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Abstract

Korea Astronomy and Space science Institute (KASI) partnered with the Australian National University
(ANU) to develop the adaptive optics (AO) system at the Geochang observatory with a 100 cm optical
telescope for multiple applications, including space geodesy, space situational awareness and Korean
space missions. The AO system is designed to get high resolution images of space objects with lower
magnitude than 10 by using themselves as a natural guide star, and achieve a Strehl ratio larger than 20%
in the environment of good seeing with a fried parameter of 12-15 cm. It will provide the imaging of space
objects up to 1,000 km as well as its information including size, shape and orientation to improve its orbit
prediction precision for collision avoidance between active satellites and space debris. In this paper, we
address not only the design of AO system, but also analyze the images of stellar objects. It is also
demonstrated that the AO System is achievable to a near diffraction limited full width at half maximum

(FWHM) by analyzing stellar images.

Keywords: adaptive optics, atmospheric turbulence, natural guide star, space situational

awareness

1. INTRODUCTION

Space debris has been a potential threat to space missions and human space activities
because its collision probability is increasing due to the exponential growth of space
debris population. The spatial density of orbiting objects is so sufficiently high that a
collision would cause a collisional cascading problem known as Kessler Syndrome [1]
unless any action is taken to decrease the amount of space debris, such as anti-collision
maneuver and space debris removal.

The two line elements (TLE) catalogue of space debris is generated and maintained by
the US Air Force using radar and passive optical tracking data for various orbit
propagation tasks. But it is often found that the TLE catalogue does not provide the
required orbit accuracy for the space debris collision warnings, for example, the collision
between the Iridium 33 satellite and the defunct Cosmos 2,251 on February 10, 2009.
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Improving the orbital prediction accuracy is necessary to prevent collision against space
debris, or to avoid unnecessary anti-collision maneuvers of operational spacecrafts.

The accurate orbital prediction is achievable using the combination of optical and
laser tracking data obtained even from a single station through the estimation of ballistic
coefficients [2-5]. In contrast to the satellite laser ranging (SLR) of cooperative targets
with laser retro-reflector array (LRA), the laser ranging of space debris requires higher
laser power because of low reflectivity of uncooperative target without LRA. The ranging
precision is in range of 30 cm to 230 cm [6-8], resulting from space debris size and large
laser pulse width of nanoseconds. Even though the debris laser ranging provides accurate
measurements with one or two orders of magnitude better than the radar and passive
optical tracking system, the dynamic model should take into account the debris
characteristics such as size, shape and orientation information in order to improve the
orbital prediction precision. The debris characteristics will influence the accurate orbital
prediction as non-gravitational perturbations such as atmospheric drag and solar
radiation pressure are heavily influenced by them [9]. They are available from high
resolution images by ground-based optical telescope. But the image is highly distorted
by atmospheric turbulence to such an extent that the image may not be often
recognizable.

Adaptive optics (AO) is a technology to improve the image quality by compensating
the global tilt and the local phase fluctuations for the incoming wavefronts distorted by
atmospheric turbulence. It provides the high resolution image of space objects including
active satellites and space debris, close to the diffraction limit of an optical telescope.
Currently, AO technologies have been increasingly used for space situational awareness
(SSA), particularly in the field of the space object imaging and identification, space debris
laser tracking (DLT) and space debris removal [10-15].

Korea Astronomy and Space science Institute (KASI) established the space optical and
laser tracking (SOLT) system at Geochang observatory for space geodesy, SSA and
Korean space missions [16]. Fig. 1 shows the external view of Geochang observatory
located at 950 m above the sea level. The SOLT system consists of three systems sharing
an optical telescope with 100 cm clear aperture: SLR, AO, and DLT. The AO system is
designed to be capable of imaging the space objects brighter than 10 magnitude using
space objects as a natural guide star. It will provide space object information such as size,
shape and orientation which are available from the characterization and identification
process based on the AO high resolution imagery. To develop the AO system KASI
specified the site characteristics, design performance, and some critical parameters. The
Australian National University (ANU) designed, build, and installed the AO system
including initial operations to successfully demonstrate its capabilities. In this paper, we
present the design and development of AO system which was implemented at the

Geochang observatory. In addition, it is demonstrated that the AO system provides the
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Fig. 1. Drone photo of Geochang observatory located at Gamak mountain.

good stellar images with a near diffraction limit and shows good performance in terms

of the full width at half maximum (FWHM).

