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Performance Analysis and Compensation Methods According to PDR
Drift and Radio Map Resolution

Jaewi Kim®, Boseong Kim{, Beomiju Shin’
Division of Software, Hallym University, Chuncheon, Gangwon-do 24252, Republic of Korea

ABSTRACT

This study investigates the effect of Pedestrian Dead Reckoning (PDR) drift and radio map resolution on the performance
of Surface Correlation (SC)-based indoor positioning. SC utilizes spatially accumulated Received Signal Strength Indicator
(RSSI) sequences to improve localization accuracy, but its performance is sensitive to PDR errors and radio map granularity.
To mitigate the impact of drift-induced misalignment, a £10° rotation-based correction method is proposed. Simulations are
conducted under varying resolutions (1 m, 2 m, 3 m) and drift levels (0.1°, 0.3°, 0.5°) to evaluate positioning accuracy and
computational efficiency. The proposed method demonstrates consistent performance improvement under all drift conditions
and is especially effective with high-resolution radio maps. The findings provide practical guidance for designing SC-based
positioning systems with optimized trade-offs between accuracy and efficiency.

Keywords: indoor localization, PDR, drift, RSSI, surface correlation
F20: Ay, BPA5E3P, EYZE A4S A7), surface correlation
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Fig. 1. Overview of the fingerprinting localization process.
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Fig. 2. Workflow of SC-based indoor localization (offline and online phases).
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Fig. 3. £10°angle-based correction process for PDR drift in SC localization.
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Table 1. Simulation parameters.

Parameter Value
Grid size (m) 100* 100, 50*50, 33*33
(20, 20), (50, 20), (80, 20)

AP positions (20, 50), (50, 50), (80, 50)
(20, 80), (50, 80), (80,80)

Max RSSI distance (m) 40

RSSI (dBm) -40

Radio map RSSI noise (dBm) 1

User RSSI noise (dBm) 3

Step length (m) 0.6

Turn interval (steps) 100

Turn angle (°) 90

Drift per step (°) 0.5,0.3,0.1

URS buffer size 50
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Table 2. Localization performance analysis under various radio map resolutions.
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Fig. 4. AP placement and simulation path. (a) 1 m PDR drift 0.5, (b) 2 m PDR dfrift 0.3 (c) 3 m PDR drift 0.1.

Resolution Drift=0.5 Drift=0.3 Drift=0.1
(m) Meanerror(m) RMSE(m) Maxerror (m) | Meanerror(m) RMSE(m) Maxerror(m) | Meanerror(m) RMSE(m)  Maxerror (m)
1 2.119 2.699 9.265 1.915 2.568 9.108 1.851 2472 8.352
2 2.758 3.453 12.781 2.606 3.192 9.035 2.946 3.756 11.873
3 3.163 3.555 8.857 3.449 3.924 8.857 3.635 4.251 12.343
A ok e R 28 ik Fig 4o shymoledle 33 AEAION 23
2} 230l whet 3 E AlEdold S A7 o 8 Boj&ch
7} 198 z}=0]| 2D RSSI radio mapd} AFRA} o= HEE & Tables 2= Z¥zF PDR 54 9 2p7} 72kzF 0.5, 0.3, 0.1 wfe] 9]
Zo]|&= RSSI &2 9] 3D surfaceE VebATE ] 23 A's-(Mean, RMSE, Max error)& Hoj&t} A= o
245 ANHAQ) e PAT R, PDR LA Q37 S

T =
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Table 3. Computation time by radio map resolution.

Resolution Time
1m(s) 107.8
2m(s) 42.6
3m(s) 37.9

®)

Table 4. 90% CDF-based position error under various resolutions and drift
conditions.

luti CDF

Resolution 1, {#-05  Drif-03 _ Drift-0.1
1m 4.4m 3.8m 3.5m
2m 59m 52m 49m
3m 7.1m 6.6 m 6.3m

Fig. 5. CDF and stepwise error comparison under different drift and resolution settings. (a) 0.5° Drift: CDF and stepwise error for 1 m, 2 m, 3 m resolutions, (b) 0.3°
Drift: CDF and stepwise error for 1 m, 2 m, 3 m resolutions, (c) 0.1° Drift: CDF and stepwise error for 1 m, 2 m, 3 m resolutions.
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Improved Z-Matrix Search Algorithm for Enhanced Integer Ambiguity

Estimation and Fix Reliability in RTK
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ABSTRACT

Reliable integer ambiguity resolution is essential for high-precision, high-integrity Real Time Kinematic (RTK) positioning.
The probability of correct fix (P(CF)) provides a key metric for assessing ambiguity resolution reliability and is directly
influenced by the integer decorrelation matrix (Z-matrix) performance. This paper proposes an enhanced Z-matrix search
method to improve the reliability of integer ambiguity estimation. The method extends the conventional LAMBDA algorithm

by generating multiple Z-matrix candidates through systematic linear transformations and expands the search space to
select the most reliable candidate based on P(CF). Simulation results from 24-hour single-epoch RTK show the proposed
method improves P(CF) in over 97.5% of epochs, reduces the average 1-P(CF) value by approximately 64.1%, and increases
fixed solution availability from 85.7% to 95.3%. Although the validation was performed using single-epoch RTK, the proposed
method applies to general RTK architectures, including Kalman filter-based systems, and should contribute to faster

convergence and more robust ambiguity resolution.

Keywords: global navigation satellite system, RTK, Z—matrix, probability of correct fix
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3. Z-MATRIX SEARCH ALGORITHM ENH-
ANCEMENT
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4. PERFORMANCE EVALUATION OF
THE PROPOSED Z—-MATRIX CANDIDATE
GENERATION METHOD
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Table 1. Integrity requirements and sensor parameters.

Parameter Value
Requirements ) S 107/ hour
Environments Constellations 24 GPS satellites / 24 Galileo satellites
Frequency GPSZ L1&L5
Galileo: E1 & E5
Mask angle 10 degrees

Simulation time 24 hours

Time interval 1 seconds

Location KAIST N 7-2 Bldg., Daejeon, South Korea
g, 30cm
g, 6 mm

Time interval 1Hz

Fig. 1. Time series of log-scaled 1—P(CF) values over 24 hours. The red
and blue lines represent results from the proposed and baseline Z-matrix
search algorithms, respectively. The dashed line indicates the integrity
requirement threshold of 10”.
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Fig. 2. VPL simulation results of float and fixed position solutions under nominal conditions. The
left panel shows the results using the baseline algorithm, while the right panel presents those
using the proposed Z-matrix candidate generation method. Improvements in P(CF) lead to higher

availability of fixed solutions.

Table 2. Quantitative comparison between baseline and proposed Z-matrix search algorithms.

Metric Baseline algorithm Proposed algorithm Improvement
Mean 1 - P(CF) 6.05x10® 2.17x10°* 64.1%
Fixed position availability 85.7% 95.3% 9.6%
Mean fixed VPL 247 cm 247 cm -
Mean float VPL 1.91m 191 m
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o] NAIEGI T, 1-P(CR2] HFE 2174102 71 71 ciu] of
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4.2 VPL Simulation Results under Nominal
Conditions
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Fig. 3. Comparison of fixed-position VPL results between the baseline
and proposed Z-matrix algorithms. The proposed method maintains more
stable VPL values by generating Z-matrices with improved consistency and
optimality.

>
ol
lo

[e]
0,
o

¢

fo
4
BN

019)0 4 T AH-2F W FHA

213 me] VALS AXIskdon, 91 2

7] 1A 3 $1X0H VPL 4F%o]

ehd, AQke 71§ Z-9E A5} P(CF)

374 AXHe) THE S BAATIE R, FERIK

o & 7HA Bhe] a3 7lo1E T 4 UL
3t

i [ =4 =0
Fig 3& & dag] &< 4

5
)
oft
ol
2 ox
e
i
=
N

mﬂJ

,d
rk
>

m_El

4>

)

jalss

o

e

v o "

N, —D.

- ;0

(R

o
LU = = U [}

OO

po)
e > ©
oo O
fd
oY =

kK
firc)
o
r

ofo
ol
=
2
r)v
e
o, M
]
o,
==
<
g

ox
ni®]

N

)
w~ o
Y 2L 4o

os‘é
kel
EN
\:1
>
o
st
@)
)
2
Lo
:|:,‘
Ny
o
i)
S



)
o N
N
E N
N
|
5 o2
= o
N
e
- 1=
—_— mO
o L
ox E
&gy
ll'f% o
2
rlu olo
2
r_c'; on
— _lo
e,
R
el
rr 5
on 3
i X

=
o
rOIl
—{0](
[
U
0%
ok
N

o
<
ox
ox,
o
rJ
|\
i
32
5
lo =
b 2

offt T
<
3
=
N
N
o
2
o,
o2l
Jo
R
o i

i
ot
i)
N oQ g
Z,
wn
©n
X
N
T
b rie
ol
ok
(o
fu
fd
ox
1

)
i
24
L i\
=)
N

o,
>
it
<3
-
o lo
on
Hr
pat
o
i)
<2

Nl
24
o

oS
ox
o
b
$37
o
do 2 rr X Hn o dr K

2
o
N
N
2
£ o
R
rJ
Ao
rif,
<
-]
=
rE
Mo tot

iy i
-

o,
S~
o 1T

N
I~

Ul

N,
0,
ol

i)
fd

:?L_I.

i

e

>

32

v

)

i orn Lo

i
=
N
bl
B
)
=2
O
:Ox_l‘_"
L
re
4o oE of
o
]
i)

re 2
o d N R
ot

ro i
N

T
rlo

[
< oY N ok

N

2
g
=
Lo T

—{Oll
rS ol 52 ox

ox 1=

o
o
:Oll_"
[iid
v
1
2
oX.
o
Hir
Flo
N
|
i)
o
[
u)
ot
o
o
b
x

Mo
e
-
=2
S~
rlr
!
~
2
i
>
>
ol
lo
=)
=
o,
>
kd
o
=)

2
2

o

oX

ol

ol

fd

o

ofN

=

a

)

ox

olr

o

N

o

o

),

;L{l ‘l)’ f

T o2

N ol

ot |o

il jo T

o Xt ™H o

2 ol 4o C’%
32 Jo rp um jr L ok

|
1l
x
[
v
i
)
o
i
i
-]
ol
i
_?L
rlr
oL
_|)~
o,
v
N
;S
P

F

o,
N
N
3
i,
i)
)
)
=2
H
1
lo
)
~
w
=X
=2
X
s
(@]
3
g\l
e
odl oX
o,

], 1-P(CP)9] g+t 7IAE-E 64.1% = Wepget. 7 2
% AAIshe] 7HEE 71E 718 9] 85.7%0 A A 7]
95.3%% A M. & A= S o3 7
= Aol ggellM At 7Y e] FEdS At
T 712 71E At IE 7ke] W] o3 RTK 7291

& 7hesitt. 53] Z-3d e Fd= T3l viAE e 24
AR =7 A S, A3b 0 2 RTK AJAF] 9] 27] 93 ARt

(]

o=
Sole 71042 4 & Ao R 7|

rk
N
ofo

it

f
1o
¢
J

941
lo
&

o
2 -
i =

fLolo b9 fob >k jo U ome ok RU o N ol

(

ACKNOWLEDGMENTS

AUTHOR CONTRIBUTIONS

Conceptualization, N. M.-C. Kim, methodology, N. M.-
C. Kim, software, N. M.-C. Kim and D.-C. Min, validation,
N. M.-C. Kim., D.-C. Min, and J.-Y. Lee, formal analysis, N.
M.-C. Kim and D.-C. Min, investigation, N. M.-C. Kim., D.-
C. Min, resources, N. M.-C. Kim., D.-C. Min, data curation,
N. M.-C. Kim, writing—original draft preparation, N. M.-C.
Kim., D.-C. Min, writing—review and editing, N. M.-C. Kim.,

Noah Minchan Kim et al, Improved Z-Matrix Search Algorithm in RTK 209

D.-C. Min, visualization, N. M.-C. Kim, supervision, J.-Y.
Lee, project administration, J.-Y. Lee, funding acquisition,
J.-Y. Lee.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Enge, P. 1999, Local area augmentation of GPS for the
precision approach of aircraft, Proceedings of the IEEE,
87,111-132. https://doi.org/10.1109/5.736345

ICAO 1996, International Standards and Recommended
Practices, Annex 10, July 1996. (Montreal: International
Civil Aviation Organization).

Khanafseh, S., Kujur, B., Joerger, M., Walter, T., Pullen, S., et
al. 2018, GNSS multipath error modeling for automotive
applications, Proc. of the 31st International Technical
Meeting of the Satellite Division of the Institute of
Navigation (ION GNSS+), Miami, FL, 24-28 Sept. 2018,
pp.1573-1589. https://doi.org/10.33012/2018.16107

Pervan, B. & Chan, F. C. 2001, System concepts for cycle
ambiguity resolution and verification for aircraft carrier
landings, Proc. of the 14th International Technical
Meeting of the Satellite Division of the Institute of
Navigation (ION GPS), Salt Lake City, UT, 11-14 Sept.
2001, pp.1228-1237. https://www.ion.org/publications/
abstract.cfm?articleID=1801

Reid, T. G. R., Houts, S. E., Cammarata, R., Mills, G.,
Agarwal, S., et al. 2019, Localization requirements for
autonomous vehicles, SAE Int. J. Connect. Autom. Veh.,
2,173-190. https://doi.org/10.4271/12-02-03-0012

Teunissen, P. J. G. 1995, The least-squares ambiguity
decorrelation adjustment: A method for fast GPS
integer ambiguity estimation, J. Geodesy, 70, 65-82.
https://doi.org/10.1007/BF00863419

Teunissen, P. J. G. 1998, Success probability of integer GPS
ambiguity rounding and bootstrapping, J. Geodesy, 72,
606-612. https://doi.org/10.1007/s001900050199

Teunissen, P.J. G. 1999, An optimality property of the integer
least-squares estimator, J. Geodesy, 73, 587-593. https://
doi.org/10.1007/s001900050269

http://www.ipnt.or.kr



210 JPNT 14(3), 203-210 (2025)

Noah Minchan Kim received his B.S. degree in
Aerospace Engineering from Korea Advanced
Institute of Science and Techn-ology (KAIST)
in Daejeon, Republic of Korea, in 2019. He is
currently a combined M.S./ Ph.D. student in
the Department of Aerospace Engineering at
KAIST. His research interests include carrier

phase differential global navigation satellite systems, multi-

sensor integration, and navigation integrity.

