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ABSTRACT

Today, services using Positioning, Navigation, and Timing (PNT) technology are provided in various fields, such as smartphone
Location-Based Service (LBS) and autonomous driving. Generally, outdoor positioning techniques depend on the Global
Navigation Satellite System (GNSS), and the need for positioning techniques that guarantee positioning accuracy, availability,
and continuity is emerging with advances in service. In particular, continuity is not guaranteed in urban canyons where it is
challenging to secure visible satellites with standalone GNSS, and even if more than four satellites are visible, the positioning
accuracy and stability are reduced due to multipath channels. Research using Low Earth Orbit (LEO) satellites is already
underway to overcome these limitations. In this study, we conducted a trend analysis of LEO-PNT research, an LEO satellite-
based navigation and augmentation system. Through comparison with GNSS, the differentiation of LEO-PNT was confirmed,
and the system design and receiver processing were analyzed according to LEO-PNT classification. Lastly, the current status of
LEO-PNT development by country and institution was confirmed.
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Fig. 1. FSPL by satellite orbiting at different altitudes.

Table 1. Classification of LEO-PNT by functional perspective.

GNSS Multi-tier ~ Alternative
augmentation LEO-PNT  LEO-PNT
Classification by design  SoO Purposed built Fused Purposed built
LEO standalone A A A O
GNSS complementary O 9} O A

So0

Table 2. Status of development of LEO-PNT by country and institution.
Altitude Purpose

Country Constellation  No. Sat

USA Pulsar <300 1000 km Alternative LEO-PNT
USA Blackjack - Alternative LEO-PNT
EU ESA LEO-PNT - Multi-tier LEO-PNT
Germany Kepler 30 - Alternative LEO-PNT
China CentiSpace 132 975km GNSS augmentation
China Geespace 240 - Multi-tier LEO-PNT
China SatNet 12,992 Multi-tier LEO-PNT
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Table 3. Comparison of LEO constellations (Kassas et al. 2023).

Parameter Iridium NEXT OneWeb Orbcomm Starlink
Bandwidth 31.5kHz 230 MHz 4.8kHz 240 MHz
Beacon length 90 ms 10ms 1s 4/3ms
No. Sat 66 542 36 3,660
Modulation QPSK OFDM QPSK OFDM
Downlink frequency 1.616-1.626 GHz 10.7-12.7GHz  137MHz 10.7-12.7 GHz
No. Ch 240 8 2 8
No. beam 48 16 - =48
Altitude (km) 780 1,200 750 550
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Fig. 2. Visualization of LEO satellites.
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Fig. 3. Skyplot of LEO satellites during the experiment (Kassas et al. 2023).
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Fig. 4. Tracking error comparison.
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Fig. 5. Tracking result of simulated Pulsar (Miller et al. 2023).
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Table4. ESA mission classification (Secchi 2023).

Class type I m v \Y
Criticality Extremely high High Medium Low
Mission objectives  Extremely high High Medium Low -
Cost >700 M€ 200-700 M€ 50-200 M€ 1-50 M€ <1M€
Mission lifetime > 10 years 5-10years 2-5years 1-2 years 1year
Mission complexity High Hightomedium Medium Mediumtolow Low
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LEO-PNT= ESA ¢] 5 E.20] Table 40f|A4] B M-TVel 27| 7
I Aol sliFeich. sl EFollAl = 20253712 184S At
slo] A& ulg D 2he Fmo| TAFL FE3 F, 2026-2027
Wof| 17 112 of2] YA 7+ 2ol & FAIStAL tht o] EE
= 29tk T A 2 s Mk AAl 28 5 94
o] 7PA 1y A=l o = LI i Tk (Secchi 2023).

z27] dFE= 914 6-12715 Z8sto] A4 A= ¢ ASe o
A% B HS o] AP oAF o2, (Ries et al. 2023)
AlgEloldE ol didE e 59 Bee g Rlsiith £
I-IVolM = L, s e A8 5 $-&51aL e 5418 A5t
434 1 ¢JA, = Radio Determination Satellite Service/Radio
Navigation Satellite Service &'H A5 2 o] &5 4 QA== o]
UE S AT o] TAIR] 57 Mol A= UHF/C/Ka o
A4S $& Y ISLE A¥sh= 83 2 94, &, S 3414
4 £2 10T 102 o] gl thedo] AFo] thsje] Ayt
Fig. 7 ESA LEO-PNTO] /I d =2, GNSS H7JA|AH] Hzo g
LEO 91445 &85k, LEO 94 9] o T4l B7F GNSS
ANEJAS7HA] A= 5& Uehdch

fr o du o ook

5.4 Kepler
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Fig. 7. ESA LEO-PNT concept.

Fig. 8. Kepler concept.