2. DESIGN OF ADAPTIVE OPTICS SYSTEM

Light propagation through the atmosphere is inevitably aberrated by atmospheric
turbulence which degrades image quality obtained with a ground-based optical
telescope. The AO measures the distorted wavefront using a wavefront sensor (WFS), and
then compensates the atmospheric turbulence in real time by controlling an active
optical element such as a tip-tilt mirror and deformable mirror (DM) in order to provide
the high quality image of space objects. As shown in Fig. 2 illustrating the AO operational
principle, the AO system consists of a WFS, a DM, a control system and an imaging
camera. A dichroic beamsplitter is used to split the incoming beam into two beams,
depending on the wavelength and then transmit the beam to the WFS and the imaging
camera, so that wavefronts are measured at the same time when images are taken.

The AO design is seriously determined by the telescope size and atmospheric
conditions at the site. So the AO system of the Geochang station is designed to image
the space objects brighter than 10 magnitude up to 1,000 km using the 100 cm telescope,
and achieve a Strehl ratio larger than 20% in the environment of good seeing with
coherence length (or Fried parameter) of 12 to 15 cm and wind speed of 8 to 10 m/s.
The AO system is also designed to use the sunlight of the visible wavelength range
reflected from space objects as the natural guide star light for the wavefront

measurement, and the infrared wavelength range for imaging.
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Fig. 2. Operational principle of adaptive optics (AO) system.

2.1 Optical Design

Light from the optical telescope is directed to one of three systems (i.e., SLR, AO, and
DLT systems) by switching a Coudé mirror inside the telescope pedestal. The SLR, AO,
and DLT systems are installed on an optical bench in a temperature and humidity
controlled Coudé room, respectively. Seven Coudé mirrors including the primary and
secondary mirrors are coated against a high power laser for DLT operation. The optical
telescope is designed using a parabolic primary mirror with 100 cm clear aperture and
focal ratio of /1.5, and a parabolic secondary mirror with 25 cm clear aperture. It
provides a diffraction limit of 0.18 arcseconds at 850 nm wavelength which will be able
to resolve features 85 cm in size for space objects at the distance range of 1,000 km.

Fig. 3 shows the optical schematic of AO system. The collimated beam with 250 mm
diameter via Coudé path is reduced into 12.5 mm by an on-axis beam expander with a
£/5.3 parabolic mirror and a collimating lens, and then reflected off the DM to the
dichroic beamsplitter. The light is split by the beamsplitter, making the light of
wavelengths from 450-800 nm pass to the WES, and the light of wavelengths from 800
1,000 nm reflected to the imaging camera. The WFS has also a beam expander which
converts the beam from 12.5 mm to 2.5 mm, which consists of three lenses, the first two
forming a compound lens to adjust the precise size of the beam. The pupil is also relayed,
making the DM conjugate to the lenslet array, which also corresponds to the telescope

pupil. A calibration source is also inserted onto the AO optical bench to calibrate the AO
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Fig. 3. Optical design of adaptive optics (AO) system.

system setup and to optimize the performance between the DM and the WFS, which is

applicable by a mechanical flip mirror.

2.2 System Instrumentation

The AO system uses a Shack-Hartman WFS consisting of a lenslet array with 8 x 8
subapertures and a OCAM2K camera available from First Light Imaging which uses an
electron-multiplying charged-coupled device (EMCCD) sensor. The lenslet array has a
pitch of 300 #m and a radius of curvature of 9.5 mm which achieves a pixel scale of 0.6
arcseconds per pixel. The OCAM2K camera has 240 x 240 pixels and can be operated
up to 2,067 frame per second (fps) with sub-electron readout noise (€ 0.3 e— at 2,000 fps
and 600 multiplication gain). It also offers an extremely low latency allowing high speed
operation: 43 us between exposure and first pixel availability. The OCAM2K camera is
cooled to 45T with liquid cooling and a thermoelectric cooler in order to prevent
sensor damage by over illumination, and also has firmware protections to minimize the
risk of over illumination.