Dongchan Min is a postdoctoral researcher in
Aerospace Engineering from Korea Advanced
Institute of Science and Technology (KAIST),
Republic of Korea. He received the B.S. degree
in mechanical engineering from Sungky-
unkwan University, Republic of Korea, and
the M.S. and Ph.D. degrees in Aerospace

Engineering from KAIST, Republic of Korea. His research

interests include the integrity architecture for carrier-based

GNSS systems, and advanced receiver autonomous integrity

Jiyun Lee received the Ph.D. degree in Aero-
nautics and Astronautics from Stanford
University, Stanford, CA, USA, in 2005. She is
a full professor with the Department of
Aerospace Engineering, Korea Advanced
Institute of Science and Technology (KAIST).
She has authored over 100 research papers

in the field of GNSS applications and safety critical systems.

https://doi.org/10.11003/JPNT.2025.14.3.203



JPNT 14(3), 211-220 (2025)
https://doi.org/10.11003/JPNT.2025.14.3.211

M AT HFELE 0|22 GPS 918 AlA 2

Journal of Positioning,
]I) N T Navigation, and Timing

ZH MAIZEEH Y GPS 9|4
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ABSTRACT

Centimeter-level precise positioning based on satellite navigation requires satellite clock offset accuracy at the nanosecond

level, which is more precise than the time information provided by broadcast ephemeris. The development of precise real-

time clock error estimation technology is therefore essential. This study developed a real-time Global Positioning System (GPS)
satellite clock offset estimation algorithm based on a sequential filter. The algorithm estimates satellite clock offsets using
data acquired from a global network of stations. The algorithm estimates the satellite clock offset, drift, receiver clock error,

tropospheric zenith delay correction, and ambiguity parameters as state variables. The observation model uses un-differenced

observations with an ionosphere-free combination technique. To improve the numerical stability of the Kalman filter,

Cholesky decomposition and the Joseph stabilized form of the covariance update method were introduced. For validation, the

results were compared with the final clock offset product from the Jet Propulsion Laboratory (JPL). The root mean square error
(RMSE) was found to be 1.47 ns when using only carrier phase and 1.56 ns when using a combination of carrier phase and
code. Additionally, a bias was observed depending on the GPS satellite block, with a magnitude reaching up to 2.5 ns.
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Fig. 1. Time series of receiver clock offsets for BOGI (2025 DOY 005) and
CEDU (2025 DOY 005-007), obtained from the CODE final clock product
and interpolated at 1-second intervals.
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Fig. 2. Distribution of the observation network. The markers indicate the
type of clock. The color bar represents the number of stations that can
simultaneously observe a satellite at any position satisfying the GPS orbital
conditions (elevation mask 10° is adopted).

Fig. 3. Time series of the number of ground stations in contact with GPS
satellite PRNO2 (left) and PRN25 (right) over a 72-hour period (2025 DOY
005-007).
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Fig. 4. First- and second-order detrended clock offsets of GPS satellites
PRN14 (Block Ill) and PRN20 (Block IIR) during May 2025.
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Table 1. The total number of estimated unknowns.

n (number of satellites) = 32

Unknowns m (number of stations) =66
&t,(Sat. clock offset) n 32
§t,(Sat. clock drift) n 32
&t (Rev. clock offset) m 66
ZDC (Tropospheric zenith delay correction) m 66
N, (Ambiguity) nxm 2112
Total 2308

Strop = 8zup - Mfyn + 8zpc *mf, where, 8zpc = 8zwp+e  (13)
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Fig. 5. Modified Allan deviation of the satellite clock offset collected during
May 2025. Each line represents an individual GPS satellite, and the color
indicates the satellite block type. The dashed reference lines correspond to
slopes of ° and T, respectively.
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Table 2. Detailed Estimation Strategies for real-time clock estimation.

Items Strategies
Cut-off Elevation angle (EL) < 7°; Signal to noise ratio (SNR) < 25 dB
Data editing 1.00 m and 0.03 m prior accuracy for code and phase observation respectively; Elevation-
Weights dependent weighting was applied for EL < 45° SNR-dependent weighting was applied
for signals with SNR < 32 dB
Observations IF combination with undifferenced pseudo-range and carrier phase
Frequency and channel CIW(CI1C), C2W, LIW(L1C), L2W
Differential code bias CODE monthly P1C1 product
Tidal effect Solid Earth Tide (IERS Convention 2010)

Earth Orientation Parameter (EOP) IERS C04
Observation  Orbital motion of the Sun and Moon JPL DE405
model Receiver and satellite phase center offset and variation 1GS20 2335.atx
Relativistic effect Corrected
Phase wind-up effect Corrected (Wu et al. 1993)
Clock Datum Aligned to the mean of broadcast clock offset (Section 3.2)
Orbit Fixed to JPL Final SP3
Station coordinates Fixed to IGS SINEX
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Fig. 6. A time series of the error between the estimated satellite clock
offset and the true value during 2025/005-007, using carrier-phase only.
Each color represents a GPS satellite block. Each line corresponds to an
individual satellite.

Fig. 7. Time series of the RMSE between the estimated satellite clock offset
and the true value, using carrier-phase only. Each color and line represent a
different GPS satellite block during 2025/005-007.

Table 3. Summary statistics of satellite clock offsets by GPS satellite block
over all epochs in case of carrier phase observation.

Block #ofsat. RMSE (ns) Standard deviation (ns) Mean error (ns)

m  6(f7) 1.20 0.77 0.93
11 | 0.87 0.77 -0.40
IIR-M 7 2.19 0.77 2,05
IIR-B 2 238 0.55 231
IIR-A 4 (of5) 0.87 0.46 -0.74
Total 30(of32) 147 1.30 -0.69
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Fig. 8. A time series of the error between the estimated satellite clock
offset and the true value during 2025/005-007, using both carrier-phase
and pseudo range observations. Each color represents a GPS satellite block.
Each line corresponds to an individual satellite.

Fig. 9. Time series of the RMSE between the estimated satellite clock offset
and the true value, using carrier-phase and pseudo range observations.
Each color and line represent a different GPS satellite block during
2025/005-007.
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Table 4. Summary statistics of satellite clock offsets by GPS satellite block
over all epochs in case of carrier phase + pseudo range.

Block #ofsat. RMSE (ns) Standard deviation (ns) Mean error (ns)

M 6(of7) 148 0.60 1.35
F 11 0.68 048 -0.49
IIR-M 7 241 045 240
IRB 2 230 048 228
IIR-A  4(of5) 0.66 0.40 0.53
Total 30(of32) 156 1.40 -0.69

Fig. 10. Time series of satellite clock drift estimation errors for different GPS
satellite. The left column shows the results obtained using carrier-phase-
only observations, while the right column presents the results obtained
using both carrier-phase and pseudo range observations.
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Table 5. Comparison of satellite clock drift RMSE across GPS satellite blocks
and observation types.

Block #ofsat. RMSE (ps/s)
Observationtype CP CP+PR
il 6(f7) 075 0.79

IIF 11 0.65 0.79
IIR-M 7 333 334
IIR-B 2 263  2.68

IR-A 4(of5) 3.04 3.5
Total 30(0f32) 2.13 216

Al AA Aaks Eal AW 4 Aok Fig. 59] 1 <10°s 9ol A],
E2 IR Al 9] AL flicker phase noise”} A5l Modified
Allan Deviation Zf T35 th2 E-2of H]&}| ot E3H Fig 45 %+
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Instability Analysis of TWSTFT and GPS Time Comparison using a

Double Difference Three-Cornered Hat
Juhyun Lee(®, Youn—Jeong Heo®, Ju—lk Oh{, Joon Hyo Rheel®, Gyeong Won Choi(®, Jong Koo Leel2),

Sung—hoon Yang®, Young Kyu Lee(®, Dai—Hyuk Yu

, Myoung—Sun Heo'

Time and Frequency Group, Strategic Technology Research Institute, Korea Research Institute of Standards and Science

(KRISS), Daejeon 34113, Korea

ABSTRACT

Precise time synchronization is crucial for modern infrastructure but objectively evaluating the intrinsic performance of
technologies such as Global Positioning System (GPS) Precise Point Positioning (PPP), Integer Precise Point Positioning (IPPP),
P3, and Two-Way Satellite Time and Frequency Transfer (TWSTFT) is challenging due to the influence of local time source

stability. This paper proposes a Double Difference-based Three-Cornered Hat (TCH) method to overcome this limitation.
By applying this technique to analyze TWSTFT and GPS links between Korea Research Institute of Standards and Science
(KRISS) and Physikalisch-Technische Bundesanstalt (PTB), we confirmed a stability of mid 10" for averaging times over 2x10°

seconds, consistent with similar research by the National Institute of Standards and Technology (NIST). Our findings provide

an important standard for evaluating high-precision links and offers a practical foundation for technology selection and

system design in fields such as national time standards and defense.

Keywords: TWSTFT, GPS, instabilities analysis, double difference three—cornered hat, TDEV, MDEV
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olZgt TAIE siAsl7] S5l & AtollAs o5 XHE(double
difference, DD) 7|9t Three-Cornered Hat (TCH) 7]%¥-& -85}
o} o] B2 A 7 o] EHA Al Hl AL Aikg Xested]
Al Zkd ] ks AASIL, ZF A1Z Bl 7]E IR Aee &
g]5lod A ek} sk 4= Q) ) (Parker et al. 2022).

H =Ro i Wz 27| 4] GPS PPP, GPS IPPP, GPS P3,
TWSTFTS] )¢t /g-& AHYsla, 3l o5 Xt TCH
715 e 5He Yejet A4 HaLE Tlatith 4golAe AR &
A dlolEl g o] &slo] 7t 71 S Hlal £AT AT AlA]
Sk, mpx|eRo 2 5Etol A= A B A ZE- b AlAIgT

2. TWSTFT ¥ GPS 7|9t A[ZHH|w 7HE

LA fAIE F A AlzE FEsHA HlaLstr] Hs)
ChgRE Zlgol ANEE A o, 5 S AlZH] AL 7] a2 f1/del
HAE AA B2 SA7IE WAAE sto] Ao F AlA 3k
AIZE 2tolE S sk Aot & AollAE =2
TWSTFT 4}3} GPS 7|9k A1 2485l 7] 5of| thish

wx B
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o
i)

2.1 TWSTFT
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7 = AARAAZEE DAYRE A Sof Binary Phase-
Shift Keying (BPSK) & Pseudo-Random Noise (PRN) & Bz
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Cheng et al. 2022).
2.2 GNSS 7|8t A|ZHH| 2

GNSS 7]k AlZhul s FAEZEA(UTC) &, B2t 24
£ 9 A YxA](International Atomic Time, TAD) 24 5o
22571 9tk (BIPM 2020). GNSS 7|1} A|zH| = &
P3 Z.E Z3HH, PPP, 18] 1 integer ambiguity resolution2-
SFIPPP 7% o] @t} (Jiang et al. 2005). P3 A|ZHH] 2 7|$H-& GPS
e F F8 Fabg (L, L2)o|lA 4= = PLE P23 E
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Generic GNSS Time and Frequency (CGGTTS) 2. 2 el o]
=7} 2b A7 A T 2 ge] &85 5 gt (Defraigne &
Petit 2015). T3}, <4 =353 < (Bureau International des Poids
et Mesures, BIPM)-& 20094 9YEE] TAI A4S 93l GNSS
£ 2851 PPP 7|2 H-85ta 9ttt (Petit & Jiang 2008). PPP
= International GNSS Service (IGS) S-of|A] A|Esl= 74 Y £
A A W A 2 ARE BEsle] GNSS B5 mdle] 23
2 2E o3} 2918 AuH o2 AU BYsl AAG
o} 417 9IR], £417] AA] o2F dF-5 A, shsat 94 1]
A& 4 5L v A 4=(unknown parameter) 2 A 5}11, ZF HE]
(Kalman filter)e} 2+ 34 7I"& 53l siE olch gvkde
2 vkl 9JAF n] 2] 4=(carrier phase ambiguity)S A1 4>(real
number)2 £435}m], o] 'PPP &F(Float) 3ff'g}tx F-Ec} o
714 FAE '$417] AA 22} o] HEE GNSS 7| A7 off
H| A7) AAS] Hdeh @ 2A Zho] Hrt A|ZHH] 74 =
GNSS $=4l7|utc}t 552 0 2 AFE3SE PPP S| 25 E] 151 ‘41
7] AA Q=AY 2ol g Fol A TF AT AlZHH| A} o] Fof
u d

Lx

51, 95k A 24X AL 9] g A1 %
89 TE S AHGO2 Foh4 QPP RS WS ZHech PPP
71l DA 71 4 AIZHE FEsln HHRES P41 9]
shubgoR 42 24eiH v S nIXA 42 Belo) gt
91 44 (integer) 2 SA3H= IPPP 7o glck. mlx|4 4 Aol
A3 he W T P 1S AL 4 9lo], Uk ofs) 4
#9] X|Zp| 7} b5 shek.

3. O|= XH2 TCH ! A|ZHH|= H|o|E]| FX{2]
3.1 Qukxol TCH 74

TCHZ AlA| 7+ 35 Hlal E o] & &85 7
1 gaejgo|nt. 379 53
Y EE THR]= A2 THE Al o] 28 7 3
A2 OE 3709 A1 4] x,(0), x,(8), x (DA 7%, ZF A1zt
A 21O AZF 2F ZH A x,(0-x,0), x,(0-x.0), x(O)-x,) T+ BAE
Eq. (D3} Zro] 23T 4= Qlrh
xq(®) = xp(t) = —[xc(£) — x4 ()] — [x(£) — x(8)]
xp(8) — x.(8) = —[xa () — 25 ()] — [xc(t) — x4(8)]
xc() — % () = =[x, () — x.(O)] — [x, (&) =%, (O] (1)
Eq. )¢ #AE Z8slo], 2+ At e] SHHEE g, g, 0.2
Aolstar, 7y Al A 73] Al 2F S A x,(0-x,(8), x,(0-x.(0),
x(O-x,l W SHHEE o, 0,,, 0,ZFL TTHA, 2702] A2k
AL 2F A QP T 2 A1zl o] QP & o] A= Eq.
)} 22 A Ze=th
02, =02+ 0}
ok, = of +
cl, = a% + 2)
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Fig. 2. Time transfer links between UTC(KRIS) and UTC(PTB).
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Fig. 3. Time transfer links and double difference measurements between
UTC(KRIS) and UTC(PTB).
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Fig. 4. BIPMTWSTFT, GPS IPPP, PPP, P3 time comparison measurements from *p3aa5, *t3ia5, * ttti5 files between UTC(KRIS) and UTC(PTB).

Fig. 5. Double difference time comparison measurements among TWSTFT, GPS IPPP, PPP and P3 of UTC(KRIS)-UTC(PTB) after pre-processing.
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Fig. 6. Time deviation (TDEV) of UTC(KRIS)-UTC(PTB) according to double
difference time comparison data.

@)

Fig. 7. DD-TCH TDEV of UTC(KRIS)-UTC(PTB) according to time transfer
methods.

