 80%7F 740l 20 pm Ul ARef o5 A E= Ao ® et

Aoz, & WA F2]2 S0 igt ofsle #H E‘/\} T g WA Aof 7]& A
< SRt I 24olH, HH HARE 913 a&20|1 de 1"6} flel & wx9] &
A3k 7 ggfo] Tat A&l A77t Wasith o)t B HARE e A A
A 9R1Y Aol 71x A= BEE A= 7Y LE}.

2.2 gtetH 714

g gEYa0] 3k EAGRM, BE, 94 7)) olsle EH Aol At A
Sk 71E Be A A0} 7]& 55 /Esks H Sasith 2 WX =8 Y4 qf
(SD), EFE(AD), Z(Ca), B(Fe), "I (Mg), EIER(TIO,) 5ol lom, of=f3t Ui
2 =z Alg7o]E(silicates) I AFsHEoxides)?] FE|Z ZASH}35,36). E3}, EfjRE U
A &4 FE2 Qs & #Ho] gZEs §4 ¢ 3K5HISKchemical evolution) £430]
g 1Y 529 2o FFZ HART], A, FE R 940 Ex= 2o XFsh g

I

ru[n

Table 1. Particle size distribution (wt%) for literature sieve analysis in Apollo lunar dust samples [34]

Particle size Lunar dust sample
(um) 10084, 79 14163, 120 73221, 11
10 14.2 25.1 21.4
10-20 11.9 9.25 6.68
20-45 19.9 15.0 14.5
45-90 19.8 1.4 11.0
90-150 12.1 9.4 9.29
150-250 8.12 1.2 13.0
250-500 7.68 6.20 9.15
500-1,000 6.3 1.4 13.9

Samples 10084 is the bulk soil sample, and is collected in front of lunar module (Apollo 11,
Sea of Tranquility). Samples 14163 were collected from the bottom of a 1 m crater with
glass in the bottom and at 15 m NW of lunar module (Apollo 14, Fra Mauro highlands).
Samples 73221 is a skin sample from the top 1 cm of rim of a 10 m crater in light mantle

region (Apollo 17, Taurus-Littrow Valley).
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w2t th2r}. o 5o, A H(highland)= AP (plagioclase) & AIGY 3P4 (anorthite)
o7 FAgEo] Zg ¥ gFu|Eo] FHHANL HIth Ath(mare)?] EUS AFFA, $14
(pyroxene), &4 (olivine) 2 YrUe|E(imenite)® =0} &, niivls 2 EERgo]
AiHog ¢ gol 23| o] Irt38l. AH o, AskA(Fe0)Q] HduEol wt 8.6 wik
ulgkel AS- 1A E4, 8.6-15.9 wik?l A% 7t (intermediate composition) &4,
15.9 wt% Z23%1 -9 vt mare) A9 242 &2 4= ItH39l. E3t E4 JE2 4F
(K), SJEx Y4(rare earth elements), AP &2 F 23t AL FhaolaL gloH, o]zt
AT =2 Fig 13 Zo] EH gatol] T3 Ao tiefsiA 282 4= ltH40L

Uil F45 8 (nanophase metallic iron, np-Fe}2 &9] £8531 slshd B = slU=E, &
I} Ao b HESks Hl 783 A7 "oH4ll. o] YRS HUFHES] 4 o)
I A §9A =l 3t FEL = Ak FHo| dhlElo] Uid) F5Ho] A, &
A JA; ;RO EARI. YA 5453 YA A71E B4 =2 o v AW
a1 Qlof, gu|e} QIAlo m|R= YRS EHGHA THETHA2]. EIL o] YA FHAA |
T =2 3 AT E Holw, WA Aloje}t wAH Y& /o] 583 848 ZREIITh
diE =0, B 9AY A7 o] s & HAF uy S0k HAR QIFE ZAIE
SfAst7] eire Uit 539 E42 Jresfof gtk

|

[o]

2.3 N #8 7154

g AlETie ot Aes 82 & e S et WA, AIske 4

A7]14 gY(electro-deoxidation) 4L E3 AFLHE(SC-24)0014 & A4 9] 96%=
FE1L, 5 BUY T9F 55 e AASISiH: ST o] oA & AkA] oF
1/32 7714 3 34 5 WEEE 7N 0off-gas)ollA A& om, YmA)s BA0= Q]
3 A=A Metalysis-FFC 342 a4 ARHES A715lerd 02 ghlsto] 4as #e
3kl 259t F5olu g oheuE Adske AR VISR, ARAE St Al 5

& Fikae 785 &8 & vk AolM 8%t 7leelt & A-9] 2= Metalysis-

Anorthite
CaAl,Si,04

4 & . Pyroxene
(Ca,Mg,Fe)Si, 0 §
= |
- '3 Olivine
i (Mg Fe),Si0,

IImenite
) FeTiO,

Fig. 1. Resource utilization of Lunar regolith [40].
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FFC 874< &3 € Eﬂ%ﬁq@ﬂ*i 100%°] 77k Atag g9 o Qlee BT,
22 1 kg AN Aka 0] 4045 wtked2 HRA

Eoh Saeh dd Ado e aibHll AF e 7N R |RI7]A|9} /lEE 415 7]
&9 WHE 71T 4 gl 59, 24 Aog 8ok WY sl nola=y) 44

71&0] FEREAL QT Farries et al.[4412 S ¥R 445} vfo]a=20} &4 o] ofuA] &
HIE vlusto], npo]a2ut 249 ouA] aed¥t #det 7HEe] e AESI Jin et
al.[45]2 =9 RIS UHE(KLS-DE AMgst] 2Hehd 42 3745 &3 ¢2°l §l=
et == A okt

I A7 & RS A8 FlEEae A Al 28
al. (461> o33t 2] EF HAAIAM A= ZHHH 7t/ =1l }%

2 fAEE 24 20N 7 9FE 5 slolE AE0] 48T 5 USS HoFith
%3, Paul et al.[471: ?l%—%_“ﬂEGSC—lA)— ol-&Rt AN =2 A= AFES EAoH
(Fig. 2), oOFER H2of 2 AfF Ao WA Avke He Basklnt. of2eh Axke
LS A A Ao L] HeliAe A9E A AL HHs dad
AAFSIC}

Y A - 7kl Tt AddTe FE AT IUES ARSIItE HollA A
g e ] AAY 5 fltke S AL ok mERA, AAl E B0lM ] A8
7Fe 82 AT ffellAe F71AR1 A9t Eastitt. ok, AA| E wA9] 3t sheby

=04 54 W Ad9H Aol a7EH, ol B9 ' A 28] dadE =

i

3. QA R BAF FH[0| O|Xl= S
3.1 Y =4 U A S5y

A7 g BN EEY YA BHS @A thank AL darsos
W4 10 pm oI5t YRHPMIOE BFA YA 75skAH, Dolal Selo] Aj7e] of
1/69] ks o]t 2 YRE 55 YAROE HRE 5 ek A5 AL T A

Apollo 12

Fig. 2. Plant germination and development in the lunar regolith [47].
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7F718A] dell FAdse AR " AAsks |l d2le AR 59 HiAUSe] A, A%
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Fig. 3. Lunar dust emission of the Apollo rover [63].
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Fig. 4. Lunar dust contamination on the Apollo rover [64]

Christoffersen et al.[52]2 $-F&2] H = 2zt dulS E

+ AL HHHFig. 5). 1 23 550 5244

27 27
2 2F76E AHes o

SR Y A 549 w1

R

of A€ & "AE 21

Fig. 5. Apollo astronaut’s spacesuit covered with lunar dust [49]
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Fig. 6. Crews body surface and spacesuit covered with lunar dust following an extravehicular

activity (EVA). Lunar dust can be seen inside the lunar module.