The DM is an ALPAO DM97-15 which has 97 actuators, maximum pupil diameter of
13.5 mm, a large stoke of actuators in range of up to 30 um for tip-tilt, and large
bandwidth up to 2 kHz with 45 degrees of phase lag. The large stoke and bandwidth
allows the AO system to compensate atmospheric turbulence without a fast steering or
tip~tilt mirror for high-order aberration correction. The actuators are arranged in a 11
x 11 grid with a spacing of 1.5 mm. With a clear aperture of 13.5 mm, only 9 x 9
actuators are in the visible area, whereas the outer ring of actuators are extrapolated for

stability of the mirror edge.
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The imaging camera is fed with corrected wavefronts in real time, which includes the
camera optics and imaging detector. The Raptor Falcon EM285-CL of imaging camera
has a EMCCD sensor with 1,004 x 1,002 pixels, 64 mm? of active area, and can be
operated up to 30 Hz (Table 1). The image derotation is done by post-processing
software combined with lucky imaging and imaging data so that a mechanical derotation

device is not necessary. Fig. 4 shows the AO system established at Geochang observatory.

2.3 Close Loop Wavefront Correction

The AO closed loop control system hosted on an real-time computer (RTC) ties
together the WES, DM, imaging camera, and telescope offsets to maintain satellite
tracking and perform AO correction (Fig. 5). A custom software server controls all

electronic components of the AO system including LED calibration source with variable

Table 1. Specifications of adaptive optics (AO) system

Instruments Parameter Value
Camera model OCAM2K
Number of subapertures 8x8
Wavelength range 450-800 nm
WEFS
Sampling frequency < 2,067 Hz
Read—-out noise 0.3 e-
Slope computation Center of gravity
Model DM97-15
Number of actuators 97
DM
Wavefront tip/tilt stroke (PtV) 40-60 um
Bandwidth < 2kHz
Model Falcon EM285-CL
Wavelength range 800-1,000 nm
Imaging camera Number of pixels 1,004 x 1,002

Pixel size 8 um x 8 um
Frame rate 30 Hz
Gain User selectable
Control Mode Zonal
Correction rate < 2kHz

WFS, wavefront sensor; DM, deformable mirror.



J. Space Technol. Appl. 4(3), 185-198 (2024)

Light from Telescope

Fig. 4. Adaptive optics (AO) system established at Geochang observatory. DM, deformable

mirror; WFS, wavefront sensor.
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Fig. 5. Graphical user interface (GUI) of real-time computer (RCT) when the loop is closed

and the wavefront is well corrected.

brightness, flip mirror to switch between calibration and sky, imaging and WFS cameras,
DM, and telescope control.
Safety interlocks for several systems are controlled by the RTC to assist the controller

in avoiding damage to AO system components. Safety is critical for the continued
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operation of the DM, and WFS and imaging cameras. The DM has limits on the inter-
actuator stroke which must be considered in the control loop as it is an additive process,
with each step incrementing on the last. Constraints are required therefore to make sure
that the representation of the DM shape in the RTC for computation of the next frame
is sufficiently close to the actual DM shape, as there is no electrical feedback from the
DM control electronics.

Both cameras are EMCCD, which uses a high-voltage gain amplifier to increase the
signal without adding additional readout noise to the camera. If over-exposed, these
gain regions can be damaged by the high current throughput, and so over-illumination
can be dangerous. To assist the operator in recognizing these dangers and possible
situations where damage may occur, the RTC has interlocks on the control loop gain,
and EM gain of the cameras. If a dangerous situation should occur such as loss of light
from subapertures due to sudden misalignment or something blocking the beam, the
control loop will be suspended. If either of the cameras should receive too much light,
their gain will be set to 1 to minimize the danger. These interlocks are reported in the
log and must be manually reset using the graphical user interface (GUI) to continue
operation. During normal operation they are typically not triggered.