(b)

Fig. 8. DD-TCH Modified Allan Deviation (MDEV) of UTC(KRIS)-UTC(PTB) according to time transfer methods. (@) DD-TCH MDEV of UTC(KRIS)-UTC(PTB) as time
transfer methods and TCH cases (b) MDEV of UTC(KRIS)-UTC(PTB) as time transfer methods using *ttti5 and *p3aa5 data.
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@)

(0)

(d)

Fig. 9. DD-TCH MDEV of UTC(KRIS)-UTC(PTB) according to time transfer methods (compare with Non DD-TCH Results). All results are compared with and
without DD-TCH: (@) TWSTFT MDEYV, (b) GPS PPP MDEV, (c) GPS IPPP MDEYV, and (d) GPS P3 MDEV.
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A Constrained Optimization Framework for Camera Intrinsic Parameters

Based on Camera-IMU Calibration
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Hyun—Wook Hong'@®, Juhyun Oh?®, Chang—Ky Sung?
'Navigation/Weapon Data Link R&D (inertial navigation), LIG Nex1, Seongnam Gyeonggi-do 13488, Korea
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, Kang—Hyun Hwang'®, Tae—Hoon Lee'®),

ABSTRACT

In aerial vision-based navigation systems, accurately estimating the misalignment between the camera and the inertial
measurement unit (IMU) is critical. However, uncertainty in the camera’s intrinsic parameters can propagate to misalignment
estimation and result in geometric errors. This can lead to significant degradation of vision-based navigation performance
during high-altitude operations. To address this, we propose a reversal calibration method that leverages extrinsic parameters
information to determine the effective range of intrinsic parameters. Based on the results of extrinsic calibration, we define
an effective correction region for intrinsic parameters with respect to the physical centers of both sensors. This relationship is
then integrated into a constrained optimization framework to refine the intrinsic parameters within physically valid bounds.
Experiments were conducted using a camera with a focal length of 35 mm. The results demonstrate that incorporating physical
constraints into the optimization process leads to more stable parameter correction, and reduced reprojection errors by up to
60.73%.

Keywords: camera intrinsic parameters, constrained optimization, misalignment, Kalibr, lever—arm
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Fig. 1. Overall block diagram of the proposed approach in detail.
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(a) Coordinate system representation

(b) Experimental setup for Kalibr

Fig. 2. Experimental setup for obtaining camera-IMU extrinsic parameter using Kalibr.
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Table 1. Regression coefficients representing the relationship between
intrinsic parameters and extrinsic parameters.

t[mm] f[mm] t[mm] ¢[deg] O[deg] vy [deg]
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flpx]  -0.0629 0.0502 17792  0.0001 0.0002  0.0000
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(a) Effect of x-axis principal point variation

(b) Effect of y-axis principal point variation

(c) Effect of focal length variation

Fig. 3. Relationship between intrinsic parameters and the extrinsic parameters, along with the linear regression results.
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(@) X-Y plane

(b) Y-Z plane

Fig. 4. Measurement results illustrating the lever arm between the camera and IMU on the system layout diagram.
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Fig. 5. Configuration of acquisition location and distances for the camera calibration.

Fig. 6. Image acquisition method for camera calibration dataset configuration, which includes both frontal and tilted

(approximately 45 degree) camera views.
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Table 2. Camera specifications, target patterns, and number of images per
location for camera calibration.
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Table 3. Range of intrinsic parameters based on lever arm tolerance
vectors.

Pos. Camera specifications Target patterns Distance [m] # ofimages 0.5¢ € 2¢
1 15 691 ¢, [2045.08,2051.33]  [2041.95,2054.46] [2035.69, 2060.7154]
2 Width: 4096 Square size: 335 [mm] 15 551 ¢, [1512.56,1518.03]  [1509.83,1520.75]  [1504.37, 1526.22]
3 Height: 3000 Type: Checkerboard 15 602 f [12792.71,12803.96] [12787.09,12809.57] [12775.85,12820.81]
4 Focallength: 35 [mm] Rows: 7 20 223
5 Pixelsize:2.74[pm]  Cols:5 20 170
6 20 509

Table 4. Comparison of initial parameters from camera calibrator app and optimized parameters using the proposed method, along with their standard

deviation values.

bosition I ol flp K B

Init Opt (2¢) Init Opt (2¢) Opt (2¢) Init Opt (2¢) Init Opt (2¢)
1 2083.53 2060.72 1527.53 1526.22 12720.85 12789.42  -0.011 -0.010 0.438 0.535
2 2033.46  2035.70 1537.28 1525.54 12965.60 12820.82 0.003 -0.003 0.288 0.340
3 2075.88 2036.52 1502.08 1504.40 12998.50 12820.82 0.002 -0.005 0.441 0.366
4 2108.36  2040.68 1476.93 1504.37 12926.54 12820.82 0.003 0.001 0.238 0.182
5 2037.24 2052.59 154440 1526.17 13768.59 12820.82 0.041 0.007 -0.103 0.197
6 2088.44  2046.82 1554.48 1526.22 12825.23 12820.82 0.007 -0.002 0.423 0.296

STD 29.76 9.83 29.09 11.18

373.83 12.82 0.02 0.01 0.21 0.13

Table 5. Comparison of reprojection errors and reduction rates. Best reprojection error results are highlighted in bold.

. Init 0.5¢ € 2¢
Position
Error [px]  Error[px] Rates[%]  Error[px] Rates[%] Error[px] Rates[%)]

1 0.2231 0.2094 6.14 0.2093 6.19 0.2090 6.32

2 0.2269 0.2241 1.24 0.2239 1.32 0.2238 1.37

3 0.2444 0.2195 10.19 0.2191 10.35 0.2186 10.56

4 0.3513 0.2067 41.16 0.2054 41.53 0.2036 42.04

5 0.1896 0.1938 -2.22 0.1952 -2.95 0.1946 -2.63

6 0.6081 0.2391 60.68 0.2387 60.73 0.2381 60.84
oA HlolEI S HNEY 4 YL slith Ea, Fjulet AR 12805775 ] 12820.8274%] Exshe}. 5] 1282082 A%
olAE S8t BAS ST o Fig GOl AT uloh ol B AR IR gt AXshEE Aekazio] BAsHo] kel &
3k AmEme ohe} of 45E AEO) 1991 A F7kslel T ol AxHel ofRke vIA T 918 o 4 QT EEE Table Sof
R AR L] AARE Jito] Hlolg Alef 23Hd 4 JIEE 5} A R vle} o] Aot kAl o] thRE2] Hlo]g AleflA] A
sick. elolel A S5e I8 Apdelel S B e, 4 oadg andoz Sagonn AR oE Moz
Q] X|ujct o1& o Ako] Fll4~= Table 20f A 2|5} 11 Position ZHAA 7= E3HE B9t E3], Position 60 A41= ES ©x}
21 Aol 2 Aolet] 91712 Lehaie) 7} 715 up) oju] 60.84% T IS0 7P 2 M B B

kA A4 St} LR 9, Position 5of| A= of|e]& 0 & 2.63% T 2715190

35) i} 51803} WEl (e, 6,e])0] 4 SETH
% stetelele] Wele Ay s thee] £ e
2 bt e 37109 Ao A% meistel U sietale A A
25} 3o mlA| = ek & Blsiic

1) e=[10 mm, 10 mm, 20 mm]"
2) 0.5¢=[5 mm, 5 mm, 10 mm]"
3) 26=[20 mm, 20 mm, 40 mm]"

]]ﬂo]- 5|40 HE] ] 371A] FAlo]Aof wh2 Wit uletu]E]
o] 48 W) Table 3o LrEhSITE 3714] Aol % BE 4
olEMlel| Thet B AFY LS ZYT Ak 2¢ A wf 7bg
2 2k BT, CCAdA Pojal 27] Ut shefole] 23t (nio
2} ofof| gt 2|45} AF} (Opt)+= Table 40 YePJIcE A& 2
ok 2:8712] ] Sl il $A% gt A 1272085014
o] 13768.597}47] B35l EH7} 3738302 Al4ke] o] 2l
AXo] =o Aog L}E]—""E]- g OptoflA] 44 [k 24

o) RRECHE 92 A% ko] ThE Hlo]E| Az} vl Tao] 71
27| 2=k ol WA ARl AH kol T 0 ub

Foll TGS T3] ho = spHEt,

5. CONCLUSION
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ABSTRACT

The Moon is increasingly recognized as a strategic waypoint for future Mars and deep space missions and this is driving
demand for reliable Position, Navigation, and Timing (PNT) services. Traditional reliance on the Deep Space Network (DSN)
provides high post-processed accuracy but limited real-time performance and may not scale with rising mission numbers. To

address this, space agencies are exploring Global Navigation Satellite System (GNSS)-based and dedicated lunar navigation

systems. Recent demonstrations, such as the Lunar GNSS Receiver Experiment (LuGRE) mission, have validated GNSS

positioning at the Moon with kilometer-level accuracy. This study extends these efforts by simulating lunar orbit determination
using multi-GNSS constellations. An Extended Kalman Filter (EKF) approach, integrating GNSS observations with orbital
dynamics, is employed. The simulation results show significantly improved position accuracy and underscore EKF’s potential

for future lunar navigation systems.

Keywords: Lunar PNT, GNSS, EKF, orbit determination

FR0{: & 3., 4L, FEThdE, A= 2%

. INTRODUCTION

oo mlef] 9ol 3l B} W AlS = BRafe] Z7F A 0 ZH
HERL GO, g5 104KF 4007 o]4Fe] & T Q17 et
it} (ISECG 2024, Kawade & Christodoulopoulou 2024).
FH5] Z715He ARESY a0 BH AU AR
23 AT 915t Zof|A1 9] Position, Navigation, and Timing
2ol $R4E W 27letm Atk WA
2 7bg BEAel A9% W JlERE A4 o
E|Ukele] oFdpak Ea HEo. £ A& sH= Deep Space
Network (DSN)o| 2l & S5l 4+ m 52 $1A] H=
55 7 ALR &HA Qltt (Delépaut et al. 2022). shA|TF
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Fo = A4 F7IoH AR 425 Qe Fiol Wbl 22
Aoz Aelm glom], 4 m4-20) UEE FA 2 s
T Ao R M sh A9 91K oA S km SFEOR
Hoix]A| Hc} (Giordano et al. 2021a, 2021b).
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©n )3t Global Navigation Satellite System (GNSS) &}t A1
£ DollA] g Esto] AMgshe WH I} 2|9 GNSSe} o] ol
sxHoE 9o 4 Qi 94 B NARE TEeInA o
= HhHoll thsl s A-Eskal Ut GNSSE & UFollA &

_>L fol ;O
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Fig. 1. GNSS-Lunar satellite relative geometry and visibility.

=
(Giordano et al. 2021b). =3} NASA Artemi 2

2 NASAE HoflA g4} gy AfulA Alg-& AT dazet A
A o] 24} LunaNet& AR5} o] & F5317] 3l =s}ar 9l
t} (srael et al. 2020). 28] 3 t]gfjo]] LunaNeto]] 2FoishA] = o]
2 AUl A A EAE ALolo] 4F5- £ BAs] 9o NASA,
ESA, JAXA F%35}o] LunaNet Interoperability Specification}
Zro] LunaNet A1, Y Au|Aet B ZF-E HYAlske 71&
EA] 23S X451 e} (Giordano et al. 2023, Dafesh et al.
2025).

olg]3t A £of|A] 2025 2 NASAL] Commercial Lunar
Payload Service 213 0] A3}lo 2 FireflyAl2] Blue Ghost
Mission 1 €242 A& = Lunar GNSS Receiver Experiment
(LuGRE) $=A17|7} H| 22 ZofA] X3¢ GPS, Galileo 4155 4~
Alste] 1% 2742 Ad3stlet (ASI 2025). H2kgh ?ﬂc 2
7 Hkalo] A E| A= AUATE YR AT oF L5 km P ER
e 7o 2 3kelo] E|9ith o]+ GPS, Galileo 23 2] & Least
square 7|9 5 95 S ©f 4~ km H1X] 247t EEH
o2 AlEgo]A Aikel Y453kt (Capuano et al. 2016).

2 =wollAl= GPS, Galileo §1/4dw%F aLejgt 7|& At

_] 73

el Bk 0E e 9 A Al 2
Aol T4 BAlel el Al o2 wefaic deln
ONSS ZHAE B33 A A Aok T Apole] W

s 229 2o oxp JRE 911 o]

2% T 29 A

2 43S & 4 9JE Least square 7]5F = =

o
ci1e] 58 23 4 A Gefor 2R AT

ok Extended
Kalman Filter (EKF) ®#}2lo 2 H& Zj, A B o)L A5
t} EKF 7|5t A= Z—é%ﬂ %= km 22701 LuGRE A3} tj

H] 27| g AR g % *‘21‘1}

2. SATELLITE VISIBILITY ASSESSMENT

2.1 Link Budget Calculation

A= 23E 913k A7 GNSS $14 27
A2 Aol $1XI3F ShelA] 7h4] GNSS 9

o_>Z.

o
)

ru‘I m
O|r
Fo

N

)
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Table 1. Considered constellations and signal types.

System Signal 1 Signal 2

GPS L1CA L5-1
GLONASS GI1CA G2CA
Galileo E1-B E5a-1
BDS B1I B3I

QZSS L1CA L5-1
IRNSS L5-SPS -

Atk Fig. 13} o] 2o} & Aol <F 400,000 km Eojz] QL
o] A5 GNSS 914 4137} B Zhe kel A] s =,
Main lobeo]| jgsl= 735 A1 S5 tEE 2] tof] 71 x| LA B
main lobe 215} AMtfA 0 2 A 7]7} 2F5} Side lobe &9 A1

7L el =2 & JlHk AlE l Mi 42 AdelA 7t

\l

Al 914 TS 913 link budget 441 0 2 HE] 94 A15.0] Wk
T} o] ZHeH|2 Ailslo] a5 ].1:14 Eq. 1)_\,]- 74t} (Parker et al.
2022).

15 = Pr + Gr(p,0) + G(p,8) — 101og(kTyys) — 201og (%) —-IM (1)
1714 Py, G, (p0), Gy (p.6)= ZH2F GNSS 914 e] 15 &2 A7)
o} 415:9) A|41 e WE]7} GNSS QhellLt 1e)31 4+417] gheft
o} o= Zho] W bElL} o Solc g6k AL W wEl7H
ote|UF 2T 23} o] F &= vkl Zka} Off-boresight angleo]t}.
Off-boresight angle-2 Stel|U7} X gFsl= & HIgko] &3} A]H
W e} o] S ZiEolth. ds GNSS 914 QelLtel 4

7] Qe Afole] Flstatalel Aelsl f Fuha 4150} Wi 7101
olth. kT, = 29 442} system noise temperatureo|™,
system noise temperaturet= Eq. (2)&} Zto] A5 & $Al5H= 9t
gLl el £417] 9] noise temperaturee] gto 2 el
(Popescu 2017, Donaldson et al. 2020).

Tsys = Tane + Tr ()

6171 A LM-& polarization losses, receiver implementation losses

52 Lo,

Link budget A4¥sto] 7hA] $14< Test of 7|slob A
op2Al, 15 A7), el ARAEQ) A4 el Al B o)
A W7k AFh mefsieich. ZIsler Aok e 1157} A7
U 2ol ols) Zeldom AuEAs ehex Beksla, A5 A
7] link budget .2 A4kl A150] Al717} 41717} ZAE 4
Sl A 441 A7 Bekeith 293 4157} Bas] o
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Fig. 2. GPSBlock IR, [IR-M L1 antenna gain pattern.

Fig. 3. GPSBlock Il L1/L5 antenna gain pattern.