HA = "AF 5 Al Wofjolle FakE mIRth A4 9 7t i) HA|7E AolH T
tlofEl 2] eHdE "ojme|al, om]x|9] F&o| Astk]o] ek A 9 gAY e84
A Wefid 5= Qltt. webA, ghelofoly mHETE opet BE £ AgH|9] WA S3S
A5t7] A3t HAa B FA] Hap 7]so] "asieh sk g WA &2 F&F 40 o5
AAZ} o ZARE 7Hdol wet fA1ES Ajo] Bl 4 Atk &3], 25 &, 29
2 AR A9 7150l 9= vE 4= Sk

g Ax)7 F #eof| ujAE JF} TRIsto], Moore et al.[541= & HAZL gftjoflo]g] &
Hof| J2kgof whet E WAREC] A5, ol= @ I AARIS Bes ASAITL KB
JSFTE. OFER 122 A% B oAl AR SE 2= @ Ao 2R 2

AAETE OF 68°F &Qtom, olZ& 1659} 173004 LRV BiEZlE Z&H WAE A|AS
A B s 2% SIS 252, ol A2 & 7[R9 k¥l &
3t ZAIE op7IRi. gjofolE fjoj|= 7|ek ] I WAL SHEH G H

o] Ar]o] Fo|ut Wz Anfo] Pk m|F 4 ek,
4. g HX| Hof 7|& HYEM

o HX] Alo] 7]&oll= HEPA(high-efficiency particulate alr) gy, 34719, Au2
T2 Z8T V& Yol HeaAE BEoto] A9 BAS WASh: 7e A
ZE5h= 71E 5ol AUtk sHAlRE HieadE E83t 71ee @ E0IAY] A8 714
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Al 5o Qs A&3HE fIgt A7t o Tash E3E A 7leS & WA Aol o
ol wheh, A7 1S A-83 4= Sle B B&40] Al 4= Qlet. weEbA, £ =2
Ae 71E ATERE APHoR QUFHL o FHASHA H& 7heTt 359 Aol &
(HEPA ZH, B3718, A3} A5 &8 7€) SHH0E BAsI:
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4.1 HEPA(High-Efficiency Particulate Air) ZE

HEPA ZEl the: nle QA4S Tz AAT 4 Qi B 7142, WA AA0
2] ARG Itk HEPA BEIE 0.3 pm 27] obde] AA1E 99.97% o4 AAT 4 e
52 AU gJold, & WAS TIHO R B 4 Ik NASAY) o} X237} A
Ao] 9% g4k WMOME HEPA el S5741 W50 37] A5t A2dold $ag og

& BT otk
Toon et al (55K @] e|elig SRl PulERoly BEHOR L5ty 2
% 9 HEPA Fel/} 478 03 34718 2 WA A] oz Adekunt. of 13 A

a7Ns AFEEolA AgEE 71ES RSt @ ol e] HAAIA g HASt
sP7] 98l HA R, AE 27ARY B 24 AA7|eS Adsid Y 7lee Al
beh7] kA g wx|e] 2812 sfebg A4S BA45IRlAL, ofF aHe vt RE=del
A9 e 872AE =ESIT

g oM W2 S IF AEiE s HEPA BH Q| AJ5o] At thzA vehd
T 3lenz, "o A% {4 o Hijt #7149l 57 Besit. 53], HEPA UH
o] LG 7Fs7dE &oI7] SR 71 ANk &S] Ad Sold dIE &1, A7 AR 7
5= 2% HEPA THE 7] 47 ¢ 289 a84de fAIsHEA 74 B w2 24

T 5 P Aol
42 MMM &8 J|=

EEHED, %%’i A Al 71 3 wA) et 359 2h) mma HoAGS ol
.

Fig. 7. Lunar dust removal of electrodynamic dust shied (EDS) using electrodes patterns [65].
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48 % 9 3}o] o] thet ATk Svhe e Wask drkn At

olsh 0] 2 A AFEE A1 olgelel 75 T © el A
o Ao S35 WA DR AAY 5 U AR HH71H BE 710 A%
& oA RO 53, oA A A B ) 0 QS ol ol 1

uE

SOF 2FE3} | 9o] YHAS SAol= 4] £835F 4% Z83F 4= Q) I8y A
%171@!54 art= Ax|o] st Aot #H Ao EA] wet geld 4= glo], olE X3}
sP7] §1et 714”1 A7 B85l

43 HELS Y TS

ml‘L|

28 Jlg

01, Seiffert & Gibbs[60,61] IPE Xﬁ%%ﬂr AEE ol8sto] F< ol F2he A
T= AAS: 75 FFSIAUL, °olF S =, X g 2 S E442 A5l
o AT A AT AFuERo]l A7IFHR7] EHY AFo §-8E & UL HojEH
o] Aol SEH AFu= 1 IS 7HA W FY0l #Ye 34 FAAL 5 qlon,
AL UARE A3t Jse 4o 4 Qo] &5 9 Algte Apof Aedet o R
IHE 4 Stk SHARE o5 B 23] 85| fleiM= 2 AgE 4 Qe ARt |
Zo| " g3t

oo wizh, & AFtolM= & 2 A& 7Fse AFuhy R A5 B8 HA| Alof 7]
&5 AXISHAT. Fig. 81 Zo], Yi A4S 17]4 & fAsk= & WA Ao e /<l
71X Yol A E]o] X9 EF{extravehicular activity, EVA) & 55
A5 AFIE E8sto] B2RAA & HA7E 7|12 YRE fRlEEs RS 2PARTHo2.
i, §5Qlo] AejEE & SRS 2o 0, @ WAPF 95R19] w7 HHof| JAEA
U 3E7|12 §UE = e SARe] 245k, HA] AAAA”C] H-8d HH|(Au]A
A 2 A, 4 §A A 5ol gt FAHRI A9 HFo] RSk E3L g WA
A|AA o] 25 uf, 237 S0 Qg AFo] A HEof AgEA| =S X5 1
A Y E Ak, & S 1Ett X3 AdH A 5ol arEEojof Fith o]2et AR
2 §Ql 71X ofojgta FEXE 7|5-& QAR 71eZ o AT 5= ok AXE S
A WA Alof 7]eS S o 5 ol aatdo g A-8sr] gt 24 7wt |
T gH, ZE UF 510 WS FZslsto] WA] AlA e SHisicls AAVF 2.
Sttt % QI YHES S8t AFuZ0] S8 B9 HAIE AlA anE ddde=s

=2,
il
Dy
:
i
W)

o|l‘l



J. Space Technol. Appl. 4(4), 279-299 (2024)

Lunar dust control module

High intensity low frequency sound

iz
/

4

I

I

I

|

| :
\\r— Pressure sealing hatch

I

Vibration dampers

@W

Fig. 8. Schematic diagram of lunar dust control module using by sound and vibration.
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Abstract

This paper investigates the development, validation, and testing of the flight model (FM) of the Langmuir

probe (LP) for ionospheric anomaly monitoring by magnetometer and plasma-probe (AMMAP), a scientific
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instrument abroad the Compact Advanced Satellite 500-3 (CAS500-3). IAMMAP is designed to measure
ionospheric plasma and magnetic field variations at an altitude of approximately 600 km, focusing on the
correlation between the equatorial electro-jet (EEJ) and equatorial ionization anomaly (EIA). The FM of the
Langmuir probe has been developed following the successful qualification of the engineering qualification
model (EQM), with improvements made in several areas, including the replacement of the micro—controller
unit (MCU) with space—-grade components resistant to radiation and temperature extremes, and the
application of the LP operation scenarios. After the functional tests, environmental tests will be performed
to verify compliance with FM requirements for satellite operation. The IAMMAP-included LP will contribute
to understanding ionospheric anomalies and provide valuable insights for satellite operations in the near—

Earth space environment.

Sgo] 1 Held, Yol B, vYud, Sekxnt 24, 4%

Keywords : ionosphere, Langmuir probe, flight model, plasma measurement, verification
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= AR Ax A7] A|lE(equatorial electro-jet, EE))2} W AI7H) A7 A=A H 9] Eafzn}
U7t ZAsks A0l Ax o] 23} okNequatorial ionization anomaly, EIA)°] Itt. EEJ
ElA= 2 " &5 o3 I 2o, o|2 Qlsf TAshks Eet2ute] dxet 2
T ¥isk= 94 /\]é,J.J LFE AT 5 AUk
o|e} AFsle] B0l B (Langmuir probe, LP)2 AZA Wo] AR} Uro} 2rof 7ko
E20NE S4Sk= Hl Qlo] WY 5838 =& AREE] Jtt. o] B2 vt 1=
olA Hed EetRute] HskE AAIRC R ST &4 Qlof, M AT} 5 714 A5l
7Zlodstkar et GEE 20049 6 2990 AR DEMETER 9432 ISL(nstrument
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oF 25 7oA
olo W}, & At ATt MEd wek d4Z olsfishr| s 5 EtRrtet A1
ZXot= IEEAA IAMMAP(onospheric anomaly monitoring by magnetometer and
plasma-probe)S 7fEsla, 11 5 ZtRut 247]Q LPE ASSIAF oith AsHEAA|
2 el S A(KAIST) I ATtaolA Zidstar glow, AAEE 4 3
3 (Compact Advanced Satellite 500-3, CAS500-3)°]] ©A=]0] 2025 0f ¥hARE ool
AAHSE 2 35015t A5 38)= 55t 2 Ve A AHeE, Al SR TEEA
A7 FAEL} 1 % sl IAMMAPS 1= 9F 600 kmollA A= A3} 23| o] Zat=
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B =FoME 25 35 ASHAIAl IAMMAP LPe] 7ie 343t 38 A|g 23S off,
Yo Zgd npge cAof digt 488 -8} Aol dish A=starat eteh & =7
dE o Aok 2404 IAMMAPS] ZeHd 3 3ot LP A4 9 AR g5 Bt
8-S o2, 3o A= 1P 58} 9% Hdl(engineering qualification model, EQM)<]

g AJgof| tigf] 7]&3it}. 4804 B8 d(flight model, FM) 7H 343t 3k A
g5 A9gstal, v g SAoA = ZE 9 Eoof tisf 7]&gitt