Data from the WFS is decoded and split into subapertures, and calibrated for camera
bias and sky background. A centre of gravity computation is done on each subaperture
to determine the slope. A software-based windowing mechanism allows the system to
increase its performance when the seeing is good: the controller can select to narrow
down the subapertures, reducing the number of pixels in each subaperture. This reduces
the background noise otherwise present when using a centre of gravity calculation. This
parameter is user-selectable in real-time, allowing the controller to optimize the AO
system performance based on current atmospheric conditions.

DM commands are computed from an interaction matrix using the computed slopes.
Commands are sent to the DM on a zonal basis, where each actuator is commanded
individually. The closed loop control system uses a leaky integrator with user selectable
gain and leak values, and includes spatial filtering to prevent the DM from entering
modes which are not measureable by the WFS. Tip-tilt modes are filtered on a temporal
basis and fed to the telescope control system to maintain pointing towards the
observation target.

The AO system design includes a remote controllable flip mirror and variable intensity
LED source to provide hands-off calibration of the system (that is: no-one needs to enter
the laboratory and physically touch anything to perform the calibration). These
calibration runs can be used to track alignment changes over time, aid in aligning the

system, and provide up-to-date interaction matrix for optimize the system performance.
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3. RESULTS AND PERFORMANCE ANALYSIS

The performance of AO system implemented at the Geochang observatory with a 100
cm optical telescope is analyzed using two stellar sources, faint and bright stars. The
astronomical seeing of general sky conditions at the Geochang observatory is in the
range of 2 to 3 arcseconds, which is dependent on the degree of atmospheric turbulence.

The AO system was tested for the faint and bright stars with the visible magnitude of
9.4 (V band) and 1.25 (V band), in order to analyze the AO performance depending on
the brightness of a natural guide star. Figs. 6 and 7 show the stacked images of the faint
and bright stars, without the AO correction and with the AO correction, respectively.
The images are obtained using the lucky imaging algorithm in which the image rotation
motion can be also removed. It is shown from Fig. 6 and 7 that the AO correction makes
the stellar light to be concentrated in very small number of pixels, compared with stellar
images without the AO correction. The diffraction ring is shown in the right images

obtained by the AO correction and the lucky imaging algorithm.

Fig. 6. Stacked image of the stellar object with visible magnitude of 9.4, (a) for without the

adaptive optics (AO) correction and (b) with the AO correction.

Fig. 7. Stacked images of the stellar object with visible magnitude of 1.25, (a) without the

adaptive optics (AO) correction and (b) with the AO correction.
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Fig. 8 shows the image profiles with FWHM of a stacked image with the AO correction
for the faint and bright stars. The x-axis means the number of pixels and the y-axis is
the intensity which also depends on the camera gain. For the faint star, FWHM of the
stellar profile is 2.2 arcseconds without the AO correction, whereas FWHM is 0.45 with
the AO correction. In the case of the bright star, FWHMs of the stellar profile are 1.9
arcseconds without the AO correction and 0.38 arcseconds with the AO correction,
respectively. It was demonstrated from the stellar observations that the AO system at
Geochang observatory could mitigate effectively the atmospheric turbulence and result
in the good stellar images, by approximately 5 times improvement in terms of FWHM of
the stellar image profile.

It is necessary to analyze the AO performance in terms of a single image enhancement,
instead of a stacked image. Fig. 9 shows the image profiles with the largest and smallest
FWHM of single images with the AO correction for the bright star, which are used in the
stacked image shown in Fig. 7(b). In the case of the faint star, it was impossible to obtain
FWHM value from a single image due to the weak stellar light. The single images with
the AQO correction have FWHMs in range of 0.28 arcseconds to 0.40 arcseconds, in which
most FWHMs are smaller than the stacked image. In general, FWHM of a stacked image
is larger than a single image because many images are accumulated in a single stacked

image.