2 aoll oJsh Al 49 o= A7 GNSS S el 5
QrELol T $1A3 9] 441 QHEIUZE A|ashe AfThElel o]

gk QteLt o] S wi'lo] th2 g 94 ApAlof whE QL o] 5
o] 3R link budget A4kl Zefslob gk, mAEhe 2
GNSS $4 AlBERE $17] 25 Sk e AEE
2 235H= 2)4do] thi$} Clock & Ephemeris Data (CED)S 2| A4S}
ZFA AL Qlofof 5k o] 5 H 45 2RE Ay BX slo] &
RS agith B =RollA AlEEleld Al sk o4+

[e)
o =
8 A5 F R Table 13} 2t}
2.2 Signal Strength

P8} G| & Equivalent Isotropic Radiated Power (EIPR)2}
% ol5tH, EIRPi= GNSS 9ol S5 4159 A|7]|et
=l Zkolch. GPS, Galileo, QZSS A2 EIRPQ} T A1
FAH o2 FIsta ok (Marquis & Reigh 2015, Cabinet
Office 2023, Menzione et al. 2024).

GPS Block IIR, IIR-M, [lI= E5| & ulglAlof|A] #| 215183 on,
S 42l TSt QLY o) S Hiel 1S @A) Off-boresight
angle @ <oll AA AlF5tATF BYJAtollA] A|2FeE GPS Block
IF S}zl it ekelt o) S el AR Askel ojole] o
Off-boresight angleo] thallA9t AH-Z=t} (Navigation Center
2022). NASA©J| A= GPS Liof| thgh QFellL} o] 5 oij®d 5 =2
A E9°] Antenna Characterization Experiment (ACE)S ZI18§st
v} 9l om GPS Block IIF JAl#71R] A 4] Off-boresight angle
Fqofl gtk ¢HeLt o] = s PR E AFthct (Donaldson et

I oY

al. 2020). L5 2152} 739 GPS Block 1= L1z} njxbz}x] 2 A
Off-boresight angle &3 3of thal] A X7} Zol=Ele] 9Jon, GPS
Block IIF9] 7 2-ofl= L1 QFeut o] 5 o] AE AALYLE 5
3l &85k 4= 9T} (Delépaut et al. 2020). Figs. 29} 3-& Z+zF GPS
Block IIR, IIR-M L1 ¢tejut o] = s el GPS Block I LI/L5 oF
Bl o] S RS A|7kse oIk,

GPS 914+ P, 4t ACE Z2HEL 2 & 4]
£ 24 Agdold AT AT 2HEL B2 4 ot
(Winternitz et al. 2019, Donaldson et al. 2020, Parker et al.
2022). ¥ =80l GPS LICA 415.0] &8 Zh2 AA| x4 <t
ol A Sk vhdat of S u|2RE AYEE =& A3
AIE 83t (Wang et al. 2018). Wang et al. (2018)2 GPS
Block IIRFE] IIF7}A] LICA A15of thst P, 3 SH3I¥ L
o, 7} GPS M a Haghe AlEaloldol A skt ol
o GPS Block I19] 215 & A|7]= GPS Block IR-M3} £2]
sitha 71 st Ls 415 &3 9] 739 GPS Interface Control
Document (ICD)oJ|A] L5-1 A1) 2| A 441 A|7]E LICA Hr}
GPS Block IIF&= 0.6 dBW =4 18] 12 GPS Block I+ 1.5 dBW
= GABAL 9long s xpoluhE Ykl ahE £ 4As
A7) & AFRSIC} (SAIC 2022).

Galileox Full Operational Capability (FOC) ¥AJw-o tlish
EIRP 91§l 7} 7t 373 S felo] oiall E7hElo] it
(Menzione et al. 2024). Fig. 4= Galileo E17} E5a A150] tjjst
EIRP S{&] AR E A|Z}5)5F Z o]t} TghElL ESa 415.9] EI-B 41
5o} ESa-1 5 %] A5 & Z4zke] HA| 418 &3 Al7]olA 50%
o]l sl g3 Power sharing© 2 Q15 41& &41-S Te{sfjof gict

>
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Fig. 4. Galileo FOC E1/E5a EIRP.

Fig.5. QZSS L1/L5 antenna gain pattern.

Table 2. Signal transmission power per signal.

. Power Powershare . Power  Power share

System Signal 1 (dBW) (dBW) Signal 2 (dBW) (dBW) Note
GPS L1CA 16.53 0 L5-1 18.03 0 GPS Block ITI
GLONASS G1CA 16.53 0 G2CA 18.03 0 GPS Block ITI
Galileo E1-B EIRP 3 E5a-1 EIRP 3 FOC
BDS BI1I 15 0 B3I 15 0 BDS3
QZSS LI1CA 14.1 0 L5-1 15.6 0 -
IRNSS L5-SPS 14.1 0 - - - QZSSL1CA

(Teunissen & Montenbruck 2017).

QZSS+= GPSet fAlslA SHEL o] 5 o AR E s
a1 9Jt} (Cabinet Office 2023). Fig. 5+ QZSS L1¥} L5 Al5¢
et o] 5 siEl-& peRdTE QZSS $14d 9] LICA 415 &9
A|71= QZSS 7]4F Geostationary Earth Orbit (GEO) H& 2
A AlEdold AollA AFEE ghe FR3IITE (Nakajima &
Yamamoto 2024). GPS, Galileo, QZSSE A5t UM A+
of ek EIRP 942 A1 Zallo]d A4 mietoleit 914 A 4t
of w2t GPS, QZSS {Id9] dlo|el& &453ith. GLONASS
o] 94 415 &Y A7|9} QHELY o] 5 Ad K= GPS Block 1T 7
HE 2851913 BDS 94579 415 £ A|7]+= BDS3 Medium
Earth Orbit (MEO) ¢JAle] B3l 415 &3 A7 S dLFog
AL3519th (Wang et al. 2022). BDS 94478 MEO, Inclined
Geosynchronous Orbit IGSO), GEOZ AlEe] Qlem g MEO
L GPS Block III, IGSO9} GEO= QZSS Block 119} Block III ]
4 okt A2 247 Bgslodch mha2ho 2 IRNSSO] 224
7= QZSS LICA9} Selslta 71- 519 om, IRNSSE IGSOS}
GEOZ F-4Jslo] BDSS} nli71A 2 ekelli} o] S Hui QzSS

o ok
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Table 3. Antenna gain pattern per signal.

System  Signall ANT  Signal2 ANT Note

GPS L1CA GPSL1 L5-1 GPSL5 GPS BlockIIT
GLONASS GICA GPSL1 G2CA GPSL5 GPSBlockIIl
Galileo El1-B EIRP Eba-1 EIRP FOC

BDSMEO BII GPSL1 B3I GPSL5 GPS BlockIIT
BDSIGSO BII QZSSL1 B3I QZSS L5 QZSS Block IT & ITT
BDSGEO BII QZSSL1 B3I QZSSL5 QZSS Block IT & IIT
QZSS L1CA QZSSL1 L5-1 QZSS L5 QZSS Block IT & ITT
IRNSS L5-SPS QZSSL5 - QZSS Block IT & ITI

Block 112} Block III A B2 7}z}
Tables 22} 30 A 2]5}3ict.

&2

2.3 Satellite Attitude

ndle Udubg o2 Yaw-

o
=

A+ GNSS 9143 9] 9144 #HA|

= =
steering ZFA| 2@ 3} Orbit-normal® 2 E-=ZIt}h (Montenbruck
et al. 2015). Yaw-steering Z}A| B &2 Fig. 63} ZFo] GNSS £

=
B W g SrELUE B4 AT FAL W AR ohe



Fig.6. Yaw-steering attitude model.

Fig. 8. Receiver L1 antenna gain pattern.

Boresight W32 1% 02 87 s}% A4 wlolch. Yaw-
= oo efor AT BldZo] ok
ekt A o] =& & QFEu; Boresight WHFol| ol & gict.
International GNSS Service (IGS)o]|lA Aol 914 =4 =z
Al 255 Qe Boresight W3k, Y& ¢4 B A2 35
Azog 15‘_40}1:]- (Montenbruck et al. 2015). Yaw-steering A}
Al B ¥k 0 2 MEO, 1GS0 $140lA] HAM] Aha] B2
ARy, T ool 71eiA) B4k Ao AL PR 5
H3t V)5S a5k, 2 \_1_01]* + B+ MEO, IGSO ¢4
£ Yaw-steering ZpA| &S |-A$kchar 7151
Orbit-normal Z}A]| 5'_%33 EjQFe] x|} AdHglo] 1GSoflA]
Helohs 9 SAle] AR Y] 94 A=} b4 4
Q1 Al A E o] Ik YNk 2.2 GEO Sh4o] sl A4 &
A& AHESIE R B =R A% GEO $J4d2 orbit-normal Z}A|
nue Aaslolct
970 2|7 GNSS 4158 2HsHs uielol s £4fs)
=7 401]*1 GNSS 415 441 QFEIUE %o"*o]' Z]?‘ FAE
Arake 71ABIC) (Winternitz et al. 2019, al
iordano et al. 2021b). A]7+ GNSS A1 & ]—%/\é% golst
o:@ 97 A e +oHe B o2 QL A AT
A& weks o] 71 Z3lelck. 5% 2|7 GNSS S 2
o] & 2JAJo] 31 oo 2 AAgks Sasiriy ok sl =
712 2 B} Ak 2P B 71 s Ao o]
9]
E

_l

N
O
_\.,O
Q

01 omn q
739 GNSS QU7 B4 A+ F4S Fole A2 Algtol
& 4 9ok £ =FollA= A GNSS 7RAAG Ehe el T 914
2 Au| A Al Felabe F7HA £HE aEsthe], A7 GNSS 94
9] Yaw-steering ZpA| 2 &3} FARE ZRA] BElS 7 olslo] A&
o] o]l 285131t Fig. 604 A7 9143 2] Yaw-steering A}A]|
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Fig. 7. GNSS-like yaw-steering attitude model.

Bdo] e, Y TA X Fo| + 3R] YZ HHE 7S 0= H
ol A= WFFo 2 oA He= AL I 4t ol &
‘gollA] Ztste] BeF thal A7 ket 9143 49] YEo] 2
o] H £ 5 S} Yaw-steering ZbA| & A 2J5191 31 Egs. (3-5)
o} At}
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By = — = 3
€z |?| ( )
éy — éSat—»Earth Xi (4)

€sat—Earth X T'|
ey = 8y X &y (5)
o171 = gell et & 9] Al MEjo| AL é,pppuis E A
oA 2| Lzo] ko) wlElE ojm|stch. Fig. 78 o 9l o] o 5
A7 914 AAE Ao L}EME} olegt At B
I = g $1449] A GNSS 41 Srellub= 914 BAle] +X
& Boresight W0 = Hatelo] glrky gsigich. 41 o
U= 2x2 Microstrip patch antenna arrayS AFE-$Hcha 714

59l o, Fig. 82 L1 A15.9] 4
Zoltt,

AL QL o1 TR g AlZtaKe

2.4 Data Demodulation

GNSS 4 1158 ZHA 2 285 il A 4158
ST 10 e 9131 2 S AAC ISk HBE 23 gl
of gkt Fig. 9= & $14do] A GNSS ] 415 2NE 245
2 Q1 3PS 7HFS1A LWL GNSS WH5w} A1 5ol 914
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Fig. 9. Acquisition of signals and CED demodulation.

Table4. Robustness of each navigation message.

System Ephemeris Required C/NO(dB-Hz) Note Ephemeris Required C/NO(dB-Hz) Note

GPS LNAV 24.9
GLONASS NAV 26.36
Galileo INAV 274
BDS D1 24.7
QZSS LNAV 24.9
IRNSS SPS 21.1

CNAV 23.6 -
FNAV 20.6 -
D2 34.7 -

GPS CNAV 23.6 GPS

© FE7F Y tAA] P2 A b= Qlot A &y
AAE 44151 o= GPS LICAS|A] A 251 LNAVS] 7%

sperer Aol Basich, el
3171 18 AA by WS BE 0e Bat 6
A1) 9]

12.5%0] Wasin], chre] s A 2|7 A ol )
B R ol B CED
RS 2415

B 5 #AIAZE CED Y5 ﬁgi_
Z271E 7}x] 2 WF4-E} (Kim et al. 2024a).
Aol FHE GNSS 417171 A 4 = A7t
S g5 A4 %i Zolle B2 & Bl vk
of A& gl T HIAIAE %PD} Ex 3bgollA] CEDo]| &
° CED&= $1%] A4 o] A

E = s} Z CED error rate
Y HlA]z]e] CEDE HRoh=
41 H)715 BEs 4= 9tk (Anghileri et al.
2013, Noh et al. 2022 Dafesh et al. 2025). CED error rate& CED
2 415k 59k CED HlojElolA @57} uhyst 852 ojujs
w, o] 2hgo] YA 5 o5t HE 44 A7 E B HIAIA] 4
Mg 915 A A A7 ARSI T ohA] AWt HPS&} z
CED do|el= 714 0 2 §HE vEw, 3Py HA1A] &
2 5K wlolEl do|7t QAT HIAA] FREE g4 “4—

15 7K Q1AL Hlo[Bl & fAlshe dlofl dee A2 Az

I Jlﬂ

[e]
:l:‘

ol

oZi o o o
N
-
i

0:
rE

>
[o

T X 1
|

AR A QL o B2 ABe oMol CED glole]
S 4A15H=E] Bk 4 Ak B3k £4j0] Basik Noh

et al. (2022)& Anghileri et al. (2013)9] AL Zra1sle] FQ
GNSS @A+ 4159 g1 WA= CED error rateo] w2 %]
A AT A 712 F A 441 A)7HE ZH2E Robustnesse} Time—
to-first-fix-data (TTFFD) X| &2 E-AI5}9I Tt} Tables 42} 50 A]
Eo]delA] 7EA] 18 TE S el A8 Y HAlA SR
A A A7 D FA 4 A7 sk

Noh et al. (2022)2] ¢1FoA] B %] .%
QZSS Y3 Al of Al GLONASSS] ¢ 24 441 4s

_EL

N
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Table 5. TTFFD of each navigation message.
System Ephemeris TTFFD(s) Note Ephemeris TTFFD (s) Note

GPS LNAV 35.5 - CNAV 29.6 -
GLONASS NAV 30 - - - -
Galileo INAV 31.6 - ENAV 59.4 -
BDS D1 35.5 - D2 35.5 -
QZSS LNAV 35.5 GPS CNAV 29.6 GPS
IRNSS SPS 59.2 - - - -

A|7]1& Dafesh et al. (2025)0)|4] s HIAX] @ A5 A 114
of| A AFESE 4241 © 2 HLE] Bit Error Rate (BER)-S A4S o1,
TTFFD+ GLONASS NAV H|A]x]2] CED ZAo]le} Zcha 714 st
93t} QZSSe] LICA LNAV, L5-1 CNAVE 2o} 3Ie]|7} GPSS}
SakslE 2 GPSeF 7ty 75Tt npx|eke 2 BDSE BlIgk
B3I A1 50| 4] DI, D2 314 WlA|A] 2 A25}=5] MEO, IGSO 2]
A2 D1 31 wlA] RS 8145, GEO $J4-¢ D2 & w|z] x| &
A2t} (CSNO 2019). BDS GEO £J41¢] D2 A4 £ 5= 500
bpsZ 50 bps?l D1 B} 108 w2 &£ 52 AlFZEch A4 &5
7} t] mhE D20]| th3llA]+= Noh et al. (2022)of|A4] EA1$F D1 2|4
4 A7) datellA] A £ 5 S71ell W BER 571 93 Bt
oo]-oq AFSEAT} (Anghileri et al. 2013). D13} D22] CED +%
o} Wk Z7)= 9A}slmE DI TTFFD ZaHE D2of] SUsH &
gaj5ict. AlBeol ol A 74| $14& Bekslr] $ia) 441
B7h4417] Mk 241 A7) Bk o, Falel] §ag Y
AA7H Gl BRIRIeh £41717L 158 FEsldoL 1
by AR} Gl 79 o) e 715 Bl CED Bz
TS THste] 2$2 o2 TS ARt CED & 7}
& A" A3 MI7I7E FAE R Qe A4S 7} Al e B
A 2] 2] RobustnessE THEsH= 24 441 A7| B}t A &
© 220] AIHo)lA 44 02 TTFFD A7 59t $45=7)
glRlIgheh ThA] WaliA] & A A] 9] RobustnessE WEah=
A Al A|71014e] 415 Al717F TTFFD 59 S A=W alg 41

o 2 o>

o]F

mlm £



Fig. 10. Modeled ephemeris errors of GPS Block |I.

