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ABSTRACT

Recent positioning technologies utilizing low Earth orbit (LEO) satellites are being actively studied as a promising complement
to the limitations of Global Navigation Satellite Systems (GNSS). However, since Positioning, Navigation, and Timing (PNT)
data for LEO satellites are not publicly available, existing approaches typically require specialized receivers or high-fidelity
simulators. Their applications thus may be constrained by costs or research environment limitations. This study proposes a
Doppler observation modeling approach based solely on publicly available Two-Line Element (TLE) data and MATLAB built-
in functions, without requiring dedicated receivers or high-fidelity simulators. The proposed method is validated through
least-squares-based Doppler positioning. A performance evaluation was conducted using 10 minutes of simulated Doppler
data from Starlink LEO satellites, with the Gamaksan Observatory as the reference point. The proposed method achieved a
3D Root Mean Square Error (RMSE) of 4.3 m when more than 400 LEO satellites were utilized. As the number of available
satellites decreased, the positioning error increased to 5.5 m with approximately 100 satellites and further to 9.8 m when only
approximately 20 satellites were used. In comparison, GPS satellite-based Doppler positioning resulted in a 3D RMSE of 146.3
m. This large difference in RMSE demonstrates the superior performance of LEO-based Doppler positioning.
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Fig. 1. Flowchart of satellite position and velocity computation and Doppler shift modeling.

al. 2025).
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Table 1. Correlation coefficient results between real and virtual data for 10
GPS satellites.

PRN Correlation

G02 0.9997
G04 0.9999
G06 0.9998
G17 0.9998
G18 0.9998
G19 0.9999
G24 0.9996
G27 0.9999
G28 0.9997

G30 0.9998

Fig. 2. Correlation coefficient after normalization for G04.
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Fig. 3. Location and surrounding environment of the GAMG site.

Fig. 4. Positioning error scatter plot and time series for real and virtual GPS
data.

Table 2. Horizontal, vertical and 3D RMSE from real and virtual GPS data.

Doppler data Real Virtual
AH AV A3D AH AV A3D
RMSE (m) 129.3 75.1 149.5 101.4 105.5 146.3
Mean (m) 109.9 44.8 131.0 86.9 -15.5 133.3

Rate (%) 724 356 768 715 21 816
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Fig. 5. Difference in the number of satellites and PDOP between GPS and
LEO.

Fig. 6. Horizontal, vertical positioning errors from GPS and LEO.

Table 3. Horizontal, vertical and 3D RMSE from GPS and LEO.

GPS LEO
AH AV A3D | AH AV A3D

RMSE (m)| 101.4 105.5 146.3| 3.7 2.3 4.3
Mean (m) | 86.9 -15.5 133.3| 3.5 -05 4.2
Rate (%) | 71.5 2.1 816 | 886 43 928

Satellite
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Fig. 7. PDOP variation according to the number of LEO satellites.

Fig. 8. Horizontal, vertical positioning errors versus the number of LEO
satellites.
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Table 4. Horizontal, vertical, and 3D RMSE versus the number of LEO
satellites.

20 100 400
AH AV A3D| AH AV A3D| AH AV A3D

RMSE(m)| 64 74 98 | 47 28 55 |37 23 43
Mean(m)| 56 36 85 | 44 -02 53 | 35 -05 42
Rate (%) | 76.9 241 752 |89.9 0.3 93.8 886 43 928

# of sat.

ol AAIE GPS $143-& AHE-SE 7-9-2] PDOPQ] 4.025
Folch $14 ol e A BH 2oE 44 oA &
g 22 Fig. 8o ERN 1 0.0, RMSES} @2} 3t
o] RMSEO A 2pA]sh Bl&-& Al4Tsto] Table 40 1

4007 o1AFe] QML AHERE AS BE WA 917 2
HEHEsh 7V A etk 1007) ol4be] $1 e AbERE 7
o= HBHE} has Woll oLy, oF 5 m 45 Moich. vk, of
2009] VS AHETF A BE SN 912 2% HeEst
7SS 0 m oIl HAEE fsiston o
B BT AR $43 o
Aol LEO $15& 53 %Eﬁ 97 2He| e AT
slolsloict.