4. CONCLUSION

KASI in partnership with ANU developed the AO system which is capable of imaging
the space objects up to the altitude of 1,000 km by using themselves as a natural guide

Fig. 8. Full width at half maximum (FWHM) of a stacked image with the adaptive optics (AO)

correction for the stellar objects with visible magnitude of (a) 9.4 and (b) 1.25.
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Fig. 9. Full width at half maximum (FWHM) of a single image with the adaptive optics (AO)
correction for the stellar object with visible magnitude of 1.25, showing (a) largest FWHM

and (b) smallest FWHM values.

star. The AO system was implemented at the Geochang observatory with the optical
telescope of 100 cm clear aperture for SSA and Korean space missions.

In this study, the AO system was addressed and its performance was also demonstrated
using two stellar sources, faint and bright stars. The AO system is designed to use the
sunlight reflected by space objects as a natural guide star, measure the distrorted
wavefronts with the WFS and then correct them using the DM with the large stroke,
without the tip-tilt mirror. It consists of the WFS with 8 x 8 subapetures, the DM with
97 actuators and the closed loop control system with the correction rate up to 2 kHz. It
was shown from stellar observation that the AO system was able to provide the high
resolution image near the diffraction limit and then improve significantly the optical
performance in terms of the FWHM of stellar profile, approximately 5 times
improvement.

Recently, laser communication and quantum key distribution between ground stations
and satellites has gained more attractions due to the higher data rate and secure
communication, in which the mitigation of atmospheric turbulence plays an important
role for the higher reliability. Thus, it is expected that the AO technologies will be also

utilized for the satellite laser communication and quantum key distribution.
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In this study, we calculated total electron content (TEC) using ship—borne global navigation satellite system
(GNSS) observations and validated the results by comparing the ground-based TEC. GNSS is an effective
tool for monitoring the ionosphere as it allows 24-hour observations, is low cost, and is easy to install.
However, most GNSS stations are located on land, which leads to a lack of data from the ocean. Therefore,
we conducted an experiment collecting GNSS data in the ocean by installing GNSS observation systems
aboard the research vessel ‘ISABU’, operated by the Korea Institute of Ocean Science and Technology.
We estimated TEC using GNSS data from July 30 to August 24, 2021. From the results, we confirmed
daily and latitudinal variations of TEC as expected. Additionally, we compared the results with TEC derived
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from nearby ground—based GNSS stations and then verified similar variations. Based on these results, we
plan to research ionospheric climatology using long—term data and assess its potential for ongoing

ionospheric monitoring.

B4]o] : A8k GNSS(Global Navigation Satellite System), H2|# ZA|, Ae]d FHAF,

oAHEE

Keywords : ship-borne Global Navigation Satellite System (GNSS), ionospheric
monitoring, ionospheric total electron content, ISABU
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(@) (b)

Fig. 1. Ship tracking. Map of global ship traffic (a) and shipping’s busiest routes (b) [10].

Greater red intensity indicates a higher number of ship operations.
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Fig. 2. Research vessel ‘ISABU’ [11].

2.2 GNSS(Global Navigation Satellite System) HHESA|AH

OXE G T HIAE] FHE IR 71EH 07 A2 of Slrt. o] A=
Aeto] S Qg 85 & oF 1 m 59 A FE=E 7Kt Ty ot At 914
JEel i7]o] ot A ARALE F745t7] ol =] GNSS TSAAHE AA|st9itt. A
Sk GNSS BSAIAHRE GNSS 417], QFEY, 183l AlolE= g3ttt GNSS UtEv=
SeptentrioAHLeuven, Belgium)9] PolaNt-x MF HEl& &X| & 9 7|AAo] S8 ¢
o AFE REEN, AR FE7E St v GPS, 2Alote] GLONASS, #-8dg
9] Galileo, =9 BeiDou & o8 SFHAIARC] AT 30| 7Fssich AClES
TNC to TNC EQJ9] 15 m Zol& Qteuet A7 A%t 123l GNSS A7l
SeptentrioAte] PolaRx5F ARE-SISITE o] 2417]= GPS, GLONASS, Galileo, BeiDou, ¥
£9] QZSS 59 v IFH AT E FAloh, Autilso] 7H, AR 9 7]E oY
9 YIS A&HA Aot =4l ASE Bt 81 A Av|gko] ol Autt
ol AgH o7 S YAbotal AHlohs EE] Holct.