S G RS 241 RO I T 052 T F
W EAIA S 8 T B Al A7t 4417 miZhE sk
gk rhel Sl A15E $4I5H SIS T Sl o2 Btk

3. MEASUREMENT ERROR MODELING

3.1 Satellite CED Error

ZHA 91 doll izt £78 2] Aol ele @4} &2 GNSS
/o] HEAEY T= CED oxf, A3 A, AREAL AlA] &
2} 223 S| Zgolnh. o] FollA] GNSS £ 9] B =
QA= AA AR o g A5 91 1A F AlA HEe
YAEHoZ 3 914 912 E AA AR 025 7] T4
FEHE B sto] ARSI Eq. (602 WS 94 91X
ot} YA AJA o215 rHllgstr] ¢Jsl Curve fittingo]] AFE-
=] F7] gF4olt} (Long & Stacey 2025).

Mmoo rr

L

z

A

e(t) = AQ0) + i [A(Zi ~ 1)cos <2T—” t) + AQ2i)sin (2—” t)] )
i=1 t

o714 AG)E 37] FHollA] curve fittingS E3) Q&= Al4o0] L,
T BEskart shz o] F7]0Itk ok 1H4 9] HolEl S
curve fittingsto] Al FRE A2sta, Al RS o2 It
ofl thsh #7ste] A= 27 AlgoldollA dejo] el A%
HEE AMESt=S A4l GNSS o] WEA=Y exE
oJ5loict. Fig. 102 GPS Block Il 914 9] HF4AIE=2 0212 A
T2 ZE3 Fofl o] & o] F7] F4E S5l AR Aol

o

i

3.2 lonospheric Error

A5 GNSS Shaeld & oz g 2
FIHE ulgo] AthH 02 2e & glort A7} HeES 2
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Fig. 11. Relative electron density from modified Chapman profile.

¥ Ealell HrkE 1 oAk AAF AMgALe] Aenct B 2
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QAT 53 2ol M2 S-S 291 FIohe A4 T e A
25S LEHsh A2 EVMEsitt 18 EE B =2oA= &
A azo) AT AelSe] Hu [AA UL o2 [AA 1= g
oo 2 BElasl= Modified Chapman profile2 1 5of whE &
A UEg BEsto] GNSS 914 415 e} Eafshe A9
% G99 A HEE AXISlAL o] & £2]H 02 HESH= B4
o2 AEF AAS A Aol 25ITH (Long & Stacey

2025). Fig. 11-& modified Chapman profile2 1% 350 kmE 7]
TOE 35 1000 km7HA] A2 A vlEE B oAl S U
ehick. Fo) A WEo] mEoh HelE g

= [e)
© o H —
2 WA 4 loh Fig. 128 A5 A At Ao oA S U
ERdich A= a4 mollA FAIE 49 m 7] d2 S AA
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o] gpol Upehb 20 BRI 4 glrk. A
2 g 7HAISH o) Sekael N 9o
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Fig. 12. lonospheric delay calculation result.

$ 72 FF54e] itk webd, # AToAE A 2%
A= o2 7 27 GNSS $14 1x/ok 248 & 91k
2R A7 IE 500 km ol Fi& FHsHe 415
o2 ok A1eto] 2 A AL e

3.3 User Clock Error

AREA} AA] QX = 22} HY A el o) AlA] @xfe] Y
EA S 915l EE Eq. (7) P2 2@ Hs19itt (Long & Stacey
2025).

2
0t (tis1) 1 AT ﬂ 8t (ty) &
5t (tresn) | = 2 |8te) |+ L (7)
. 0 1 AT||, A
§t(tk+1) 0 0 1 6t(tk) 3

037141 8¢, 8t, 8ti= AlAl @2} AlAl exbe] Wigke aE|a AA &
2} 714 oIk, AT AIZE 244 ol A4 93} Alel HElE 7
Aoz 23} WA FelE PAH 0, WY EH BE AT P
EE T2 WY HLE o]Foj HE [g ¢, £]"9} process
noise LEAF 32 paHE oA} Lo il Y prf s
of, P YE & Eq. (8)2} Zo] Cholesky #3li5t0] i 2= A4tz
sj o[t} (Bhattarai 2015, Long & Stacey 2025).

AT+ AT3+ AT® AT2+ AT* AT?
5t a4z 3 a3 20 q; 2 a3 3 a3 3

P=LL" = 92 AZZ +q3 A;"‘ QAT +q; ATTg 43 ATTZ (8)
| AT? AT? I
G 53—~ AT |
4714 g2 AlA 22}9] process noise #AM] HSHE, g,+= AlA|

22} #1518 process noise ¥-4F2] HISHE 12|11 g &= AlA] 24}
7145 process noise 24Fe] Higlg-olth A THE AJA2] Y
EA] ZofA] frequency white noise, frequency random walk 1
211 frequency random runy} T o] QJth E =FoA T ¢
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Fig. 13. Result of rubidium atomic clock error modeling.

e 2uE U AAS AL A Fig BE FHlE
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3.4 Measurement Noise Error

ZHA] $1dell et £ 2] B/ FiollAl ox kA" &4 O
o3 ojAlAle) Wske & £Ze 2472 wesi o
Al 259 43 FeL AL E4A Bz g
Delay Lock Loop (DLL) thermal noise jitter2 E@& st} DLL
thermal noise jitter ER & <& TZ2H3} A HFEIE uf2= 3}
L85 A x]of L3S} GPS LICAS} Z+o] Binary Phase-Shift
Keying (BPSK) &£x WAl& AMEshe S X & Eq. (9)¢F 2ol
2d8sk 4~ 9it} (Kaplan & Hegarty 2017).



Table 6. Receiver parameters.

Parameter Value
l;‘ 0.5Hz
D 0.02s
0.3 chips

Bon 512276 MHzZ
fls 2.10.23 MHz

5 T B"(1 +BfeT“(D 1)2)1+ N LT
ouesk =\ T || =t —— (D -7 |5 - (9
4 2£ B)‘eTc -1 BfeTc TNE( _ ) Bfe B/e ( )
0

BPSK H}Al o]<2lof| Binary Offset Carrier (BOC), Composite
Binary Offset Carrier (CBOC) A& AFES= 23 X 9] &
2dle g = BOC thermal noise jitterE AF&-gHc} (Julien et al.
2010, Jin et al. 2012, Teunissen & Montenbruck 2017). BOC2]
thermal noise jitter= Eq. 10)a} -t}

B L] (o
OprLBoC(n,m) = C* T, —nCD 1+ -
2(455- 1) TN,

nsto s EEY X AYANNE FHH e Y
Frequency Lock Loop (FLL) thermal noise jitterE AF2-5}33

i, Eq. ()3} Zc} (Kaplan & Hegarty 2017).

o3 7] 4 B, & Loop noise bandwidth, N%E Hz @92 FIAE =
A x] o] 2-&H|, T= predetection integration time, D= early-
to-late correlator spacing, A, Wkga} o2+ Z o], B.i= double-
sided front-end bandwidth, T.+= chip period, R = chipping rate
AL o= o] SEolth & =79 AlgdoldolA] AT
o 9]A41 0] GNSS £2417]%= WeakHEO 18] 3 LuGRE 4:417] 1}
el & X591 0 u, Table 69] & 2]5}%3 ) (Capuano et al.
2016, Parker et al. 2022). & =Foj|A] L59} Z+o] Data 4151 1
o} Pilot 41391 QF B+ AlFohs A5 tsirle [ 430t
ARG} 7145193 o) Pilot Al AFg-of w2 predilection

integration time Z7}= L& ¢l o] Table 604 AAISH 3 25
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Fig. 14. Satellite visibility and GDOP variation during Lunar transfer.
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Fig. 15. GNSS constellation in simulation.

SholgRi 24X SHUE ST 2417] BE 199 5=
of violof s A s, olefgh wiolof stz 20l £4

o] off L 4l7] HpooA= 2 Aol A AREAF AA] @210
S3lEt} (Teunissen & Montenbruck 2017). TESE A7 A AH]
Atolof| = AlA| e 2ol FEHE SA ] Hio]ojA7E EAfRIcE nEx
O 2 st ARRAL AlA 22} Wsleolch
EKF+ time update ¥} 31} measurement update 14 & wHz
o g H35lm, time update I oflA] H= A 5S XYl
time updateo]| 4] 2FAY5} o] & © X} measurements update I+
oA 2R X E E3]| RAFSICE EKF time updateo]| A 4] £)x] 9}
St 23] MO Ak Ae) HEo] ek B4t e

3| ol &5} Egs. (13, 14)9) 7}

ﬂll
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et

CD(k +1, k)dynamics 0
0 Dk + 1,k)cock
el o] E AdtelA 948 s o5k F
2 23 ulE WA Fol Aisiglom, AlA eap B AF
Eff ] 9] wli WA A4 FE & A sleiA] AiksIgiTt
Measurement update I oA AFL-H S 2= a7 W
T Ze] 24 x|o|u], Egs. (16, 17)T} Zro] RElslol = Y A
Atell AR5t

<I>(k+1,k)=[

I

pry=di — 8t + 6t +¢ (16)
P =ds — 8t + 6t +€ 17

1714 de} di= 77t GNSS 947} T 914 Afole] Fjsketd 7
2o} A] o] Wk olm, oreh or, = k7 GNSS 914 AA| 23
o} & 914 A7) @foleh sV Al 1, fi 717 T 94T AFESE &
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24 AlEgleldolME

o} thalel AbE GNSS H A H‘lsz} FABS

g7l HEj2e EFsicty gdE s 24 %)= measurement

update TPgel A Alelsla BEWLT 2k o] 5L AL

Measurement update I} oA Zqt o] & A4l Alel WE] )

o|£ m#x LAY Qulo|E Y] 3L Eqgs. (18-20)3
2},

K, =P;HT(HP;HT + R)™! (18)

B = X + K (2 — h(RD)) (19)

Py = Py — K HP; (20)

5. SIMULATION SETUP

Fig. 15 A1 E@ol el A I A BAalat s 24 S et &
2] Yol Z-g3F A7 GNSS AT T4 Lehdch 947
£ GPS, GLONASS, Galileo, BDS, QZSS, IRNSS & 672 A=
o] Qlon A% ut2tu]e]E International Committee on GNSS
(ICG) booklete] Z]zH=o] Q&= $1d7E A= FHetulelE
%3519 tH(United Nations Office for Outer Space Affairs 2021).
% A 34E 123701, HAITER GPS 277l, GLONASS 2471,
Galileo 247)], BDS 307, QZSS 771, IRNSS 17| & A =T},
A R Fig. 162 Algg|o]doflA] AH&Ate]| sidsles &
8o FUHA A WS ‘%EJrLHE‘r Fig 162] 1%-2 Elliptical
Lunar Frozen Orbit (ELFO), @ 222 Near Rectilinear Halo
Orbit (NRHO)Z & A& Z%F % o]AlE&S 7}A T} ELFO:
JAXACIA AA|Z AEEQ LNSS $pdze] $1 A% setn)
B = shUE 2FX519 o1, NRHO= Lunar gateway2] 5 ]
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Fig. 16. Lunar satellite in ELFO (left) and in NRHO (right).

Table7. Dynamic model.

Parameter True trajectory Prediction
I . . 10Degree 10 Order 4 Degree 4 Order
Gravitational potential LP165P LP165P
Third body attraction ~ Sun, Earth, Jupiter, Mars, Venus Sun, Earth
Solar radiation pressure Yes Yes

5 3R F SHUHE AYste] &85199tt (Williams et al. 2017,
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6. SIMULATION RESULTS

6.1 Satellite Visibility Results
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oF H“‘—r“ﬂi A% F7E B 7 et AA| 913wl o
P 714 9JASE Lehdc) ullz}| 2 Figs. 199F 202 7+

= 7&“—]‘5 ELFOO]| thsl] =AIEE ZAoltt Algdo]4d 2} NRHO
oM e] Hat 7HA] 914 - 64012 YERF e, ELFOo A=
3596702 LFERLE, NRHOZ} ELFOS|| H]3ilA] 2k 2.80571(2F 78%)
o W2 7HA] 445 7tk thA] Well, NRHO+= ELFO tiH]
GNSS 914 ZFAl/de] oF 1788 A AiE Wehdt o]=%h

olfE AT FAIA & 4 90w Fig. 16914 ELFOE 23]
Sla10k BAIGlo] AEHo T B AN YAk DT BT

Fig. 17. Satellite visibility from NRHO for each GNSS constellation.

Fig. 18. Mean satellite visibility from NRHO.
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Fig. 19. Mean satellite visibility from ELFO.

Fig. 20. Mean satellite visibility from ELFO.

Fig. 21. Position and velocity errors (left) and clock errors (right) of NRHO.

Fig. 22. Position and velocity errors (left) and clock errors (right) of ELFO.
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6.2 Orbit Determination Results
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Fig. 23. Zoomed-in view of position and velocity errors of ELFO.

Table 8. Simulation results in RMS.

Orbit Position (m) Velocity (mm/s) Radial (m) Along-track (m) Cross-track (m) L1CA clock (ns)

NRHO 1822 0.52 11.90 12.33 6.19 2243

ELFO 27.99 4.35 13.53 13.24 20.62 7.09
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Fig. 24. Position and velocity errors (left) and clock errors (right) of NRHO with GPS and Galileo.

Fig. 25. Position and velocity errors (left) and clock errors (right) of ELFO with GPS and Galileo.

Fig. 26. Zoomed-in view of position and velocity errors of ELFO with GPS and Galileo.