2. IAMMAP(lonospheric Anomaly Monitoring by Magnetometer
and Plasma—Probe)a} #'70{ Et&l(Langmuir Probe, LP)

2.1 IAMMAP(lonospheric Anomaly Monitoring by Magnetometer and

Plasma-Probe)2| 1}t 2= ST 2 AP

EEJo} EIAE A7+ A= A% dejdolA dojue 8% I & shu=, Hed &E9k=
ute] Fsto] 2 P vt EEJ= A Ak A HojA sk et A ] AR
2A, 34 719k Aefd EStznte] deskgo s ARt oY-F&(dawn-dusk) Ato]9l
A9l sf FAdEthFig. 1. ols F= @ AR B1t WS, A7 A1 Hlel
slof Aok, EEJS] et Wskes " &, AT A1, W7] AJH SOl T gEA, S
5] GPSeF 22 914 7IHte = She 54l AlAEe] 93 viE & ok

EIAE 2= dejdolA &} 9t 34 g4ste e, A deSe] 4 259
ofsf J/dethFig. 2). EFJeF "RVIAIZ W AIRE 59t @S, o] = Qlsf At Y Foiy
= F2 A= o £157 HHol AR A= Ao Ert=uprt st ol sshEA 34
S, A SEt2upt A7 A71ge] e ok A A HOoR ofEsiHA Tt
Al =L, ol A=l AR 2 220 837 9= 2T BAE TRVEAR 24
7|5t Al2Fe] Aol F87E Y= vIAY] wizell Rt w3t ol asitt

(@ (b)

B field *

Subsolar Point
S
s Neutral Wind — : EEJ + Orbit Trajectory
—— CE=UXB —  » :SqCurrent : Residual B Field

Fig. 1. Mechanism of equatorial electro—jet (EEJ) [2]. (a) Neutral wind — plasma interaction.
(b) The representative current system including EEJ and solar quite current in the dayside

ionosphere.
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Fountain effect

High density

E Region

Magnetic Equater

Fig. 2. Mechanism of equatorial ionization anomaly (EIA). The E x B drift in the ionosphere
causes a ‘fountain effect”, leading to the accumulation of electrons at latitudes approximately

115 ° from the magnetic equator.

EEJo} EIAE A= #Ado] & Ao® %Y, Ao MA; dee} Af x5 2
Jok= 8 2450t} o529 et BET BAS flste] HAF dwel A S8
= Q= ISFEAA AMMAPS 7idstoiTt.

IAMMAPLS =37 AlPIM(advanced impedance probe for ionospheric monitoring)}
AIMAG(adaptive in-phase magnetometer)& ©]F0]A 1o Al 79 AAE 71Xl Q)
t}. AlAE AIPIMY| o] '3 (Langmuir probe, LPI Yo A 3 (impedance probe,
IP) 71831 AIMAGS] Z¥AA0lE & A|(fluxgate magnetometer, FGM)7| 31t AIPIMS
Lpe} [PE ol-&ste] 95 SEet2ut W55 3510 EIAY] AI71E S45HA =W, AIMAGE
FGME ol&sle] A1S 18EEs W&5S Syt EFY AZIE S74sHA €.
TAMMAPE] ARJat 71432 22t Table 13} Fig. 33+ ZH2.

Table 1. Specification of the IAMMAP instrument for CAS500-3 [2]

Instrument Parameter Value
Number density 10*-106 cm™®
Langmuir probe Temperature 600-3,000 K
Resolution 20 ms
Number density 10106 cm™
Impedance probe Frequency 0.1-10 MHz
Resolution 1ms
B-field range 60,000 nT
Resolution 1TnT @10 Hz
Fluxgate magnetometer
Noise 300 pT/vHz @ 1 Hz
Temperature coefficient 0.1 %/C

IAMMAP, ionospheric anomaly monitoring by magnetometer and plasma—probe; CAS500-
3, Compact Advanced Satellite 500-3.
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IAMMAP | -
Flux Gate | [
| Magnetometar | | AIMAG Analog1 N
§ e e amae | IvPs i
2 Magnetometer2 | AIMAG Analog2 | Controller —
r P — y v
e S | AIMAG Analog3 :
L agnetometer3 | P — i B teiace B » OBC (5/C)
Board Time Mark
s - - | —’" - Bi-level CMD
....................... RN e
DC-Type LP
e L »| XTX/DHU
| ir Probe | LPEB
| L.
=
z
2 | Lock-in Applied | Probe |
1 = B
P Probe | iPEB =
| -

Fig. 3. Electronics configuration of IAMMAP for CAS500-3 [2]. IAMMAP, ionospheric anomaly
monitoring by magnetometer and plasma—probe; AIMAG, adaptive in—phase magnetometer;
AIPIM, advanced impedance probe for ionospheric monitoring: LVPS, low voltage power
supply: OBC, on—board computer; XTX, X-band transmitter; IDHU, image data handling unit;
CMD, command; TLM, telemetry; LPEB, LP electronics board; IPEB, IP electronics board; LP,
Langmuir probe; CAS500-3, Compact Advanced Satellite 500-3.

2.2 LP(Langmuir Probe)2| &4 U =3 {2

= E9tRr 30| &4 55 930l A7) DC AL 7l 912 o #ists)
Eznte] ARE S4cto] A EStRute] 2kt U, 181 94939 5= =
AUt IAMMAP LP&= KAIST QI5-9dddtaclA 7idst AAdiAE e 15(NEXT
generation small Satellite-1, NEXTSat-1)2] 2 &A1 1SSS(instrument for the study
of space storm)ollAl AREH LPY| 3l|2]E]X|(heritage)E ©l-&sFHIL[5], tElL FE O IPE
F7¥sto] o AEst Eetant S4S & 5 l=E AAE Il

AIPIMZ LA Bl o83l 71 28] ot A4 M-S 2asleles A7
=oj 3uek. B2 (bracket) AHFl= LP7F Zgt=o] glon, LP 7FgAtE e [P7h F-2&s of
Art. LP= A7 DC type) TAAE H:(disk-type probe)2& AF7F SEXA] ¢h= 7=
(guard ring)e] B ERT Y= FETh LPL}F IP9] AXIEQl LPEB(LP electronics
board)2} IPEB(P electronics board)(= 2+t LP box@} IP box©]| A|2x]o] Bl S0
FRPE, A} AR shte] FRER o]foA lthFig. 4).

LP+= Edt2ut AR7F FAEHA E2k2ute] ARp 2%(T, )9 A2t 9=(N, )& S735H
Hoh. Eetznt 27 WollA g3 3] A9k 7isHAl W =919 E2t2nt AM(plasma
potentia) 7] AR Qs Eet2nt AF7F S=A =t wHeF 23] HHO A7IRt 49
Aol =HH HRE0] FASHA =, Eh2nt AYEG AriFos I9 MR 2o}
(electron saturation)”} YAYsHA Ec} vit2 =22 AYS =etznf AYHETH Aoz
A s 7IskaEaAoR HAR7F AASHA Hed, o ke AR XA o Helectron
retarding region)o|2}al Tk, © o] 39| Hdo| HH A= © ol fU=EA g
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Fig. 4. Configuration of advanced impedance probe for ionospheric monitoring (AIPIM). AIPIM
is integrated into a single structure which contains the sensor components in the front part,

and the electronics in the rear part of the bracket.

o|27to] F{=]o] o] Z3Kion saturation)’} WAYSHA Ht. ofof what o] HofAF
B 29| A7 & AYL 2918 (sweeping) 22X [V FA@-V curverE IS &

Sl

2.3 LP(Langmuir Probe) ZXI5|2 A

ot

LP A2 G0 ERE fYEE ASE 55
HeSk= 3RS gtk LP AARB|Ro= ofd &1 4155 SFA7|= A4t 527 (operational
amplifier, Op Amp), $FH 455 HAd A5 HTA7|= ADC(analog-to-digital
converter), H¥HE TXE A5 A2J5k= MCU(micro-controller unit) 5] Z3=]o] QIct.