GNSS BSAIAFE oA~ Z.9] Bime] Fiof] HA|5HIrhFig. 3a). 1&olA Hi Hiet
o], YinElolls 3¢ Eiet 2] Adh 2o "agh FulEo] A2 HA|=o] glA] gt
JEA o2 Hubilso] ofsk GNSS $Ad415e] 7H 3t ef o] ot 415.9] thE AR j
F 5ol A ZAoF WHsigirh E3E ol AR Foke 22 Avgzto] qlojA
o] £41718 AX|sle] QRFF o HE u|X|= JFS A4S 4= 9l

GNSS FIZAIAH Y] QbeU= ¥imE] At Wt #iiof| AR e AgEto|2 176t
71 9ol AXekltkFig. 3b). ol HiY] 5ol wet Wt BoPgsHA E5de AE
F43fel7] fRteleth AloleS At dolA AlZele] Ad 9 SF1E B9l Ak
2 AF=E G2l A5t Fig. 30). $471= Add sHE A Hofl 18ET AlolE
Efo] = A Aot tHFig. 3d). o3t H7] ZHET} Qlo] £417]9 QPFgH s H7E 35

QML 7, Y, G v SoRRE g Hod sk



J. Space Technol. Appl. 4(3), 199-209 (2024)

Fig. 3. Installation GNSS observation system on the ISABU. (a) Vessel's bow deck, (b) GNSS
antenna, (c) cable, (d) dual-frequency GNSS receiver. GNSS, Global Navigation Satellite
System.
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STEC
VTEC at IPP
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Fig. 5. TEC estimation using ionospheric delay. (a) Schematic description of slant TEC, and
(b) conversion to VTEC [13]. STEC, slant TEC; TEC, total electron content; VTEC, vertical total

electron content.
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Fig. 6. Daily and latitudinal variations in TEC derived from ISABU GNSS data. Magenta and

cyan dots denote TEC values below and above 20 degrees latitude, respectively. Red and
blue lines show the averaged TEC values for low and mid-latitude regions, respectively. TEC,

total electron content; GNSS, Global Navigation Satellite System.
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Fig. 7. Comparison of ship-borne GNSS TEC with ground-based GNSS TEC. (a) Locations of
ground GNSS stations (A: GOJE, B: SEQI). Map sourced from https://gnssdata.or.kr. (b)~(d)
Daily variation in TEC from ISABU, GOJE, and SEOI GNSS data. Different colors represent
distinct satellite PRNs. GNSS, Global Navigation Satellite System; TEC, total electron content;

PRN, pseudo-random noise number.
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Abstract

This study investigates various ionospheric and thermospheric disturbances around the Korean Peninsula

during the Gb geomagnetic storm occurred on May 10, 2024. This level of storm was the first of its
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magnitude in 21 years, resulting in auroras visible even in South Korea and severe space weather
worldwide. The Korea Astronomy and Space Science Institute has been providing ionospheric information
over Korea through total electron content (TEC) measurements from the Global Navigation Satellite System
(GNSS) and monitoring the impact of ionospheric disturbances on GNSS signals by operating five GNSS
scintillation stations in Korea and other countries. During this storm period, large amplitudes of TEC
variations were observed over South Korea, along with anomalous TEC enhancements accompanied by
strong scintillations at night and persistent TEC depletion on the dayside during the storm’s recovery phase.
Such daytime TEC depletion disturbances are quite rare, typically occurring only a few times throughout
the 11-year solar cycle. While the association of persistent TEC depletion during the daytime with neutral
composition disturbances was identified through observations, the causes of TEC enhancement and
strong scintillation at night remain unclear. We speculate that the uplift of the ionosphere by storm—-induced
electric fields is responsible for the TEC enhancement and scintillation, but this hypothesis requires