7. CONCLUSIONS
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ABSTRACT

In this study, we propose a Graph Neural Network (GNN)-based localization approach utilizing beam Reference Signal

Received Power (RSRP) measurements in 5G networks. Existing GNN-based localization approaches have mainly targeted

indoor environments with dense Base Station (BS) deployments and are less effective in outdoor scenarios where the number

of BSs is limited. To overcome this limitation, we construct an expanded graph extracted by features such as RSRP, angle, and
Line of Sight/None-Line of Sight (LoS/NLoS) indicators, assuming that such information is available at the User Equipment
(UE). We validate the proposed approach through ray-tracing simulations in a realistic outdoor 5G environment and evaluate

its localization accuracy compared to the triangulation approach.
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Fig. 1. The 5G MIMO scenario in an outdoor environment, with a graph
representation.
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Fig. 2. Architecture of the proposed GAT-based localization approach.

Fig. 3. CDF of localization error for proposed vs. triangulation.

Fig. 4. ToA measurement error between the actual ToA and the measured
ToA for each BS in Ray-tracing.

Fig. 5. Comparison of the proposed approach with different numbers of
beam-RSRP.
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ABSTRACT

Global navigation satellite system (GNSS) provides position, velocity, and timing information globally, but single-frequency

receivers are limited by errors such as satellite orbit, clock, and especially ionospheric delay. While satellite-based

augmentation system (SBAS) improves accuracy by supplying orbit, clock, and ionospheric corrections, realistic simulation

tools are required to effectively develop and validate such systems. This study presents a MATLAB-based simulator that

generates GNSS observations, computes corrections via precise orbit determination using extended Kalman filtering (EKF),

and constructs grid-based ionospheric maps from dual-frequency measurements. The simulator, focused on positioning

accuracy rather than integrity, is evaluated using a virtual quasi-zenith satellite system (QZSS) constellation with global

positioning system (GPS) under intense ionospheric conditions in Japan. The performance of the simulator was analyzed

at the MIZU ground station and further assessed across 36 virtual stations to demonstrate the spatial effectiveness of the

correction information.

Keywords: RNSS, GNSS simulation, pseudorange, orbit determination, ionospheric delay correction
F0: A YAPFHAILH, GNSS A g oA, YAAD, A=ZA, AF Ad 24

1. ME

AR YJAHHA|AE (Global Navigation Satellite System,
GNSS)9] S8 = /39 A= E AJA Q4L 7ol &
SHAlS Aol 23] Alghe] =], HE ] RYY R E A3 o]

Fupiost SHASE o83k T QIEY 2 Jlet B4
wkS o] 85k HYl o 2 L&, Satellite-Based Augmentation

System (SBAS)= A 1A R AIEYAS ©]85}a1, International
GNSS Service (IGS) Real-Time Service (RTS)&= QIEUl& o]
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Bk SBASE TECAIARE o] §5He AHERIE 913k A
A2 Global Positioning System (GPS) L1 ©&u} $£~417]5 A}
S3he BT/ HOR S AR Aslg o), M3

2 sk glck

Yol Wagh FANARE ATsle] PHAT &
& GAT 4 Q=S sha Yk FF7] ollel Uk AHg A}
S& SBAS RAARE o] S5 S9HHwe} AL A

. 2003 ©m]=+2] Wide Area Augmentation System
(WAAS)E AJZFo g 83 9] European Geostationary Navigation
Overlay Service (EGNOS), & ¥ o] Multi-functional Satellite
Augmentation System (MSAS) 2 $F=+2] Korea Augmentation
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Satellite System (KASS) 5-°] -29 Zo]t} (SBAS IWG 2021, Ahn
2023, EGNOS User Support 2025, FAA 2025, NEC 2025). SBAS
BAPR Joe = AEexte] F¢ 24 cm £E0 2 vkdat
AHEAFE $15H RTSE] 4 ATEJulEle] Hlshas v ABheg 7}
2ct.

2] YAISHHAIAE] (Regional Navigation Satellite System,
RNSS) E4% AukE AH|A517] f5te] A THF7]HE
2]4 (Geo-Synchronous Orbit, GSO)o|L} 2] 714 x| H =2 A]
(Geostationary Orbit, GEO)S Al&5h= FHA|AE 0 2 JE 9]
Quasi-Zenith Satellite System (QZSS)L} ¢1 % 9] Navigation with
Indian Constellation (NavIC) o] gt} QZSS+= 47]9] Inclined
GSO (IGSO) €143} 37]9] GEO ¢l4o g TAw =g, 20253
84 Al 57] fdo] Y=L Jlom, 2026712 $14] wiX]&
US55 AL FEE 31 QU IGSO Y& o] 851H =2 73
o g Alshe QAA Y 4157 S71sle], 7RAlAd o] gt
= B4 AYeA ] FHAATE BY & Uthe FHol 9l

>

i

o, RNSS= GNSS o]4} T4 A] thAl] g o & AHg 7153t
U2 MSASE QZSSoll S&sl7] 3t A& bt Qledl, &
2 QZS-3 91/d& o]-gsto] MSAS BAARE F4l5kaL glor
k2 27]19] QZSS Q1/dellA MSAS B RS $4I1S AEolct
(Sakai 2018, Saito 2019). MSASE= U E Yjof] &Jx]5t A|gHE A]
= el Uhe 279 e & QIFh =2 AES Ad a7 QI
3 WAASo]| vIsiA= BEHE F5
T g 9 A ol Z1edskar Qltt (Jeong & Kim 2008).
MSAS 415 &= FHolME fAlo] 7HestE R U Ataksel
o3l MSAS B 5o Y& fFoflAle] A5 LD follxe] A
Sof ot AAF7F £8)=Qct (Jeong & Kim 2009, Lim & Park
2017, Hwang et al. 2021, Kim et al. 2024a). GNSSL} RNSS &&=
AHE Al YIXFE =L GPSofl SBAS A3t Al Yx|A gz of gt
ALAIN= ol B & AIAE ] 0 1F, GNSSLFRNSSE FAlof AF
5] SBAS B B S 28351 A1 27| ook

2 AollAli= GNSSLERNSS FA] AH Al H A AIE/A]
AW ALE BAYEE 8T A9 AAEE PP
A 28I S/W AlgElold 7T & o] &sto] EA5iTh GPset
QZSS L1 @50t A EoX AT 4S5 AHgsHe A7HE $417]
2 gsta, A AET BEARE

ol

S A8sto] AANGRE A
AHRE ASsKth BEP R 944 A=23 25 E HES
A +4 Bas S0l skl on], e BAYE] s
MSAS BAG R} HnE Fl FARE ds& HER =S 24
ShIct. =R A4 GPS 91/d A=t M S T HlolHE &8
stof QXA Fete S FATe =M 7Hs T A Aol 24
SI=5 SIGit oyt & Ae HPF R o3t YxHete &
g BE SHH R A6 o, SBASOIA Al gE = 24
7152 kA kAL, QZSS+ A vl SAIY S Hekstod
AlEE ol AIEE AE5H: o213k SHollA AlEeol8E
83l §217F obd s & 7H] ARl ARt A gAREA
Al A= AXG =S vhetd 4 Qlom, A FFAlS s xlel
o2 HYPE de Wst &
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Fig. 1. Block diagram of the correction performance analysis simulator.

Follde Algdlold o= At A 3 HYYHEE 71E GPS/

MSASS] .} 43} v, B3 FE AT S
L AlBeelEE ol §ale] B Q¥ ] AAFERte] 1304
Feg 2aslgch

2. NEYI0|E 7= H 2|Al2| AlZ2f|0]d

2.1 MEZo|E] 2=

MATLAB 7[9te] Alg8|olel= 37 RER FAEET, o=
(1) GPs ¥ QzSs F=orlAE] YARE, (2) A= 9 HaF 2
AR ARE U () A7} 92 2Y =B}, ZE oA
= Receiver Independent Exchange Format (RINEX) &jAlo]
Sefole] hel = AabElo] Yuk GNSS SIWOAE AHEE 4 9
A siggond, adolel olelo] FIAIAE AAsle] 91312
Amgol A AT BAHE AHBES A4 GPS Hlolel A
?)E Fs ot 24 LES AFE 519 0, SBAS AR A4
a4 eroleh. AEelA R BETolE] BEHRE 2 olo]
A8} RIS 2451 ek,

AA 7S AR st $iste] 71 7t AA |
ol & |thgh AFESIGITh AlEE| oA EHke] AA| IGS GPS A
UAIEH (final product)z} IGS A 2]= X% (Global Ionosphere
Map, GIM)E AHE5lo] QJAtAE] 4155 sl ©, QZSS
= 70 S miR7E dE 7] ok Adgtoln g AlEE ol HE
£ AHESISITE $1I8) A4 Alofl= SBASS} f-ARSHAl SRIHIA]
2] =g s D AAR || EAPRE 715h= 1]
S A5G BT, GPSY] 7 AR FRHAIA] S AHEsto] W
HEE X5 AP QZSSE AA WEHHAEY oX 45
< 7H= AlEElolAd AR E S AHESIIT Fig. 12 A&

olf F2& UEhf L gl
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Fig. 2. Ground tracks of simulated 7 QZSS satellite orbits on August 7,
2024.

2.2 GPS HIE % QZSS A= AlEY0]M

GNSS ox A7 & Algd|ol4dsl7] sliAle el YA
Rl £417] YR YBE o] gsle] 7|51k A7 (geometric
range) & A4 F, 7] oxF 9 Lo|2 5& FUkele IS
XA "t o]2gh o] f-&2 Al THT A AIEFEE AL
|5l A2 AlEH oA YJatA R o] AMEA S ol o F523]
ok T3 Al B o)A oALARE o] gslo] H=AY S 5
o Zofl, AAHEet FAREE SAbA o] L3 94 =S
HE 35t =24 TE o FATE Selsl=t Hsitt

GPS HlE% IGS AUHEH S AL35}91 =1, Root Mean
Square (RMS) 3 cm F2te 5 712 B2 AA| Aol wi-¢- 7Pgth
2 4 Qlrk IGS AEAIE YL 155 TR AlFEHEE AlEY
oA Alofl= UATE AMgslod A= A HRE 2E3519T) GPS 944
AALEZAE IGS HLALEHE AHSSII =, H=ol Hls] ¥
St Sl 2wk X4 o] AlS o] 85t AlA S EAl K
& FE3I9ich

78 A 7E 78 FQ QZSSE AlEdold HEE A
SHTE &3 QZSS 2§ AlFe| 9hEo] IGSO, GEO, Quasi-
Geostationary Orbit (QGEO) HEE T35t 77] A 7]vtke] 7}
A A 2SI 5T RS AFEste] S
S8 $A-E 7S o] 85to] ALsIsith QZS-7 #1449 7
ZdArzto] 2° 2 A 57 H =l SR FR| Az SH 5 ER
QGEO=}= M2l o 2 Balc} (Kenji 2023). Fig. 2= QZSS 94 7
719] A4S Yehf AL ot

AlEH o] AMESh= AlEE F 7HA7E e, oA
2] A4 Aloll Abgsh= HI=el AMSRE HXIE] 7 Alof| AFES
+ HA=7t ok AlE ol A= HRFE truth A=, T2
nominal =&} 2|k}, = 7 Hl=o] Xfo]7} HxI5)] LS
sk $2 QQlo|u g P weh Rulg]o] B aslrt GPSe 74
S AR AR o FEAHEYS IR XS] Gl A
slo] AGHAE oA & DAISIITE QZSSe] 7 Al o]
A AEE truth AIEE AMESH| wiol] -3t ko] 2 & Tlslo]
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2F 522 2 m £Fo|BR o]of Flgshs ko] ZE truth ]

of ¥5}od nominal FEE AWASIICE

Ol
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Table 1. Data source and simulation parameters.

Item Truth Nominal
Date 2024. 08. 04 ~ 2024. 08. 10 -
Timestep 30 seconds -
Satellite orbit IGS final (GPS), Simulated truth orbit (QZSS) Broadcast (GPS), Simulated nominal orbit (QZSS), Orbit correction

Satellite clock offset  IGS final (GPS), Simulated truth clock (QZSS)
Receiver clock offset  IGS clock estimation

Tonosphericdelay ~ IGS global ionosphere map

Tropospheric delay Modified Hopfield model (with meteorological data)
Satellite DCB IGS GIM/GPS TGD

Receiver DCB IGS GIM

Satellite ANT offset  IGS ANTEX

Maskangle 10°

Pseudorangenoise  0.3m

Broadcast (GPS), Simulated nominal clock (QZSS), Clock correction
(estimate)

Klobuchar model

MOPS

GPSTGD

IGS ANTEX

Input

A B A BolEolAE o] 2 fzo] TS We olxH ]

At HE 2 HAste] PEZR o) ARSI o= Lo|X e

o] A71& whEel fAS cm E 02 AT AR thE @
2} A2 ZEoAbA =9} v*}ol":q Doy 4ee HEskA] &%
th g5 BB A S EiME olsFate TE3o] .
SlEE L2 T IHEYT AYAISHH, o] A=A A Aot AR
=k

2.4 £M7] Qx|xW B E

R EEollA AT A=, Al
st ARAE SRS FA sk 1%
2AFHE ARRSo] v TEAR UPDP %‘%}%‘E}. RINE
o] TrEolE ¢ FHHAA S dHHolE =
ZEﬂO]EiE A2 7hssieh &, AP EE *]%Eﬂolﬁ 1%“53
& ARESISITE AlE ol doll s oabAR TS olE A4
L5 = truth 873 X534 A] AL5= nominal 73
SEATE Truth 78 Thget 3 gQls sl «1*}71111 =
AY7dshztl -85, nominal &2 HAHE 2§ F HX|5]
FHste 71E P e g AFgHrh weba] nominal el
B o] SrA Y g B A 8okA] o=t Table 12 o] g
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Fig. 3. Block diagram of the orbit determination filter.
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Fig. 4. Simulated pseudoranges of GPS and QZSS satellites on August 7,
2024.
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Fig. 6. Pseudorange simulation errors for GPS satellites on August 7, 2024.

Fig. 7. Skyplot of pseudorange error STD on August 7, 2024.

Fig. 8. Location of ground stations for orbit determination.
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Fig. 9. Orbit and clock corrections for GPS PRN 07 on August 7, 2024.

Fig. 10. PRE RMS of GPS satellites estimated by orbit determination on
August 7,2024.
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Fig. 11. Locations of ground stations used for ionospheric delay
estimation.

Fig. 12. lonospheric delay correction on August 7, 2024.

Fig. 13. lonospheric delay correction on March 20, 2024.
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Fig. 14. lonospheric delay applied to QZS-2 from IGS GIM and simulated
corrections from August 4 to August 10 in 2024.

Fig. 15. Horizontal positioning errors for different systems and application
of corrections from August 4 to August 10 in 2024.