LPo] AREE= Op Ampe AIAE Bl S0 ofd=E1 455 A2jsk=t], E3A Qi1
A ZZ7|(trans-impedance amplifier)?} A5 SZ7](differential amplifie)® F43%/°]
AUt ERMA QEA SE7]= G932 B9l v A2 AR ASE AR A E HEsh=t|
ARGEH, B3o] A oA P AT vl vARE MR FEiE EAisk=t] 24 A2t
719l ofglRol 7] wizeloh. EfA AuEA FE7|= AMH E2nte] ARk MR
£ ADCol| A& 7Fs3et AYLE ¥iglsto], o|F TAoA A E AT 4= =S gt o]
IPoA 2 AWHEAE FASHAAE W2 &9 AWAAE AlFsto] 48 33 Eol=
o] S23F 9T Sk s FE= F 9 AT 11| ZolE FEste] ko] 2E AAsH
=0 ARgHh F 48 459 35H ko|2 RS AASHL £55t A5THS SESI)
0|5 &l AlSthi3H|(signal-to-noise ratio, SNR)E 7I4stal, Het Aot =g A5
o Sk

LPo]l 17} A A9 F 7HA] Ad F st AEisto] ARSRIt) sh+= 1) A4
7](waveform generator, WG4 AJAE A152, 2Ado]E(oscillator)?] Z2Hclock)S ©]
&5to] s BAsHA ek WGoll HIAIAYE g2 sk Jes] A7t E8Et=
o] YA AZEe] MRS AT 4 gle B S Q7] wiell, o AEdt Sekxe

H=of k7] of#2o] I 4 Utk TE sl MCUS DMAC(direct memory access

t1 ZEgsio] BA7153 glole 2
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controller)oll Al A/dH AZ =, HEed] 2 Holks Walo]7]| wiio] MCUQ| ikl
FAFs A For, AZmo] XS EtRut 0] 9| AT 5= Sl Aol Utk A
g9] A2 MUX(multiplexer)E ©]-83to] +&sIT.

3o 7Rt Mo A 459 'R0 ' S0l ERtRnt AR AlS= ADCE AA HAE
A58 JASET LP= ADC7F HlolA] A|Ql(daisy chain) FEiE & 4702 +d=0] Ut
ADC 5 F 7= A% &9 A5 2L, yMA T 7l E2t2nt AR7t Hekd A 4As
£ o9& 9T Sg3itt dojx] AQl FeiE +44€ ADCE st ADC7F 14 Yrete

£ Shte] ADCPF Al A5 4= 7] Wizell, 71+ (primary) ¥ |H](redundant) 44}
Mgog AMES o= Qloth

2.4 LP(Langmuir Probe) Xl& MM 2 &

IAMMAPS] AIME &34 22 ofg&E71 g2 ADColA HAE Fo& Wghe dxt=
(raw data)”} MCUE Hg¥o] 2% w7l Feja Hekdth ojn B4 Aas s5ste] 2
Ao 2% Agd & e Aeuo|AYE gt o] A% QlEHolA H E(interface
board, IB)7} $=35}A Hrt

LP At& A& Alofl= HE(command) ¥ YA telemetry) H& QIE|H|0] A9} 11
& A5 AS Ads AR B8 2 9ASHAE AE AdE 242 OBClon-board
computen2} 1553B &4l &3l FH(command)?} ¥&4F HH(telemetry)E 5T 5=
UEE gIth LPE o83t Egt2nt #5E Xsty| Sl 2R3t HHols AYd 4= 3,
T3t 719 sidslks Mol dEo] HdeA ERIE o s SHA = (reply)2t LPO] A5,
Ui 2% 5 A gH (state of health, SOHYE 41 4= Utk Ae] Ax D= EZ|(SOH
telemetry)i= LPRERE ofe} HE {404 162 F7]2 A/d=o] BE AA OBCE HEHr.

B2 d5d #=Aa3E Ad P (channel link)E 53 IDHU(image data handling unit)
2 Hgdct. o] I3} IF AFE SD(science data)tal ohH, EFHO=F Fig. 59} o]
IDHUZ A9H1, ohE FAA9 AwE 23t FolA X-tY $41& $Fdk= XTUKX-
band transmitter unit}g &3 Xd=o] AZHct.

1% Axm AS Adis HEE S-bandE &9l 5t S AR EFE ASSHA H=, o]
£ ST(science telemetry)gtal Sttt ST ojEst A2 XTUZ § ©oJAF X-band T3
(downlink)g &0l H&3HA] Foh= 495 f1et WY & P Eolch. JAMMAPS] ST+
Alxof whet ABd5717F SEfA=T, LPY] 7% STHOOIA] ST#47HA] & 5719] izlo] 2% ==
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3. &8t 21F BH(Engineering Qualification Model, EQM)
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after selecting channel (WG o DMA)
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15W LWPS g I @
Low Voltage |- "= Switchable 115% Analog A ;" '_’ad;h:;“c Ll ‘:;é’ :‘ 1 and 2,
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Power Supply Regulater 15Y Analag : g C-d
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> R 'Pl'ooe

(MCU On/off Control)
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Fig. 5. Block diagram of the LP electronic circuit. The MCU determines the channel of the voltage sweep, which is applied to

the probe to obtain plasma current. All signals are converted into digital signals via the ADC and sent to the MCU, where data

packets are generated. Finally, the packets are transmitted through the IB to the IDHU. MCU, micro—controller unit; ADC,

analog-to—digital converter; LPEB, Langmuir probe electronics board; MUX, multiplexer: LP, Langmuir probe.
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Fig. 6. Functional test of LP: (a) test setup, and (b) voltage sweep signal observed on the
oscilloscope. LP directly receives the power by replacing LVPS with a power supply. LP,

Langmuir probe; LVPS, low voltage power supply; LPEB, LP electronics board; JTAG, Joint

Test Action Group.
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Fig. 7. The results of linearity of output voltage: (a) waveform generator, and (b) direct

memory access controller.
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Fig. 8. The results of linearity of output frequency: (a) waveform generator, and (b) direct

memory access controller.
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Fig. 9. Plasma vacuum test of LP: (a) test setup, and (b) configuration of the plasma chamber
[7]. The AIPIM is placed inside the plasma chamber, connected to a PC, and the chamber is
evacuated to create a plasma vacuum environment using neutral nitrogen gas. The plasma
source consists of a plate anode, grid anode, and cathode filaments. AIPIM, advanced
impedance probe for ionospheric monitoring; SPOC, space plasma operation chamber; LP,

Langmuir probe; TMTC, telemetry and telecommand.

https://www.jstna.org | 309



DSHETHA IAMMAP LP 9| H|3l 3 i

310

https://doi.org/10.52912/jsta.4.4.300

Data Preprocessing |-V Curve

@ [T ; k) ¢

Voltage

Voltage [v]
Current [v]

-2 3Us Current % 0 )

0 25 50 75 100 125 150 175 200 -2 -1 [] 1 2 3 4 5
Data Length Probe Voltage [v]

Fig. 10. Data preprocessing of LP: (a) extracting voltage and current values from the LP data
received via the high-speed data transmission interface, and (b) plotting the |-V curve. The
extracted voltage and current values are mapped one-to—one to generate the plot. LP,

Langmuir probe.
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Fig. 11. |-V curve converted to a logarithm scale. Linear fitting in the electron saturation and

electron retardation region allows estimation of the plasma temperature and electron density.
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Fig. 12. Variation of plate current with grid voltage. As the grid voltage increases, the plate

current also increases accordingly. PV, plate voltage.
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Fig. 13. Variation of plasma temperature and density according to the grid voltage change.
Variation of the (a) temperature and (b) electron density of plasma with grid voltage. Red line

is 250V, blue line is 300 V, and green line is 350 V of the plate voltage. PV, plate voltage.
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Fig. 14. Results of linear fitting of the -V curve using data points randomly selected from
SD: (a) fitting result with the same number of data points as ST, and (b) fitting result with
half the data points of (a). The fitting in (b) is less accurate due to the reduced number of

data points. SD, science data; ST, science telemetry.
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Table 2. Operational scenarios (records) of LP EQM

DMAC DMAC WG Bias Output
Record
Channel  frequency amplitude frequency voltage voltage
" (H2) v (H2) v V)

0 DMAC 10 0.425 10 0.310 2713
1 DMAC 5 0.425 5 0.310 -2713
2 DMAC 2 0.425 2 0.310 -2713
3 DMAC 10 0.585 10 0.415 -3713
4 DMAC 5 0.585 5 0.415 -378
5 DMAC 2 0.585 2 0.415 -378
6 DMAC 10 0.745 10 0.520 -4710
7 DMAC 5 0.745 5 0.520 -4~10
8 DMAC 2 0.745 2 0.520 -4~10
9 WG 10 0.425 10 0.310 -2-6
10 WG 5 0.425 5 0.310 276
1M WG 2 0.425 2 0.310 276
12 DMAC 10 0.425 0 0.310 -2713
13 DMAC Editable Editable Editable Editable variable