validation based on additional observational data.
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Fig. 1. Sunspots and CME associated with the May 2024 geomagnetic storm. (a) Giant
sunspot group (AR13664) observed by the SDO HMI. (b) Sequence of CME images from
SOHO LASCO, associated with the G5 geomagnetic storm. CME, coronal mass ejection;
SDO, solar dynamic observatory; HMI, helioseismic and magnetic imager; SOHO, Solar

and Heliospheric Observatory; LASCO, Large Angle and Spectrometric Coronagraph.
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Fig. 2. Solar wind and magnetic parameters, along with auroral images. (a) Solar wind
density, solar wind speed, IMF Bz, Dst, and Kp index presented from top to bottom. Kp
indices corresponding to G5, G4, G3, below G3 level geomagnetic storms are marked in
red, orange, yellow, and green, respectively. (b) DMSP/SSUSI aurora observations on
May 10 in the northern hemisphere: (top) before and (bottom) during the storm. The
times of these auroral images are indicated by arrows on the Kp index plot. IMF,
interplanetary magnetic field; DMSP, Defense Meteorological Satellite Program; SSUSI,

Special Sensor Ultraviolet Spectrographic Imager.
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Fig. 3. lonospheric and thermospheric disturbances during the storm. (a) QZSS TEC at
Daejeon GNSS station, along with the Dst index. The green dashed line represents the
TEC level on May 9 for comparison. (b) Comparison of TEC maps before and after the
storm. (c) GNSS scintillations (S4 index) observed at Bohyun (BHAO) and Jeju (JEJU)
stations. Different GNSS satellites are represented by distinct colors. (d) DMSP/SSUSI
O/N, maps over three consecutive days. These maps are synthesized from observations
at successive orbits each day. As the satellite moves westward, the observation times
(UT) shift with longitude. QZSS, Quasi-Zenith Satellite System; TEC, total electron
content; GNSS, Global Navigation Satellite System; DMSP, Defense Meteorological
Satellite Program; SSUSI, Special Sensor Ultraviolet Spectrographic Imager.
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Abstract

This study deals with an experiment to measure ozone concentration in the atmosphere over the Korean
Peninsula, Jeollabuk—do, using a helium balloon and analyze the change in atmospheric density based on
the scale height. In the experiment, Arduino Uno was used to collect data and ozone concentration was
measured using the MQ131 sensor. In addition, the BMP280 sensor was used to measure temperature
and atmospheric pressure at various altitudes. The experimental results showed that the scale height of
the atmosphere over the Korean Peninsula was 6,828.30 m, and the decreasing pattern of atmospheric
density was confirmed based on this. In addition, by analyzing the graph of the measured ozone level, a

phenomenon of a rapid decrease in the ozone level was observed between 8 km and 9 km altitude. These
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results can provide important information for understanding the atmospheric environment and ozone

concentration changes and for environmental monitoring.

io] : o Uk, wo] F YR, A5H EFA
Keywords : ozone concentration, scale height, troposphere, stratosophere, helium

balloon
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Fig. 1. Text and figure are adapted from the Introduction to "Frequently Asked Questions” of
the World Meteorological Organization/United Nations Environment Programme report,
Scientific Assessment of Ozone Depletion: 1998 (WMQO Global Ozone Research and
Monitoring Project-Report No. 44, Geneva, 1999). Science — Ozone Basics (https://www.

noaa.gov) [1].
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Fig. 2. Korea Meteorology Agency flying radiosonde using helium balloon [2].
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Fig. 3. Appearance of the observation device.
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Fig. 4. Inside of the Experiment preparation of the observation device. (a) Internal configuration.

(b) A pack of batteries. (c) Completed interior.
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Fig. 5. Measurement device of ozone concentration. (a) MQ-131 sensor module. (b) Specifications

of MQ131.
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Fig. 6. Atmospheric pressure and temperature measurement module. (a) BMP280 sensor

module, (b) circuit diagram of BMP280.
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Fig. 7. Arduino Uno R3 compatible board.