3hH, 93} Hio] RMSESA A5k H &2 914 4 sl
of we} Afet sk, S ot FAlgto] 42 o s
M) Hlolo] 2 Hlgo] ZA| Urehb A%
TLE 7]8F H= X—l_l;l___l HZ’]QJ—/HO] F=2
o, 421 2240l ke ol o1

2
Q
)
92}
A

re

T Al g olele} 4417] 9] RAf #AollA MATLABEH

EO 914 7ol w917 24 YuelEg A
=

gt T
= orr

O
o o

A%s17] 9180 GPS 9142 71 o= AAl W A4
B8 OIS I 29 ABE e,
PS 1o £ 91X 2% 4% U LEO 914 4
A% WELE ulmsleick
S0 B3 dol8E Bgslel LEO 914 71wk
A e 2 AT A £E2 B ol of
3 ARE 452 Rtk 3 LEO $143}
2% A5E Hlag 2, 3334
23} 7© 1463 m, LEO 94 oF
0071 AHERE A 43 mE Uielgtom $14 471 2ofd 42
913 2% A5 Ashglont o 2048 e F el 10m
ole] HEHEE fAI514Ck ol LEO $14o] GPS $14de] 1]
S B4 W S5 ol F3le] nlet o 2 £Ee Holsh UAs)
7] wjolui, ol we} LEO Sido] £ 714t 913 2ol §
3 AvE B
£ ATE 37ke] 441
LEO $149] =32 Mol uﬂolae 593
AABIATE ARk F1e ulmA Zhast

HE

5 o e
o 32

b
O ikl 2
ox M
=) I‘L mlm

=
i)
ru
1
ﬁ

&

oo 1
o e o
f 4o & g
oX N Ho oft
o N A
O o
b e
b1
<]
v
O
N

% &
O
_>,i'
L
=
<
w2
les]
rlr
Q
g
w2
i
P
>,

http://www.ipnt.or.kr



98 JPNT 15(1), 93-99 (2026)

fin)
9
o

44 ox ox i

o =2 of o L
Mo
0]
o rok

HA >
O
oo %
e
Jot
>

i)
_O’
)
o)
)
=2

o

N J
P
o -
o
bl

-4

il

ik
h:
U
>

30 b

Al 4A LEO $149] A3 A= U A1
S 2 e Al gl
e} Eaiirks ol olek. A2 A=
Q.
[}

DolA T 4 U o

pe
2
4
o

2o
o
b
N
i)
i

o L L

3

> ooy
o i

5 rz

2R 2

oo

o

0,

o >§E
o
3R
o r
)
N

h)
[
lo
e
2
rr
it
2
Mo

oX.

] fjo
o of
e
ol

bt
i

V) FE
ol
)
R}
o
o
i)
rr
o

|
i
N
N
>
2
)
N
)
N,
re

i
24

of M ol
odl
Mo 2t
E‘ é
B
N
N
)

o

o

foond o

ag >
Ar o x 2

2
o

*
[o

o

in}

=)

g

Ikl oo X fo Jm owE ELoox
to
)

ok

xR
2
o
o
o
)
<
>
2
o o
P
ot mijo
o
o
br T
Ko
o

o2
&
ox,
ofr
4 o
o2
it |
!

to

N
N
s
0

ACKNOWLEDGMENTS

AL FEWFH| Ao FE WIS
%2390] 7Yoo HaE 9171¢] (RS-2022-00141819 ]
T]

Z
SR8 H5S S0k A, AT, A%EY %¢) 1

d

24
=
L=

o

AUTHOR CONTRIBUTIONS

All the authors have contributed to the presented work.
H.S. conceived the research idea, designed the research,
performed data analysis, and interpreted the results. H.S.
also wrote the first draft of the manuscript. K.D. supervised
this work and reviewed the manuscript.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Allahvirdi-Zadeh, A., El-Mowatfy, A., & Wang, K. 2025,
Doppler Positioning Using Multi-Constellation LEO
Satellite Broadband Signals as Signals of Opportunity,
NAVIGATION: Journal of the Institute of Navigation, 72,
navi.691. https://doi.org/10.33012/navi.691

Farhangian, E, & Landry, R., Jr. 2020, Multi-Constellation
Software-Defined Receiver for Doppler Positioning
with LEO Satellites, Sensors, 20, 5866. https://doi.

https://doi.org/10.11003/JPNT.2026.15.1.93

org/10.3390/520205866

Ferre, R. M., Lohan, E. S., Kuusniemi, H., Praks, J.,
Kaasalainen, S., et al. 2022, Is LEO-based positioning
with mega-constellations the answer for future equal
access localization?, IEEE Communications Magazine,
60, 40-46. https://doi.org/10.1109/MCOM.001.2100841