LP, Langmuir probe; EQM, engineering qualification model; DMAC, direct memory access

controller; WG, waveform generator.
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In the era of New Space, satellites for performing on-orbit serving (O0S) missions are being developed,
and companies are emerging to provide services by developing space robot satellites, space robot arms,
and space robot rovers. Various missions for servicing in orbit include failure repair, refueling, towing,
component replacement, and space construction, and to perform this, robot satellites and space rovers
equipped with robot arm payloads must be developed. The development of space robot satellites that
perform on—orbit serving missions is carried out by various companies and institutions overseas, but there
are not many in Korea. In this paper, foreign companies that develop space robot satellites were introduced
and organized, and technologies developed and applied by foreign companies to develop space robot

satellites were described.
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GITAR= L29] 95 7 25 ARE]] 7|YPoR, fftl 97 /TS Rt ohea] =25
T gl o5 ZHE Tdeke 929 AREY 7Yl

2.1.2 712 HIE R MH|A
GITAICIA 7Rt A& ofEiet 2t

- Inchworn Robot

: A ZH(Inchworm Robot)} B "doftt=" 19| ol 42 AR8sto] ¢
F A7 2 AoIA ookt A4S s¥T & 12H, hand FEo] WA 7Hs5te]

ot =7 AR 5 A=(Fig. D).
: Zo] 2m, DOF7 +2, %¥& & 1= A& o|#HE|(grapple end effector), AloI(RH&/<

Z‘lﬂ -—l—o)-

N

- Lunar Rover
. GITAI Lunar Rover= & 2AF 9 olmz} JfikS 98] AAE Adk 28 A|AdHQ] &
B et AP BT 5 Y=E AR, Azte] AY glolE AeHo
2 2= 2 91(Fig. 2).

- S2 Robotic Arm System
: GITAI®] S2 23 A AL 24| 95 A AN International Space Station, 1SS) 95
ofl A Xﬁ@i Zsot, 29, FAES, AR AL 3L 4= dS(Fig. 3).
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Fig. 1. Inchworn Robot.

b\ Y
Fig. 3. S2 Robotic Arm System.

GITAIPIA s=3ske AB|Ae ofefieh Zot

- Space Station Support
| GITAR= A3E 25T AAFS of8sto] A FHAZHS) U AAZLEO)S] 4
8 2FAAA | VR(intervehicular robots) @ EVR(extravehicular robots) AJH|AS

xﬂ S}

.

o
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DTIEE e o]dE'7t Q= GITAIY] A 25 T2 " HA 1w 28, ¥HEA<1 70
g, ol% o2t W AglolAd E, AA 9 48], EVAGhuman extravehicular

=
activities) A/ 71 P4l A% A °Jﬂr &2 E 58 Zopl dieh WS 2Askd

- ISAM Service
: ISAM(in-space servicing, assembly, and manufacturing) 48],
Do AHIAE BEl g 5% 8 A, AAL £, AR, 85 287 AlA RE
A, 54 A4 T TR AHIAE ASE 5

- Lunar Exploration
D A 2 2 g 2R E8sto] 2 71 dES SRt /g 75, BR kE
20 A, @ WA A2, AYSARS/EY 5 D 2 4 s

2.2 Maxar Technologies[2]

221 A LA

Maxar Technologiesi= W= E22H 20| 2AE & &35 2 49 4} 719z, 914,
A g7t R A 2R gt 71eE sk AxAQl SAtelth Maxare 5= BAL e
W AEA B 95 FHARE Q1R Tt 2R 7Sk 910, NASAS HIESt of2] A+
LA 71 FEsto] o4 AR Ha, 29 2 F AQdS 9% 2R AAE AL 5 o
et 5 AFE Aot Sk

A= SUMOER= Q3940 ©AE FREND 252 A&t SSL(Space System Loral)
olgh= At & IJAte] AU

222 7Y HE ¥ MH[A
Maxar TechnologiesollA] =8ol= AH|AE oo} 2t}

- Mars rovers 2%
Z oA 7He] 33 =Y 2 AEA ERTE JFoIoH, o] 2R 3 EHOA
o] 'L A= AF, 4 AdE SoHFig. 4).

: Spirit, Opportunity, Curiosity, Phoenix, Insight, Perseverance 24 & M €Al 45

oA AFEE ERES NI

: Maxar= NASAZ} F3451= OSAM-1(On-Orbit Servicing, Assembly, and Manufacturing)
AT ZRAEL 91 ERAE HABu)Lt XL A5 Fig. 5).

: Maxar+= SPIDER(Space Infrastructure Dexterous Robot) 2542 7idsto] 2-520)A]
g 12ES 2HM= 71eS N Sl U2Fig. 6).
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Fig. 4. Mars rovers Robotic Arm.

Fig. 5. OSAM-1 (Restore-L) mission concept.

_— y..w—.n\-'-w-#*‘
S _

Fig. 6. SPIDER Robotic Arm.
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2.3 Motiv Space Systems|[3]

2.3.1 X A

Motiv Space Systemsi= 2014%0] AYE vl=r AE|EolF iAol BAE & 95
23 35 9 w4 Ao Aad A slalo|ct, NASASH JPLe] 8 wtEYR, Sk gl 2
oS 9ot =R 44 9 ARon o RREe sy mHlA ASe A B
= A= st

232 L HE 2 MHA
Motiv Space Systems®l|A] 7idgt AlFak =3 sl= AH| A= oo} At

- xLink Robotic Arm

EEY 3G 28g Aa"og tokst &3 QEo| {5k A8 & 9o
NASAS] OSAM-2(Orbit Servicing, Assembly, and Manufacturing-2) H]Ao]4 3D =
A B AR S wiA] k= A BN Fig. 7).

- ModuLink
P12l BES 9 S T 958 2R AlA"eR E] 9 uA|, F5, 5 2
(o]

A7 AA, Az, AJ] 9 dFE w2 = AU=(Fig. 8).

- Mars 2020 Perseverance Rover 25 &

: Motivoﬂ OJafiA] i=]9lom, NASAS] Mars 2020 Perseverance &H|o]] AFSH 58
25 2= oM 2O AE o 9 24 Ade 39 2.1 m Zol9] 5 A= 25
2, vﬁﬁi ot =5 ARl o, S| 3] S M e A o U=
= A= =(Fig. 9).

g\\
/
Q)

Fig. 7. xLinx Robotic Arm.
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Fig. 8. ModuLink Robotic Arm.

A
H
LAY B GO AEL Aot B Fa

2.4 Astroscale[4]

2.4.1 YA L

Astroscalei= 20138°] AHE A& ZAE & A=, 50149 A% s Ed
A gt A Wi AH|s ERFS AT A5 8 9F Al AR A4, AT
49l 28 = B 5 S| AA e} A2 ARAE AlSd A AAEcE o X
A fES S0l S SHAZIH, A AETES =ol7] fIt FAlZol1L & 7hsdt

al
E2HE A 5 ek

] (1

¢

242 712 HE R MH|A

AstroscaleollA] 7jst A3} =8sk= Av|AE oh23)t 2t
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- End-of-Life Services(EOL)

: EBLSA-d(End-of-Life Services by Astroscale-demonstration)= A4 %9] AL ¢
T sl AA 71e A AFE, A7) BA 7ES BESto] A= A5 AH|Ao
483 7eE 35T

: ELSA-MZ th5 SEo|IES U0 & 3t A|A A8|AR, o7 914
A Ast] AHIAE AFD 4= ={Fig. 10).

filo
et

Ao YR

- 5= o|E32 AA(active debris removal, ADR)
: ADRAS-J= 2 JAXAS} EFsto] H7|E A& 27 dAE AASH] st dFeld,
2025l AlRHE 4.

- 1 HA*Klife extension, LEX)
: Astroscale 1] =S} FEloto] A W A8 B 91 Jidstar glow, 9149

Se A AT AR BF AUIAE AT

- COSMIC(Cleaning Outer Space Mission through Innovative Capture)

PR 9F 2] 23 TES E8ote] 97 297 AAE SR 9 B8 AL A

=2 O v

H|AE A53KFig. 11).

Fig. 10. ELSA-M mission concept.

Fig. 11. COSMIC mission concept.
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2.5 MDA(MacDonald, Dettwiler and Associates)[5]

2.5.1 x| AN
MDAE 7iutto] EARE 1L Y= 5 71 KR, &5 2582 9 319 7|& 7idolA
AAER] A5 7190t} Canadarm 2R A2 E 7fdsto] 95 7 9 & AH|AE

Sagstgon], AwA Al 9 2448 914 ddols BRAES Sgseict

2.5.2 i HE W AMu[2
MDACIA 7t AFat} pefoke AH| A= ofefeh 2t

N Al AN

- Canadarml — 34 &2 Shuttle Remote Manipulator System(SRMS)°|H, 7Lt}
NASAY] S5GEA 2 T0HS 9ol 7S Hxo] 5 =T,

- Canadarm?2 — IR SFHAISS)ONA A== 17 m Zole] 2FE=, Canadarm19]
T&Aon, 2001 95H FA7HA] -8 5.