=AM diEolt

HeE HAHE HASS 95| MSAS M2 ngﬁgsa}_oq o
A2 535131t} Lee & Park (2025)2 2024\ 3¢ 204, [40°,
130712 3233F ol x| oA IGS GIMT} MSASE H| 23} SBAS
S B EE vlatstglon, 1 A3k MSASS] 2|5 B
%J = 1GS GIM thjB] °F 2 m o[5}e] Zpo] & Hebih. 2 Ao
Me diolA 7 7712 [40°, 130°7] A1 & dide = SdT
SFo] HalE BYYHE gus)y] Y8) ol FFutS B A
A3 A] 45 cme] ko] 22 M gsl9irt Fig 138 20244 3¢ 20
] IGS GIM¥} A& HAHHE Lehfu], IGS GIMke] A
Q1 Zpo] g2 A MSASe} FALSHA T

202411 89 4R 109712 FEQAbAE] A W A&
Aof| AFE A= BAFAEE v w5}tk QZS-22] 72 IGS
GIM} AlEd|o] A B K o] 2fo| 7}k 2] 74A oAl X 4.3 m
742 271 00, RMSE 0.7 mgith. A GPS & QZSS 4]
o3t 2po]o] RMSE 2.5 m2 VERG S, A ALz & u]2o] Ab
o2 F GPS §14dollA] 2tol7t o AA| F22518Ih Fig. 14+=
QzS-20]| A48 M= 291 BAgho] AI7F¥slE Uehdch

5. A|IE#I0|M ZHu}

20244 8¢ 4% (DOY 217)5E] 89 102 (DOY 223)7h4] Y=
AT, Y MIZU A4F5e] GRlolA Aol e 4asiaic.
RAHR AL ojio] WE PAHLEES Hrleigon, GPse}

http://www.ipnt.or.kr



272 JPNT 14(3), 265-274 (2025)

Fig. 16. Vertical positioning errors for different systems and application of
corrections from August 4 to August 10 in 2024.

Fig. 17. Horizontal positioning error RMS in Japan by correction
application on August 7, 2024 (a) without correction, (b) with correction.
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3D Location Estimation Algorithm Based on the Combined TDOA and
FDOA for Fast Moving Object

Seul-Bi Jeon®, Suk—seung Hwang'
Department of Electronic Engineering, Chosun University, Gwangju 61452, Korea

ABSTRACT

In various aerospace and military applications, precise location estimation techniques are essential to accurately determine
the location of objects at specific points in real time. In particular, when estimating the location of a Fast-Moving Object
(FMO) with rapid location changes in a short period of time, such as a high-speed aircraft or a train, an algorithm that satisfies
both high accuracy and fast processing speed is required. The representative location estimation techniques include Time
Difference of Arrival (TDOA) and Frequency Difference of Arrival (FDOA). TDOA provides high accuracy but it does not
consider the object’s travel distance during the processing time, which causes serious location errors in the FMO environment.
Although FDOA efficiently estimates both location and velocity, it has the disadvantage of being extremely sensitive to the
initial location estimate. In this paper, we propose a combined location estimation algorithm with TDOA and FDOA in three-
dimensional space that efficiently estimates the location of FMOs and compensates the above limitations of both techniques.
The proposed algorithm first estimates the initial location of a FMO employing TDOA and then calculates its velocity
employing FDOA to predict the FMO’s trajectory. The location estimation performance of the proposed algorithm is evaluated
through computer simulations under various scenarios, including different sensors, FMO placement, speed, etc.

Keywords: localization, TDOA, FDOA, fast—moving object

FR01: 9034, Az 22 Fol, F3k4 £ Hol, 14 o] 5

1. M2 23k}t (Qu et al. 2017, Yang 2024). 3}A]3}, TDOAS E3] £
& F3sh= A7t B3 FMOE olu] AMgst A2l & o] F35H H

FSE 8 F4 dojold 2 ol SAlfast Moving Obice,  of, UATIOZ FAT ST 24op 1ol DAL sick =
FMO)2] E& A|A-oA 9] AEsl Y& 5= 7]&L HA £ gz A ¢l HHel Frequency Difference of Arrival (FDOA)=
29l 7142 2e) 2 }M (Zhou et al, 2025). B3], Fg7Id  EEe] Fuk4 2ol F o] gsle] o]F 15U 94X P £ES

UALY 5 FMOS] 79 A2 AR F¢olle /X7 24 HEH SAlol F8E e Aol A (Hmam 2017). 2=, 271
B2, 5o FUES SA6lHA WE M) SES RSl & 913 3 ghol URisle] R0 A8 A9 gl A5 e
1 a]E 7igro] B4 ot} (Zou et al. 2018, Wang & Li 2021). BA517] o]t

tfE Al 9% =4 7|H<el Time Difference of Arrival o|E FHs17] 93l TDOAL} FDOAE o|g35}e] o5l €]
(TDOAY: AL Sl EEsh AIS3F B3} AR Aol S ke, X128 24517] $Ig chagh 75o] FAHL 9on], Jia et al
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o] Ax]FEH duz]=E Aeksled AL, Seo et al. (2019)= TDOA,
FDOA, Angel of Arrival (AOA)%} Particle Filter (PF)E %25}
FE=E FIAIHTE T3 Jo et al. (2023)&= 231 35S 18
3FFMO $Ix5% &g &S Arsledth. 2= A+ of
HEL 231 B olut A& o] F Aol E3lEe] QlaL, F7HHQL
Bz 7ol &5 wiiol 33+ oA w2 A o] 53k
FMO<] £ AlA 2] o= sHAZE ok & =82 ol={gh
SHAIE 7iAds}7] 913l, TDOASE FDOAE ZRsH X34 ¢
&S ARt Al ¢i1E]E-2 WA TDOAE F3f FMO<]
31 27] YA E £ &, FDOAE 33l ALt &= 4%
£ T Hxoll FL35te] FMO<L] 9% £ A= & /f4dgich
2 =79 1442 oh3t &t 2%oll4] TDOASE FDOA 3
3 e B =Rl AsHA disla, 3gelA At 33k
FMO $12|574 daej&e] disl] Agsgict. 43 HFE Al
Edlolds Bl At LaeEe s WUk, 532 2

Eolct.

2. 3x13 TDOA/FDOA fIxI=H

B ol A Aok 3219 TDOA/FDOA 2% &aaj&o] A
g 915l 3%k TDOAS} FDOAS] 7] 7 & A7H%ich

2.1 3%+ TDOA gixI+=d

AstE TDOA/FDOA ¢H1E]Z¢] 3319 FMO 27| 922 =
Asl7] 215l TDOAS &4t R(E FMOL] X x=[x, y, 2]
oF iR Al YA x=[x, y, 2177+ #2]2 Eq. )T} o] A
ojglc}.

RM)=x-x)+(-2) +(z-z), i=1234 (1

FMO<9] X2 RE 7]& AAQ 3 HA AA7Ex] o] A=
R(ek 1A A7tz el A R(x)] XFo]Ql Ry(x)+= Eq. Q)2
A of3 4 9l

Rj‘l (x) =Rj (X)—Rl(X), Jj=2,3.4 (2)

4he] MAZRE Qe TDOA ZHZHE Eq, (3)7} Zo] e}

Felz ekl 4 9irt.
T
r,(x) = |:R2,1:R3,1aR4‘1:| (3

Hio] 00l 7RIt B E ZHe g (n) & 13},
TDOA 27 @37} £3Hel TDOA B&7t (p)& Eq 2 A 2lT
4 gle.

p, =1, (x)+n, (4)

A 1,09k pe FMOS] 27] 91212 #4317 919
Iterative Least Squares (ILS) &318]= (O'Donoughue 2019)2]
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Fig. 1. The proposed FMO location estimation algorithm.
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Table 1. Parameters for the first scenario.

Location (km) Velocity (km/s)

Satellite 1 (800, 2000, 1500) (4,6,5)

Satellite 2 (-1500, -700,1750) 3,7,4)

Satellite 3 (1800, 600, 1950) 2,5,2)

Satellite 4 (-550, 1250, 1600) (2,6,3)

FMO (200, 50, 8) (0.25,0.156, 0.264)

Center frequency 400 MHz

Timing error 100 ns

Frequency error 4Hz

TDOA processing time 0.1sec

FDOA processing time 0.04 sec

Table2. Parameters for the second scenario.

Location (km) Velocity (km/s)

Satellite 1 (-1590, 1390, 1900) (3,2,2)

Satellite 2 (4610, 1450, 1850) 4,1,3)

Satellite 3 (900, 800, 2000) 2,3,4)

Satellite 4 (1000, 1250, 1700) (5,1,1.5)

FMO (1100,1050,11)  (0.113,-0.09, 0.2)

Center frequency 500 MHz

Timing error 50 ns

Frequency error 5Hz

TDOA processing time 0.1sec

FDOA processing time 0.04 sec
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Fig. 2. Locations and moving directions of sensors and FMO for the first
scenario.

Fig. 4. The estimated FMO location and the expected range for the first
scenario.

Fig. 6. The estimated FMO location and the expected range for the second
scenario.
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Fig. 3. Locations and moving directions of sensors and FMO for the second
scenario.

Fig. 5. The estimated result of FMO location for 0.5 second for the first
scenario.

Fig. 7. The estimated result of FMO location for 1.0 second for the second
scenario.
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Fig. 8. RMSE results by time errors and frequency errors for the first
scenario.
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Fig. 9. RMSE results by time errors and frequency errors for the second
scenario.
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ABSTRACT

Global navigation satellite system (GNSS) signal delay caused by the troposphere is a significant source of error for precision
positioning. To mitigate this tropospheric delay effect, a precise point positioning (PPP) method estimates the tropospheric
delay with carrier phase ambiguities. With accurately predicted tropospheric delay, this delay effect can be effectively

minimized or the tropospheric delay estimation process can be improved. An artificial intelligence technique, Long Short-
Term Memory (LSTM), was developed to predict the wet tropospheric delay using meteorological observations such as
temperature, pressure, and relative humidity at GNSS monitoring stations. Five years of meteorological observation data

from four GNSS measuring stations in the Korea were used to train the LSTM network model, which predicts one year of
wet tropospheric delays at those stations. The predicted wet delays are compared with the wet delays estimated by the PPP
method, and the forecast accuracy and geographical error differences are discussed.

Keywords: GNSS, tropospheric delay, zenith wet delay, LSTM, artificial intelligence, time series forecasting
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Table 1. Input/Output data of LSTM model.
Data type

Parameter
Hour of day - cosine
Hour of day - sine
Day of year- cosine
Input Day of year- sine
Pressure (P)
Temperature (T)
Relative humidity (RH)
Output Tropospheric delay Zenith wet delay (ZWD)

Input/Output

Time

Metrological

, |
Z}t Alo| E (forget gate)= A LEO| = g 3HE B3l o] A A

g ¢, oA ol AR E B 2ex] HAA7Ich
2L A A = Y4 Alo|E (input gate)d] EZgta} A=

|
2 $5 4 e} g8 Folol, Y2k Ao|=E AL o4 A Aeheh
VGRS 24 AAFEITE. o] I L Eq, ()2} o] LR,

Ce=fexc1tiz*ge (2)

i
)
=
=
ol
-
ol
o,
EL
s
i
au)
)
[
)
4>
i
)
ofo
L
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~|
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o
o)
to,

h; = o, * tanh(c,) (3)

o171 o £ Ac|E2] TS GO, B A x, HH
Mol 5% b, 293 A Aol o] ARl e
AbEITE LSTM AJo] 3 Aelle] H 1.8 Jubahg o192 g
A 2785}09, ol Eq, (4)9} o] Lhehd 4= ik,

0y = 0 (WyoXt + Wiohi_q + by) (4)

A7 W ot W, = 217 £ AolEe| tigh 7153 ol
bie 9 Alo|Ee] WIS ofnlgitt LSTM W EY I+ AlA
Holeld] £4 W of| & FAloA] EHdtt g Bole %t
7% (RNN)<] tj 24 Lo},
£ AollA] PEEE LSTM 7|9 ZWD oS B2 U A
AE AR 9 7)A0SEE vHdste] ZWDE o Ssle & 14
St} Table 12> LSTM B&o] 77] ¢ djoje] U & do]E]
ezt Aolch
17kl B3k 4 dlolEl2 & A5 I (day of year, DOY)
I JU = A)7E (hour of day, HOD)-S AF8-5193 =], Z+z} cosine
2 sine Hejo] = A4 TebulE R Relslo] AMgslgith. o]
£ oL Uiyl WA Aol QY ol A4S B
A7) gk wheltt. 7142 7Y (pressure), 7]
(temperature) 2 A5 & (relative humidity) S A5 =4,
ol TR WHEAIY 52 B3l =& oY mhebalg 23]
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Fig. 1. The architecture and input/output of LSTM.

HEST 2+ PSS Ao 2 F 7)) LSTM AlSS
'EX]'Z:]I—Q—E AUEE 51k 2 Hnf LSTM AlZo e
AAEG o]l 2] low-level TH7] T EIS H435lH, 0 &3S
1sz LSTM A|Zo||A] wro} A7 o]&Aa} EXL nalalsh

Ek ol Hol7h & g AF FruECh 2P} Sy 584
oA §2]sln, AA| & Sutskever et al. (2014)_4 oA = A]
% LSTM AZ #2271 o % A58 Hol& vt qlth o]

3} Stacked LSTM AtiH 0 & of A2 mlal whe ko
T B 3h Talol| &aFA0) Hhe AlZ 2v) wheshd 7kl
5} gk Bobal 1 AAl B] L =7} So] BAE xE 4 Q)
t} (Zaremba et al. 2014). Zt LSTM AlZo] = ofg] 7] &Y
T} 23hEo] 9o, AJAA glo|ele] AJ7HA "d%é
t} o]5 24 ¢IZ (Fully Connected, FC) AL 7,
2 ZWDE o535ttt 2 Al5e] 2445} St odlE S I
3}st7] €3l Rectified Linear Unit (ReLU)E Z-85197 o0, A
o LE A 435 3PS 25 ARt} Fig. 12 LSTM Ce

Holla] ZWD of| & 2dlo] 3y 3t dloe] Y& IbgS Hof
&t

2.2 Bayesian Z|&3}7|%Y

Bayesian |23} 2313t solsintetule] g B3
4o ke TH O PASIE FBEH TR, Ak
gol £ 2 (LSTM )9 slo|muietule] o] £5] £
s}tk (Brochu et al. 2010). aj 7|HLE H=% 24 ok4 ZHS v}

Som 4o £XE SR 245w, 2L HolEr} &
7be Wbk AR RS A4Sl B B8-S Bt o] T
oA oln] FE8] T ol e sl BeUA] L G
2 4R S olele 4o 9ls) Agke A4 A}

ol A 314 tollA =
Bayesian 2|5}e] Wb 27 q
22 719t F, Gaussian Process —5‘4 g gz /\]-_‘7__3};_%
274 9 jdjo] Eslal, 35 g4 (acquisition function) & 2
sl AW e The R Adsls w4 Ayt 85 o4
= 23} 8- (exploration-exploitation) 9] w32 ZF3l MY
4o SIS Bch, o 24 A9 Blo 1o Sl
R Ao oAaro 2 Mo A (global minimum)o]l =gt

T

flo
0»

Fig. 2. Location of KASI GNSS monitoring stations used for processing.

TH5AS =4 4= 9l (Snoek et al. 2012).