Guo, E, Yang, Y., Ma, E, Zhu, Y, Liu, H., & Zhang, X. 2023,
Instantaneous Velocity Determination and Positioning
Using Doppler Shift from a LEO Constellation, Satellite
Navigation, 4, 9. https://doi.org/10.1186/s43020-023-
00098-2

Humphreys, T. E., Iannucci, P. A., Komodromos, Z. M., &
Graff, A. M. 2023, Signal Structure of the Starlink Ku-
Band Downlink, IEEE Transactions on Aerospace
and Electronic Systems, 59, 6016-6030. https://doi.
org/10.1109/TAES.2023.326810

Kassas, Z. M., Khairallah, N., & Kozhaya, S. 2024, Ad
Astra: Simultaneous Tracking and Navigation with
Megaconstellation LEO Satellites, IEEE Aerospace
and Electronic Systems Magazine (Early Access), 1-19.
https://doi.org/10.1109/MAES.2023.3267440

Khalife, J., Neinavaie, M., & Kassas, Z. M. 2022, The First
Carrier Phase Tracking and Positioning Results with
Starlink LEO Satellite Signals, IEEE Transactions on
Aerospace and Electronic Systems, 58, 1487-1491.
https://doi.org/10.1109/TAES.2021.3113880

Lee, H.-]., Song, Y.-],, Lee, S., & Won, J.-H. 2025, Design
Extension of a Multi-Satellite, Multi-Frequency GNSS
Simulator for Korean LEO PNT Research, 2025 IPNT
Conference, Lotte Hotel, Jeju, Korea, Nov 4-8 2025,
pp.69-72. https://ipnt.or.kr/2025proc/117

Li, J., & Hwang, S.-H. 2025, Improved GNSS Positioning
Schemes in Urban Canyon Environments, IEEE
Access, 13, 112354-112367. https://doi.org/10.1109/
ACCESS.2025.3583347

Park, C.-S. 1999, A method of absolute positioning using
GPS Doppler measurement, Telecommunications
Review, 9, 50-57.

Ranaivoharison, R., Carbillet, T., Tamazin, M., & Le Véel, P.-
M. 2025, Hybrid GNSS/LEO PNT with Safran’s Skydel-
Powered GNSS Simulator: From Constellation Design
to Receiver-Level Performance, 2025 IPNT Conference,
Lotte Hotel, Jeju, Korea, Nov 4-8 2025, pp.13-16. https://
ipnt.or.kr/2025proc/56

Stock, W., Schwarz, R. T., Hofmann, C. A., & Knopp, A. 2025,
Survey on Opportunistic PNT With Signals from LEO
Communication Satellites, IEEE Communications
Surveys & Tutorials, 27, 77-107. https://doi.org/10.1109/
COMST.2024.3406990

Yang, C., Zang, B., Gu, B., Zhang, L., Long, L., et al. 2023,



Hyung-Seok Lee & Kwan-Dong Park TLE and MATLAB-based LEO Doppler Modeling 99

Doppler Positioning of Dynamic Targets with Unknown
LEO Satellite Signals, Electronics, 12, 2392. https://doi.
org/10.3390/electronics12112392

Yang, D. H., Kang, J. W,, Jeong, M. S., & Kim, S. W. 2024a,
RTT-Enabled Doppler Positioning in LEO-PNT Systems,
Journal of Positioning, Navigation, and Timing, 13, 301-
307. https://doi.org/10.11003/JPNT.2024.13.3.301

Yang, Y., Mao, Y,, Ren, X,, Jia, X., & Sun, B. 2024b, Demand
and Key Technology for a LEO Constellation as
Augmentation of Satellite Navigation Systems, Satellite
Navigation, 5, 11. https://doi.org/10.1186/s43020-024-
00133-w

Hyung-Seok Lee is M.S student at Depart-
ment of Geoinformatic Engineering at Inha
University, Korea. He received B.S. degree
from the same university. His research
interests include LEO PNT and LEO POD.

Kwan-Dong Park received his Ph.D. degree
from the Department of Aerospace Enginee-
ring and Engineering Mechanics at the
University of Texas at Austin, and he is
currently at Inha University as a professor. His
research interests include PPP-RTK algorithm
development and GNSS geodesy.

http://www.ipnt.or.kr