- Canadarm3 — Canadarm3+ HUcF-F=HCSA)2} MDA 352 & it 521 XAIh
= 2587 A2, Canadarm3+ Canadarml13t Canadarm29] &
& HdE oS R AT t 58S 25 A

- Dextre — "Special Purpose Dexterous Manipulator'2h= 0150 2% I&A glom,

o

2] ML Special Purpose Dexterous Manipulator(SPDM)Y.

*ARIA AT
- 95 22 9 Qlze} AH|A(Fig. 12)
: Canadarm 1 — NASA9] 95484 T2 728g 5] 19819 RH 2011A7HX] ARSH.
: Canadarm 2 — ISS9] A ES, 8] A3 & 954 =7 A 59 et 2AdE
: Canadarm 3 — NASA®] 24} Alo]EFo](Lunar Gateway) ZZAEQ] Asto 7 LA g
AoH, G ALE e 5 FANA ARE A8

: Dextre — Canadarm?0]] §-&}=]o] ojd] 22 ZA-& 4=34(Fig. 13).

Fig. 12. Canadarm 1 (left), 2 (middle), 3 (right).
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Fig. 13. Dextre Robotic Arm.

2.6 Northrop Grumman Spacelogistics[6]

2.6.1 X A

Northrop Grumman Spacelogisticss 94 4 A% 9 F AH|A £24S Al 5-dk=
Northrop Grumman®] ASIAlole}, 1ol 58 AP 7oA tleket AHIAE %
Yot olol AAS 22 7122 st ek

2.6.2 L HE L MHA
Northrop Grumman SpaceLogisticsOllA] 7]ESt AlE3} S=8fsl= AH]|AE offjel Ztt,

- Mission Extension Vehicle(MEV)

: MEV-1 — Intelsat 901 $1872] =7 &3l Y149 82 Aok A WA =22 A
HA A5 Aoz 3t 17 91449 A= Aol 9 A FAIE A8 AA1E
(Fig. 14).

* MEV-2 —1S-10-02 91/87+e] =& Bl 5Let 7162 AlgstH, 5 &<t 91441 &
29 Az 29 o4 94 BT Se Rkl BaA e o of
ool A8 5 e

- Mission Robotic Vehicle(MRV)

: MRVE 7]&9] MEV A4S 7Hto g 7fdteglon, o BEsh &5 AulA Zde
22X 914do] Y, S, Aui], &4 Tl A
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- Mission Extension Pods(MEPs)

| MEPE 43 9140] 2Rl 9149 A= Aols AUshs Aulg A Aula.
3%

MRV= of2feh 3t A o A+ 1249 9140 dAlste] 6de] #7F %< Al

(Fig. 16).

Fig. 14. Mission Extension Vehicle (MEV) mission concept.

Fig. 16. Mission Extension Pods (MEPs) mission concept.
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2.7 Altius Space Machines|7]

2.7.1 M A

Altius Space Machinest= 20109 A€ v]= F2EF HEID| EALE
23 33t 9 71& AEFEQolH, 201999 Voyager Space©l| Q15EQit Altiuse 95 &
o A= lﬂ AH|A R4S A, §5] Ak JHFet A 25 35t 554 =
s AA, 5 7171 HAUE, Az W 204 o™, 9144 Avls, Ak i 28 9 AlZ
e T A Altiuse TFIRE 94 AL e 7S, E9] =Ry A9 19
Z 1A (DogTag™) U A=A} J= AFA(electropermanent magnet, EPM) 7]§§ S5

o At
1‘5

e O{N

272 Y HE P MHA
Altius Space Machinesoll A 7H&3E A&7} Av| A= oo} At

- DogTag™
: DogTag™= Hzt A BPHE A Poke -8 1E 1 AAU(Fig. 17).

- Blectropermanent Magnets(EPMs)

A7) 97 AH oz, A4 A5 Bl A ke W S 9l A,
o] e JlE AT A AR S AU A0R, Aelo] WA ujyt 4
2 Ag3to] A4 AeiE WAY & S
O

P BEEO] JHE mAet 2 —‘?ﬁoﬂ Zg= o] Aot e - 7IV1E o=
2 o] e 757 5l AA, A e 3 A= B Ao +

iy 5} A o]0
Sl5tkal IS 5= QS

- Dual-mode EPM
s Altiuse @4 59 2t EPME 6] 98 =85t 908 Dual-mode EPME @A
2] = AT wet o2 3 7iete] SRS AAH I-ES T 4 s

- EPM based products
© Altiuss= EPM 7]&o] Z3He B2 AlES /i3l A= AHAY 34 ARRE 35
sP) 9ia) MBI AR AEE A% BT L.
- MagTag™
A QT AHEPM) 7168 A8Slo] 943 BES AT Adshe AR (Fig
18).

- Magnetic tool changer
© Altius®] vHIHY & ARIA= &9E AFHO|E A% 7FsSF EPM RH1Y[E HHAE AL
ot 2R Q= ojuly 3k HFig. 19).
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- Low-Inertia STEM Arm(LISA)
D LISA= 7P f90st 28ag A QFHATHISS)Y Assistive Free-Flyers(AFFs) =
N3t 2EF AL o] 2EELS V&9 BT Hot W Ak #YS VA, A
o] ojg}E YA =28 5 U= 58S AT - oI FEet 24 A

505k A~ olo
T 5 U=

Common Element

-
A
Ny
[
~ )
\a
\ 7 Mission
L. Customizable

Fig. 18. MagTag™

Female
Housing
Female
(Active Unit)
Mounted to
Robot Arm
Male
ounted to 100l
Housing
/ Payload Secondary Power
Primary Power Transfer Coil
Transfer Coil

Fig. 19. Magnetic tool changer.
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2.8 DARPA[8]

2.8.1 &H &AM

=28 15 A7 A& (Defense Advanced Research Projects Agency, DARPA)= v|= =+
W Abst Aqt7|3o|t

2.82 7iE HE R MH|IA
DARPACIIA 7ot AlE 5l Au]ie oot .

- FREND 2% A|AH]

: RSGS(Robotic Servicing of Geosynchronous Satellites) 45 %8S 95l FREND 2%
o AJAEHE AfESEH o, FREND 2322 OSAM-1/Restore-L @ RSGSOlA] ARg-2
AgZ 71131 = (Fig. 20).

- FREND 2522 OSAM-1/Restore-L ¥ RSGSOIA AH&-E AES 7HAAL 913

- O)AE Z(ASTRO) 914, YIAEAI(NEXTSar)
: Orbital Express ZE2AEZ Q5] 22I-S gAst T9] A4S 7IdsHFig. 21).

- Phoenix ZTZAE
C ARl S S, dE B, dado|Eske V&S et Atk AE =

N o
H= ok S

§ RN
Fig. 21. Capturing NEXTSat using ASTRO Robotic Arm (left), ASTRO (right).
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2.9 Q9K(Table 1)

A =45 2 | UER S UERNEIEN
AEIEY, Space Station
Inchworn Robot, Lunar
[=2x 2585 , Support, ISAM
GITAI U= Rover, S2 Robotic Arm i
g2l 2% ZH Service, Lunar
System . =
E, Exploration 43
st EAF 2H]
smox E22I(Spirit,
f=} . . S1Ad EE’."A 2
Maxar wopigypjgy,  OPPOTUNy, Curiosity, - Sd B =
_ oj= Phoenix, Insight, 2 OSAM-1
Technologies Y Y =2 .
- Perseverance), OSAM-1 | 4T 5 =¥
= oY ZE U 2R,
SPIDER 282%
Motiv S 2 22 4 xLink Robotic Arm, sk ©AF 24
otiv Space
Syst P o= IO AJAE Modulink, Persererance 2 OSAM-2
ystems M oA 2H 2EE RO AAY 9N 9 S 43
ELSA-d, ELSA-
st | ol HEA MH|A ELSA-d, ELSA-M, M, ADRAS-J,
stroscale =
= HB 7Y ADRAS-J, COSMIC COSMIC =2
=
F 22T Canadarm 1, 2, 3 1SS
MDA Mot o Sextre IHRFHAE
e 2| extre 010 a3 K2y
op A0f o1zt M.ISSIOH Extensllor.1 I\/IEDV—1;2
Northrop 5 O iH|A Vehicle(MEV), Mission UF
Grumman o= ’:\__';; I1|3'—_ Robotic Vehicle(MRV), (Intelsat & I1S-
Spacelogistics ETOT_H © Mission Extension 10-02 ¢id =24
= Pods(MEPs) 2 MHIA HID)
DogTag™,
Electropermanent
S — Magnets(EPMs), Dual-
Altius Space . 7’|‘A°ﬁ Mode EPM, EPM Based 1SS YT 434
. = ‘71z o
Machines AEFE] Products, MagTag™, INEE
Magnetic Tool Changer,
Low-Inertia STEM
Arm(LISA)
0z 2ure FREND =52%, ASTRP OSAM-1,
DARPA |2 o 9|4/NEXTSat /4, Restore-L,

s} o1 |2

Phoenix ZZ2HE

RSGS Y= 43

SPIDER, Space Infrastructure Dexterous Robot; ELSA, End-of-Life Services by Astroscale;
COSMIC, Cleaning Outer Space Mission through Innovative Capture; ISS, International
Space Station; OSAM-1, On-orbit Servicing, Assembly, and Manufacturing; OSAM-2,
Orbit Servicing, Assembly, and Manufacturing—2.
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3. 9% 22 9N M2 72
3.1 GITAI[1]