Table 1. List of purchased items

ltems Object Price (¥) Purchase site
U-pro primium  Dustproof/waterproof
1 170,050 COUPANG
128 G black camera
Insulating and overall
2 Styrofoam box 6,400 COUPANG
frame role

For use in charging
Duino Rechargeable  electronic devices
3 Hand Warmer Battery and preventing them 32,220 COUPANG
(10,000 mAh) from turning off due

to heat generation

For insulation and
PE foam cushioning
4 shock prevention in 10,080 COUPANG
insulation
observation boxes

For use in ascending
High altitude weather 225,756
5 observation boxes AliExpress
balloon (1,200 g) (shipping included)
into the stratosphere
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Table 1. (Continued)

Object Price (#) Purchase site

[tems

For safe ground
45,100
AliExpress

Small parachute
(38 inch)

landing of observation
(shipping included)

devices
Kumkang Gas

Uses for filling 390,000

Heium Gas

(Shipping included)

weather balloons
51,100
AliExpress

For connecting

parachute and

8 String
observation box

Arduino board

(shipping included)

2,000

INTOPION
(https://mww.

CAN communication o
communication

module
module

For atmospheric

intopion.com)

INTOPION

Arduino atmospheric

pressure altitude
pressure

10
sensor module
measurement

(BMP280)

16,500

7,370 INTOPION

Arduino Uno R3
1
Compatible board

Arduino board BASE

14,054 AliExpress

Ozone gas sensor _
Ozone detection

12
module

2,500 INTOPION

Arduino board
13
delivery fee

INTOPION

990
INTOPION

590

14 BreadBoard

770 Off-line

15 Arduino cable

Off-line

16 Arduino SD module

6,000
Off-line

Arduino USB

17
connecting cable

5,000
7,200

Off-line

18 Soldering

55,320 Off-line

19 SD card

5,500 COUPANG

20 Tariff of balloon

COUPANG

21 Arduino battery pack

41,010

Panasonic Eneroop

22
pro AA battery 8EA

1,095,490

Total
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Fig. 8. Predicted balloon position before the experiment and position of the observation
device during observation. Prediction of the balloon path (a) [5], GPS position of the balloon

during observation (b) [6].
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Fig. 9. Images taken from U—pro camera during observation.
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Fig. 10. Results of the atmospheric pressure variation with the altitude.
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Fig. 11. Log pressure variation with altitude observed over the Korean Peninsula.
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Fig. 12. Results of the ozone concentration variation with the altitude.
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Research of Satellite Autonomous Navigation Using Star Sensor
Algorithm
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In order to perform various missions in space, including planetary exploration, estimating the position of a
satellite in orbit is a very important factor because it is directly related to the success rate of mission
performance. As a study for autonomous satellite navigation, this study estimated the satellite’s attitude
and real time orbital position using a star sensor algorithm with two star trackers and earth sensor. To
implement the star sensor algorithm, a simulator was constructed and the position error of the satellite
estimated through the technique presented in the paper was analyzed. Due to lens distortion and errors in
the center point finding algorithm, the average attitude estimation error was at the level of 2.6 rad in the roll
direction. And the position error was confirmed by attitude error, so average error in altitude direction was
516 m. It is expected that the proposed satellite attitude and position estimation technique will contribute

to analyzing star sensor performance and improving position estimation accuracy.

salo] : 9141 AR, B 2], AR, AN
Keywords : satellite autonomous navigation, star sensor, position estimation, attitude
determination
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Fig. 1. Flowchart of star tracker simulator.

Table 1. Catalog occupancy percentage by apparent magnitude
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Fig. 2. Star image converted to grayscale acquired with CCD camera. CCD, charge—coupled device.

Fig. 3. Binarization result for star image.

Fig. 4. Threshold processing result for star image.
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Fig. 10. Result of satellite position calculation on the ECI coordinate axis. ECI, earth centered

inertial.

Table 2. Error analysis for result of satellite attitude estimation (unit: deg)

Roll Pitch Yaw
Error mean value 0.0458 0.0153 0.0224
Error standard deviation 0.0210 0.0302 0.008

Table 3. Error analysis for result of satellite position estimation (unit: m)

X % z
Error mean value 325.1 265.7 516.2
Error standard deviation 27.73 18.19 14.43
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EXPLO-
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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