Centre for Geosciences (GFZ Potsdam)oj|A]&= ESA LEO-PNT
o} &2] MEOS} LEO YA B AAI5H= Al 2 Purposed built
LEO-PNTo]| aljgsl= Kepler 7i4F S0 glt} Kepler+= #H7]¢F
FAAR S5 GNSSel Fe] SV AIA A& 7Hg sl
A v, Yot AlA Fluke] Azt 571§ AlZF 0 3A)
A7} Galileoo] AL £F& ARSI Aoz PAsle] 2
£ o2 KeplerZ ¥7& BE=2 St} (Glinther 2020). Kepler
= MEO $14, LEO $14, Ille] XaFko= T4e] Hm, 7
S Fig. 83} 2tk MEO $14:& 379l A=l 24709] 914
o2 FASIPon LEO 91448 MEO $A]l o 2 HE| 9] Radio
Frequency (RF) 4152 4415l0] ZEXA2] 9 whimhelit
BE]0] A1) olle] P o)Al A4k BBl Al2 5
73t SuMes Ttk AL 914 7HA] BHo] oyl
Earth Orientation Parameters (EOP) 2 U & &3} Coordinated
Universal Time (UTC) £7]3} 280 2 &2 =}

5.5 CentiSpace
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Fig. 9. Description of CentiSpace. (a) Constellation (Yang 2019),
(b) Distribution of ground station.

Table 5. Signal description of CentiSpace.

Servicename Downlink frequency (MHz) Bandwidth (MHz) Modulation
L1D 1575.42 12.276 BPSK(2)
L5D 1176.45 12.276 BPSK(2)

Augmentation 2% © 2 g5t CentiSpacex Fig. 99+ Zro] 1274
o] =M}t 7= 700 kme] 1207 YA o 2 o] 9]7-HE} A
ARSI o v, 7o) FakA PR, 78] AAFEAIR, 107he] 2|4h
ZAF o2 FAd= o Qltt (Yang 2019). 9173 2] FAI= ¢F100 kg
2 £ 10902 A5 o, ISLo] gl o] Qlof, = W
HAGE A A FolA] BEER] Yojate Alo] ThHssle g A
At} 2016 7HEF 2kpalo] 2018-2022W 7R & 67]2] A
AL WAt A AlEolAle] A5-E u o] (Chen et al.
2023), 2023A7}2] 107]7kA] A 9 3 2 F HIAES &
T2 5}3 9Jrh dAl= GNSS L1, L5 ted¢] Binary Phase Shift
Keying (BPSK) 271412 AHG-8 APAL WAl & Afelsld ond,
%Z 415of gt 2 9FS Table 59} 2t}

5.6 Geespace

Z19] Geely Aol A] 7HEESt Geespace:= Fused LEO-PNT 7|
Ho g AH|AE st AlEu|elg B E A1t 25 1A
W A ) 5o A SRS BE2 Ytk 1L 1A 240

712 FAAE AlEZEo] 9l o] Phase 12 2025W712] 727]19] 9
/3 AL U] $14-2 Phase 20f|A4] X8 oA 2 &, 2026 1 o]
T Z= W opAof EfEGF 2ol A4 AMH|IAE 1T AlE

o}.

O

5.7 SatNet

SatNet®] %27] F39] 7|o]at i3 ZEAEo|n], Z7|o&
Hongyan¥} Hongyun® 435193t} Hongyane BeiDou2] GEO
213 tiE] V10 A5 B HAE ZHIEE AAE QlaL, ZAL
7}o] 742 BeiDou?] MEO2} GEO/IGSO7} ZFz} 13.212°, 8.691°¢1
HhH, 58°2 AA =i}, o, YA TLEZF 107 7]l A HAA
£ AMs] slixlE 5470 ol/de] $14do] Bash, 47) o]4to]
TEE7] AsliAd= 20070 ol 914 47} D 25)ch Hongyun
o] 3L 10 Gbps EA1S 7]¥te 2 1= Fused LEO-PNT &% o
2 i A o]t} (Dongfang Hour 2023) &&= 27l1e] =24
EZE ‘Guowang’olgl= T2 A Eof $1510] 12,9927]2] YAlo g
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JLAI51e] International Telecommunication Union (ITU)Oﬂ A
3} A¥8lo 2 China SatNeto]gts= 7|3o]| E3t=]o] 80|t}
(Dongfang Hour 2023, SpaceNews 2023b)
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]XP]'71]‘]' Al o-l _r]/k-] ‘% % Sk ZHHO]'}\]’ l:lo]-/ﬂ 7
Fo2 BRIt

6. 28

I‘I'E

wiollAle A FE I e LEO-PNTS GNSS&}o
LEO-PNT 88 72|31 27} ¥ 7|3 LEO-PNT 72t &
BAs19ith o] = E3) LEO 94 7]8F PNTE A A2 o]
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