3.1.1 QXY 2RY AAH J|&

GITAIOlA ¥& Eo ‘I1#E AdE o]HE(Grapple end-effectors) S &gt QX
(Inchworm) 5% ‘IN1(Inchworm One)& 75ttt o] E2HT-2 APHHAH
Hzo} ol 5sto] 95 Fo|A AdE T o o, AFolv BH —4
AsHA| ol sshH Tt A& L & AUk AAY 2EEY] FEgi
o] F& ol YAFE 1HE AE o]HE(Grapple end-effectors)o]™ l% Bl 4
=7, GAA 22, HAF 9 Yo 22 bRt A A dFE 3T 4 Qo QIA
H 2T JAXAY] AT AHoA 2R 75/ 45 AlEE 54
], 7|& FH] $Z(technology readiness level, TRL) 6& B4t E3F =A| £ AA%
(IS9) <JFoll A2 #AS B3 TRL 72 EH=E 513 rhFig. 22).

%

0.
m
Ir do o i

r
filo

oﬁ
ofN h:l
o,
)
M r

b
Y,
oX
ol
ol
o
o
o

3.1.2 2IX|¥ 22T X2 =Y £HH(autonomous operations) 7|&
GITAI®] QA 25 AAHEZ &2 79 A4S 7ML Qi IZH] 7iY) Qlolke o
I AYS Y S om, At ol Bl 27 22 glo] AU+ 5
ULt A 22 AAEHRE I AlAE A Aojw]o] Bt 2 3 5
A ¢l B FX(Human-in-the-loop) A|AEE E-85t0] 2JA7T 2% 9

o 3 7&2 GITAIS] AZE OIS 7[Rtz 51 Qlek(Fig. 23)

_. FU[O
4
o
ok
-l>
9]
o
H

3.1.3 QXY 22T DESmodularity) 7|&
GITAI®] 25E2 g4 AAE 33l vzt =419t Ado] 4A 482 4= Ut X4
E3(Inchworm Robot)2 & £ "T13HE A= o]HE(grapple end-effectors)' S &5}

Fig. 22. GITAI Inchworm Robor Arm IN1.
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Verification
Joint Angle Sensor
Contact sensor
Camera View

Motion Planning
Joint Angle Limit Avoidance
Self Collision Avoidance
Trajectory Caching

Perception
Robust Fiducial Marker Detection

3.1.4 &4 Mg s8(environmental adaptability) 243 7|=
GITAI?] & AA”R S3k9] 5 $7gof 28T
AL HIAES ZRE TR 3 HIAES 59

8 TRL 60l sidshe 252 715/9%5 Ald A5 T35t

3.1.5 &3 Z&(collaborative robotics) 7|&
GITAI: B3 23 B3 A= 382 £ ek 2sh Auld ofe] the] 2ol
F2sto] 54l QHEIY A, glolo] WA, 9 E71, 25 Hid &5, 89 fd ¥ 59

491e WS AR ABH0R nr

3.1.6 2IX|3 22T key technologies
GITAI?] QIR 2RFo| H8== thE 7|&52 Fig 249 o] Actuator, Tool Changer,
Redundant OBC, Motor Controller 5-°] 9loH, QIx|¢ ZF o] tjofely B3t

—/ g L
35t &= QA SkFig. 24).

o=
uaT=

Redundant OBC Motor Controller

L),
Tool changer

Actuator

GITAl's key technologies

Fig. 24. GITAI Robotic Arm'’s key technologies.
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3.2 Maxar Technologies[2]

3.2.1 X2 M| AJ]AHI(autonomous control systems) 7|=
Maxar®] Spider 23 AIAERE A2 A0 7152 251 ol, S04 Heshal as
Hog AYe +4% 4 ct.

3.2.2 J5HAE MM 2 HIE AJAHI(high-resolution sensors and vision systems) 7|&
Maxar®] Spider 25 1AL AlA 9 H|AH AAH 7|&2 BERHE Aol AlEsial
A4 YT 5 Y= AU
3.2.3 23 7 u# A|AB(modular tool exchange systems) 7|&
Maxar®] Spider 258 HEF T 18 AL 7|&2 TR =75 44 wAsto] o
& 7HA] A d= 7 "?uf 5= SIA RHeHFig. 25).

3.3 Motiv Space Systems|[3]

3.3.1 xLink 22% X& J|=
Motive] xLink 232 Zo] 9 Afo] ik o] 7Ksstnl, ARgAe] 7wl T
A8 4 e,

3.3.2 ModuLink B8 E3 wgt A|AB(modular tool exchange systems) 7|&
Motive] ModuLink 2349 REY T w3k A|AE 7|&S ot =72 44 w45t
o ofeh 714 4 S5 2 9 Bk

3.3.3 #st FHH2t MM )=
Mot1v-4 ModuLink 2222 335} 712}, LIDAR ¥ A 72t 4L 7HA] 1 9lo]
Z AA 7152 =GA5kT QIckFig. 26).

Fig. 25. MAXAR Spider Robotic Arm’s operation test simulation.
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Fig. 26. Motive Space System’s Robotic arms (left: xlink, right: modulink).

3.4 Astroscale[4]

3.4.1 OIO4E #A 7=

Astroscale QA4+ ELSA-d(End-of-Life Services by Astroscale-demonstration) g5
oflA 2 mtIvE A s LS A1EE olgste] Zhel AlA H A= AH|A
YL 5 A= 71EolthFig. 27).

3.4.2 THE 7|8t HE A|AH
Astroscale AFOIAE TioFst Two] HodA] AE3E & QEE S /]SS f 7)ut
A& AAEE sk

3.5 Altius Space Machines|7]

3.5.1 DogTags™ 7|&
oheket 23] WS A Yok B8 IHE TA4E, 949 £ I 2 A W AfH| A0

Fig. 27. Astroscale magnetic capture tech.
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ARGEITE o] AAES 7AA :8, A4 mE, AR A2 A7) 3] 9, ShE 8 52
It A& AR OneWebe] $140] SAfElo] Aw ) Aul2 219e st ol

3.5.2 EPM(electropermanent magnets) 7|&

Altius Space Machines®] &3] 7|&€2, 7|& 7|4 Ex= A7] EHo|A0] v|5)] B2 o]
<= AS3H EPM2 &8 & AHOIE gt 7hsd A 0%, F2lol= F50] flon FAet
o] & g ¥ o U

3.5.3 Dual-mode EPM 7|&

Altiuse @4 7¥ & EPMS 7idsks Solth. EPMoll= A8 ZE(LRM)2F "&A
HE'(SRM7F AUt LRMZ 5 cm AZollAl oJn] = #& 71skaL, 10-20 cmollA] 22te] 3
< 7kl HE Al "B BAP|o] SRS 198S 71 4 itk SRM2 ¥ 4
200 kPAZHA] ettt

3.5.4 MagTags™ 7|&

A2 G AA(EPM) 714 ARgSte] Q18T BEE AXSH dZsk= A4l o]
AARE A 9 Holy ASZ A ¥ohH, FEst A A2 AlSdTh SolA ot
HES Adste] 8, §A4 Af, 2E Jadole 55 A ¥tk
3.5.5 Magnetic tool changer 7|&

Altius®] PFIHE & ARIA= &8E AH]O|E gk 7hs?t EPM RH1HE #HXE AR
st 25 Qlt ogE S gtk

0l

3.6 29%(Table 2)

g

Table 2. 25 2% ?1d HE 7= QY

A HE Jls

CIXIE 2RE AAH- Vg, AXE 2X2E XE &Y
Z=3H(autonomous opera’uons) |&, OIX|Y 2ot
GITAI 2E3Hmodularity) 7|&, 8 Mg %é*(environmental
adaptability) 4% 7|%, &2 25 (collaborative robotics) 71&,
QIX|E 22T key technologies

X2 Ho A|AE(autonomous control systems) 7|&, Do T

MIA 2 HIE AJAE(high-resolution sensors and vision
systems) 7|&, BES T wEt A|AH
(modular tool exchange systems) 7|&

xLink 22% X8 7|=, moduLink 258 &7 Wt

Maxar Technologies

Motiv Space Systems AAE(modular tool exchange systems) 712,
ot 7t MM 7=
Astroscale OFOHE AH 718, HE 7|8t HE AAH

, _ DogTags™ 7|2, EPM(electropermanent magnets) 7|2, Dual-
Altius Space Machines N N . ~
Mode EPM 7|, MagTags™ 7|&, magnetic tool changer 7|=
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Occurrence Tendency Analysis of Sporadic E-Layer in Korea

Kyu-Cheol Choi", Dae-Kyu Shin, Seung-Jun Oh, Yong-Ha Kim

SELab, Seoul 06049, Korea

29

Am2HE EX(sporadic E layer, EsZ)2 M| ES0IM LA5t= YAHO0| L S X! TAEE 7 3
A0 1% 90-120 kmOjlA LIEFHATE. Ol= HF(high-frequency) & VHF(very-high frequency) TS
o] 24 IS0 S O|Xl= 240|C 2 A0z EsSo| U, 2 Ul BIEE FAGH EY
& EE, XA nE Se| AHHAE HTSIACt 2A 2t EsT QA FI(critical frequency of
Es, fobs)= GIEE HR 220IM 71 =7 LMGIAURD, EsE 7+ =O0|(virtual height of Es, WEs)=
2 BAOIN ZICHEES E0|10 O|F HRK| LA F, 16A[0l| CHA| B715k= dge EACL ARE=R
= 420 7Y 2 LHES B, SEMK| U4 7 TA| S7I6IRAL. O 0|20 2EE
EsZ2 12A12F 20A] AO[0f] == LAUSHH, 620 7H &2 UHE0| LIEHGITE HiF 0[QUZH|0fA 2
ZE EsZ2 11A01] 0| LG, FA| 620l LHS0| =Lt B FA7(0] LME0| B ST =0t
=0 B4 2= EsB9| W ol 23 JHo] 2 X MEE floll, ALZE oI-0|C

Abstract

Sporadic E (Es) Layer refers a thin layer of enhanced electron density in the ionospheric E region, where
the electron density can be 2 to 3 times higher than the surrounding areas, reaching up to 10> m. The Es
layer typically has a thickness of about 1-2 km and extends horizontally over i tens to hundreds of
kilometers. It is a significant factor influencing radio wave propagation in the high—frequency (HF) and very—
high frequency (VHF) bands. The daily and monthly occurrence frequencies were analyzed, and correlation
analysis was performed with solar activity and geomagnetic disturbances. The critical frequency of Es (foEs)
values were highest near noon in the summer, while h'Es peaked at 06:00, decreased until noon, and then
increased again around 16:00. Seasonally, the highest virtual height of Es (0 Es) values where observed in
April, followed by a decrease until August, after which they began to rise again. At Icheon station, the
occurrence of Es layer was more frequent at 12:00 and 20:00, with the highest seasonal frequency
observed in June. In contrast, the Jeju station showed a peak occurrence around 11:00, and also recorded
the highest seasonal frequency in June. The incidence of Es layer was generally higher during solar
minimum compared to solar maximum. This results will be used to develop a machine learing model for

predicting for occurrence of Es layer.

Aol ¢ M, 71, A% ES, 71AEE, olkE, Tk 54l
Keywords : ionosphere, space weather, sporadic E-layer, machine learning, ionosonde,
high-frequency (HF)
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Fig. 1. Monthly availability of Icheon and Jeju ionosonde measurements.
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3. Es3 24 ZsY 24

3.1 &Y, X|9A|H foEs(Critical Frequency of Es) 21

Fig. 32 A&} Aol w2 i foEse] Bishs UEbdth Fig. 39] 9 199 € 71182
0, AA] 2482 1Azl 7hed] 182 APGAE Bt foEse] W3t Kol 3
Tt foEsi= 114] F2ollA] Hthghs yehd & 3} Zrasirt 278 Follx] ezt 7ok
A% H]Ir}. ol I3 ¥ Wt foEs] Hiske YR, 6¥ol| Bt foEs7t izt
7185131 12971A] A 02 IR A HRlh

Fig. 4= ©]d ole-ZdojlA #=4 foEs WSS UeRfH, Fig 37} 5USt F4]o|tt. o]
Ao} Aip= AT o] ue2H|9F FARRE H3RE Hol ARt MO R Wt foEs7t AlFRETh
St AlF= Bt foEs Hdigto] AHAILE AE HE 782 4.7 MHz9} 5.2 MHz1H] BHH,
o] HolA = foEs FHigko] ZF2} 4.0 MHz, 4.1 MHzo[th.

3.2 &Y, X|9A|H W Es(Virtual Height of Es) 21

Fig. 5= A5 #5409 €9, AJAE B+ h'Ese] Wals Yehdt. foEs ok A5t
o) &4 BT 124] FZoA fobs7t HH7E Bl EF7] HokE Eelh. 28y h'Ese
3% LE(sunrise) A1 o1Fof F71817] AlEsto] oA HHigkE 715-t & F 74 |
A Aasi7t 16417 F HA Highe Hole W+ (semi-diurnal) WSS EeIH. o]%

https://www.jstna.org | 343



I FRIH AR EE Y

0%
Hr
1z

foEs|[MHz]
2 3 5

4 6 7

0 6 12 18
Local Time [hour, KST]

Month
W D

— 5 ]

=

Z 4

- 3 ;.

0 6 12 I8
Local Time [ Hour, KST ]

—_— 5 1

N

T

Z 4

- 3_

3 6 9 12
Month
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Fig. 4. Same as in Fig. 3 except for Icheon station. foEs, critical frequency of Es; KST, Korean
Standard Time.
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Fig. 5. Average h’Es as functions of season and local time at Jeju station (top) Average h'Es
variations with local time (middle) and month (bottom). h’Es, virtual height of Es; KST, Korean

Standard Time.
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critical frequency of Es; KST, Korean Standard Time.
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Table 1. Geographical and geomagnetic coordinates of ionosonde observatory around the

Korean Peninsula

Geographic Geomagnetic
Geographic Geomagnetic longitude
Satation longitude latitude
latitude (°N) (IGRF-13(2022), °E)
(°BE) (IGRF-13(2022), °N)

Wakkanai 45.16 141.75 37.27 210.08
Beijing 40.30 116.20 31.17 187.89
Icheon 37.14 127.54 28.32 198.24

Kokubunji 35.71 139.49 26.67 209.23

Jeju 33.43 126.30 24.55 197.36
Yamagawa 31.20 130.62 22.55 201.49
Wuhan 30.50 114.40 21.22 186.53
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Make Earth Common & Scalable

Earth Service
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— e 7= 1.0m x 1.0(GRD)~100m x 100m(GRD)
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Solar Panel S Micro Electronics

Attitude.

Sen Sensor / Reaction wheel / GPS Receiver /
Antenna / Magnetometer / Magnetoquer Rods
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SICARMEL

TECHNOLOGIES, INC.

EMPOWERING OUR FUTURE

Karmel Technologies USA
21515 Hawthorne Blvd., Suite 710
Torrance, CA 90503, United States

E info@karmeltech.com
P +1(424) 300 9740
F +1(424) 300 9741

Karmel Technologies Korea

A7 MUbA| Bob Tt 222842 15

o M| SIS 21 X 35 403= ($£13487)
E sales@karmeltech.com

P +82(31) 778 6171

F +82(31) 778 6172

www.karmel.space
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RATION

Platform specification

Dimensions: 440 x 440 x 330 mm?3
Mass: ~50 kg (Charged)
Payload mass: <7kg

Thruster: lon hall

BUS voltage: 18.0~324V

Life time: ~3years

TT&C: UHF / S-band
Downlink: X-band

Orientation: Sun, intertial

20BdS OB MMM

With the increasing interest in exploring the Solar System and beyond, there is a growing need for innovative and adaptable
platforms that can support a wide range of exploration missions. In response to this demand, we present an ultra-compact
universal platform designed for Solar System and deep space exploration missions. Based on such investigation and future
planning KAIROSPACE Co., Ltd., decided to start a Deep Space invention Project (DSP) and the first stage is a development
of Space Trajectory Demonstrator satellite (STD). This platform offers a versatile and modular architecture that can accom-
modate various payloads and mission requirements, making it suitable for a diverse array of exploration objectives.

K A ’ R go s P A C E We are a space solution provider based in the Republic of Korea, specializing in small
_.,_-:;U‘ and ultra-small satellite systems.
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SUSTAINABLE ACCESS
TO EARTH ORBIT AND BEYOND
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