3.1 M EAE B OE

2
4
R
r{n

A1 (Korea Astronomy and Science Institute,

=0l 97 GNSS JAIEAE 9 Folw, ZF Al
A 7]% ZHo]ElE AlFsla Ut & Aol A= Fig. 22}
o] Ul (DAEJ), A% (JEJU), &% (SKCH), Wk (MLYN) 47)
ABEL0] AAEolES ALgslon], Ao ZuF BT

N e

Mr Rorr 2 i oo
>
ol
ol
1o
N
o

o] 4] 2017 ] 2022W7H4] 6W7F 47
olE12 ki glek. 7l Eole o) to] 2

Fol7] Sisto] o1 5B UelS 289 Aol AAFood, 22t

=2 "1 0 —

e}

http://www.ipnt.or.kr



284 JPNT 14(3), 281-289 (2025)

Fig. 3. Meteorological data of DAEJ from 2017 to 2022.

Table 2. Statistics of pressure, temperature, and relative humidity for each KASI ground stations in 2018.

Stati Pressure (hpa) Temperature (°) Relative humidity (%)
o “ylean  STD  Mean  SID  Mean  SID
DAEJ] 1005.9 8.1 12.7 11.8 69.8 21.7
JEJU 969.9 6.0 12.8 8.1 70.2 18.1
SKCH 1013.5 7.5 134 10.0 61.0 224
MLYN 1013.4 7.6 16.8 114 63.0 22.7

Fig. 4. Difference between IGS ZTD and PPP ZTD in DAEJ station from
2017 to 2022.

o] 71/ tllolEl s 53T Al #3} S Holal Ut Table
20] AlAlE 2018\ &= B 719k, 72, g

EERENEEE

z|
.
T =Ml IEUS] A S

N
2
i

o] FHssiet.
A AU ZTD
275 ZTDRL)
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Fig. 5. Estimated KASI stations'ZTD and ZHD from 2017 to 2022.

o} PPPoflA] 34 ZTD9| X}o] & ephdc}, 3% Zx}, PPP
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EHX= 0010 m, Z o @ 2H= 0.200 mE AREE| o], 27|71
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A7 522951 ZTD W ZHDE Uehi 31 9tk ZTD: gLAB 2 1
@ o] PPPE Mgl 2459100, ZHDE UNB3m 2eS A}l
g510] 245)9{ck. ZWD ZTDo} ZHD] Sjolo|c}, BLE 5

= S
20| ZTDE H|A S o, A|F FATF200A4 ZTD ghol 714

O L0 B0 O 7]5LO
2 0 52 FEAE FATE
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Fig. 6. Estimated and modeled zenith total delays at DAEJ from 2017 to
2022.

Fig. 7. Searching number of hidden units by Bayesian optimization.

Efo} o] FEIgh AlM A WEl FFE B
Sz 34 At ol HYEEel A

ws}o} oh2 olct.

4. LSTM 2" 314

4.1 LSTM 29 X[=3}

LSTM 29| 6% 4% 2falelr] $1sh /22 slole]
£ Wito] 00l EEWA} 19 HTLEES TIHES BE0IE
Sasiglon], wele] stetnle g YAy} Slsled Bayesian 2
A5l 7142 A 8319k LSTM Bele] A58 ShrE (learning
rate), BHE314> (epoch), B|UBlX] 3.7] (mini-batch size), Sh&
E 7+4A F7] 9 74§ (learning rate drop period, factor), &4
5 o =& 4, A5} 4 5 ohst shol 9 habu|E X3t
wht ZA| FEfrick sEARE o] 23t miEfu]e o] X3to] uie- &
7] o, 7]&2] F2+$] &4 (random search)o|ut 18] & &
A (grid search) ¥4l & A4t &A1} 2|2 23 =& SHolA
SHAI7} 9t} (Bergstra & Bengio 2012, Snoek et al. 2012). o]o]]
what, £ AolAl= Bayesian 2|45} 71 & E95to] A& Al4b
AR BIHOR HH 2L PAT 4 YES st

HHsle 5 2042 AYEATE WA 1AL 295 =

Table 3. Optimized hyperparameters for the LSTM prediction.

Hyperparameter Value

Optimizer Adam
Epoch 50
Mini batch size 1000
Learning rate 0.005
Learning rate schedule Constant
Num hidden Unit 1 5
Num hidden Unit 2 25

Fig. 8. Train and prediction data period of ZWD at SKCH station from 2017
to 2022.

£ 4 9] 7 slolw webuleie] 27] gAY WIS AT 3,
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HlERO 2 £ ) LSTM A% 0] &4 kB 48 154 0% gajs)
om, o] 4a] 1003l0] B Fol H4 9 725 Asidct

= 1
7} 13} B HEe] 7] 8 24

& FA g, A
of A4k 1005] o] &M HHE-S T8 2710 2 FI9Tt o= oH]
Aol Al oF 508] AR FH Fha gho] sl AT 29l
sl oLy, B oS EHEslY| Sls) HHE 318 10032 4
IR e, AAIR 1003] ¥ 3 A3k, g Sukio e A
5 74 Zo| ujuslie] o] 25191 &-S ERISISIT. Fig. 7
ol &= Bayesian 243} IPgofla] F 24 F9] L& 5 X3t o}
£ 95 412] RMS HstE ZA|519] o, slehe] Wik o]
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2% 23 o] 24 RMSE Lrehdich. 2 o
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oirk. Aol th AAIBEL0] A7 712 B3 ol
A 31dch
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Fig.9. ZWD prediction of (@) MLYN on July 2 and (b) DAEJ on November 2, 2022.

Fig. 10. ZWD prediction errors of four KASI stations in (a) July 2022 and (b) November 2022.
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Fig. 11. Each KASlI stations’ prediction results in 2022.

Fig. 12. Each KASlI stations’prediction errors in 2022.

Table 4. Prediction error of ZWD for each KASI stations.

Station Mean(m) STD(m) RMS(m) MAXAE(m) MAE (m)

DAE] -0.000 0.029 0.029 0.164 0.020
JEJU 0.006 0.034 0.034 0.177 0.025
SKCH -0.003 0.030 0.030 0.215 0.020
MLYN 0.008 0.036 0.037 0.156 0.028

Table 4+= 2022 1¥7F KASI T (DAEJ), A5 (JEJU), &2
(SKCH), Y% (MLYN) 47l A1 TE42] ZWD ol & Aattof] thgh
22k BAE vt Aolck. 7 AFA|TE Aol sl oA Satt A
A ZWD 7te] o} H4t, expoll et AL, Wit Alg 2
2} (RMSE), Xt} At} @2} (Maximum Absolute Error, MAXAE),
upx|eto 2 W4 Ao 22} (Mean Absolute Error, MAE)S AF
Z35}19)t}. Fig. 13- KASI AXT&AH ZWD o9& 922 H|n
slo] Bojzr) Ao 2 RMS ©3H= ©F 0,030 m, MAE: oF
0.020 m $=F 22 FA|FH AT} o= Y] 7l KASI AFA| S Aol A]
25 ZWD H9] (0.05 m - 0.5 m)o]l H]al oF 5% ele] 9} 4~
ol NPt B GABSA0| tiste] Hdt @3k 0.010 m

Fig. 13. ZWD prediction error for each KASI stations in 2022.
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A = 5 QR WS SRl STt Y] AiE=rt BdE e
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& 69.8%=2 42 (SKCH)Y] 61.0%ETt Houp HEAdLe £
Hep 2A dehed, ol 24 AYE 7IHte = 3 tiS4 7]
T 54 e S5 Hat AEA, 2193 #g/del olsf 2
Al R FAA 3L, A5 S sk H FEReE AAt
Sk W S2E Sl 7159} foehn 4, YIAIF 5 AY
A 54 71 @] 3 ot g S T sAll
diaEe] Edel ¥ A, olof met 54 Aol A5 4
50| A5t o] MAXAEZ} Atidog 37 vehd Ao g siA
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3} 4 Qltk (KMA 2025a). A% RMS ©3}= 0,034 m, MAEE=
2 AT 714 WSRO A TS A FollA 71 2
Th FEA|Q FRo] S ot A% 27 G35t 7MY 2
Hi AGEES 7T (KMA 2025¢). 1213k siokAd Uio] o
02 F& MEAo] 3] o} ST exprt At o 2 ZA|
4
ERSo = B35l MAXAES 0177 m& &2 K} 2Re 7hS
it} o ZWD ©xH= Waoko 4] RMS €217} 0.037 mE 7}
Al Yetgton o]z 2193 B0 2 1%t 9 5H 4%
ZWD ®i3} 52 ¢ d|o|e] o] Rafjel I A o2
B Aot fAkeE 7]E =R vt e & Aol 5 =Tt
T 2 =R AHeSE stz ol fARE ZWD HEE 7 &
9] ol & AuE AESIIch MLP2}F LSTMS AHE-SL Lim &
Bae (2021) ¢37-2] 79 LSTM Z=oj| A 0.0262 m 4=Z7}4] RMS
Q312 £9Ic}. BPNNZ} RF RS AF43) Li et al. (2023) 13
©] 72 RF Bdllo] 7.2 RMS 9 X}= 00353 m, BPNN T2l e] 7
© 00365 m RMS ©x}2 2halslgith CNN 2Rl AF&3) Bi et
al. (2024) A= 7] Zdle| what zkz 0.0389 m, 0.0421 me]
RMS 23}2 @Aj5l9d 0 n) CNN-LSTM Z@l 2 of| 23+ Wu et al.
(2024)2] Ao A& 0.0440 me] RMS x5 GASISIc oS
e 7 et ofu=t Y Biet A5} v o] whak 34|
gEiz =), & A Y] A5l -gle oetu|eE A Ls

of A} A& BRI PP 452 Husioch

u

6. 2=

GNSS 41% A|9e] Fa 910l thEF AL 714 Hasl
A wslel 2 ek wow, 53] ZWDE $57]%w e
7ah 2710] whet WAl A o o5 Hskest Basich £
AT A LSTM 714 el & BelS 53] ZWDE o Zslgiond,
5\7ke] F1abES AAE HlolEl S Shdt F 1A%k % A5
& BAslich B A% AES 919 ZWD Hglo 2t PPPE
£} #749 ZTDo} UNB3Im B9l §3) $4 ZHDO) Aol

AbgshgiTt.

A& Az}, T ARE] dlE 25} RMSE] HEL ol F
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ABSTRACT

Time Difference of Arrival (TDOA) localization using GNSS-synchronized surface buoys offers a promising solution for
underwater emitter tracking without direct cable or acoustic links. However, the achievable localization accuracy depends
on the interplay of buoy geometry, time-synchronization errors, and dynamic tracking constraints. This paper presents a
quantitative analysis of these trade-offs using both static and dynamic scenarios. For static localization, Geometric Dilution
of Precision (GDOP) and Root Mean Square Error (RMSE) are evaluated under varying buoy formations and clock errors. For
dynamic tracking, an Extended Kalman Filter (EKF) framework incorporating realistic ping update rates is applied to evaluate
track persistence and accuracy over time. Simulation results show that the buoy geometry strongly influences GDOP patterns
and error sensitivity, time-synchronization errors above the millisecond scale rapidly degrade localization performance, and
in dynamic tracking, slower ping rates combined with unfavorable geometries can cause error plateaus even when filtering is
applied. These findings provide practical guidelines for designing GNSS-synchronized buoy networks by balancing geometry
selection, synchronization precision, and update rate according to operational requirements.

Keywords: GNSS synchronization, surface buoy network, time difference of arrival, underwater
FR0{: GNSS 5713}, 4 Fol VIEYZ, =FAA &9, 5 94 =4, & 2 24

1. M8 xof] w2 Aok, Alok AgE T FxA SHAIE 7HITh (Kilfoyle &
Baggeroer 2000, Stojanovic & Preisig 2009, Paull et al. 2014).

ZFolA &85 2520347 (Autonomous Underwater ol21gt SHAIE 535171 $18ll GNSS $4lo] 7158 A+ S
Veticle, AUVI®. S B, A1 240, 93 BUSIY 5 oyt B9 45 8 441 ARe sloluels W] ARk
FopollA &&= Qirt. ey 5 ol At 54 Sith. o] ¥hAlE Atoll A Y x|} A7F 715 SHERE F,
3] Zral=Eo] 224 fJAJe A| AEI(Global Navigation Satellite 5 FA 0] &5F A5 =Y A|7HTime of Arrival, TOA) =
System, GNSS)& 213 $£A18 4= glom g AHESE 9% 234 E=ZA]7Ex}(Time Difference of Arrival, TDOA)E AlAkste] £1%]
= Hsl Hre] Y - AXAH 7Ijol atHh HEH R & AFESHC} GNSS 5718} 719ke] 1 =& Y ES T = 4] -

A== 7121591 (Long Baseline, LBL), ©712]5-9] (Short 3]0 Hod, =g, Alok Ao &g} 5] A o] 2ler (Han

Baseline, SBL), 2%+ 2] &9](Ultra Short Baseline, USBL) H}4] et al. 2015, Zhang et al. 2016), &3] Ho|3] &= A3 2}-&5AH4
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Fig. 1. Conceptual diagram of GNSS-synchronized buoy network for AUV
localization.
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Fig. 2. Square buoy network configurations for selected spacing.
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Fig. 3. Mean RMSExy and 90th percentile versus buoy spacing L.
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Fig.4. RMSE, vs.0,atL=1.0km.
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Fig. 6. Example EKF-smoothed trajectory vs. NLS estimates.
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ABSTRACT

This paper proposes an efficient Regional Ionospheric Map (RIM) / Differential Code Bias (DCB) simulator based on Receiver
Independent Exchange (RINEX) and IONosphere Map Exchange (IONEX) format files. Using the proposed simulator, we
evaluated if it is possible to discriminate and estimate RIM and DCB variables based on a single regional satellite constellation
and reference stations distributed in a restricted area. The proposed simulator embeds a recursive estimator that can
discriminate and estimate RIM and DCB variables based on basic RINEX format navigation and observation files. It facilitates
the evaluation of accuracy and precision by referencing the IONEX files generated by the estimator and International GNSS
Service (IGS). Experiments were performed to evaluate the simulator under difficult environment by applying the RINEX data
of the 4 regional satellites received by 11 reference stations distributed in Asia and Oceania region. By the experiment result,
the average and the standard deviation of the vertical ionospheric delay (VID) difference were obtained as 0.35 m and 2.73
m, respectively. In the case of satellite DCB, the estimated values matched the group delay values in the broadcast ephemeris
parameters with the standard deviation within 0.6 m if the unknown mean value were ignored.

Keywords: RIM, DCB, simulator estimator, IGS, RINEX, IONEX
ZFQ0{: RIM, DCB, AlEd°]g, £47], IGS, RINEX, IONEX
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Fig. 1. Flow of the proposed Kalman filter algorithm for estimating
regional ionospheric delay and combined differential code biases.
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Fig. 2. Overall structure and main component software modules of
the proposed algorithm for estimating regional ionospheric delay and
differential code biases.

Fig. 3. Inputs and outputs between main component software modules.
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Fig. 4. Overall flow of the discriminated estimation of satellite and receiver
differential code biases from accumulated combined differential code
biases.
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Fig. 5. Elimination of satellite differential code bias corresponding to the
invisible satellite from the estimator state variables.

Fig. 6. Simulator structure to evaluate the accuracy of the regional
ionospheric map/combined differential code bias estimator.
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Fig. 7. Snapshot of various simulator-generated image files generated in each folder corresponding to a day of year.

Fig. 8. Procedure to download compressed data files from NASA Crustal Dynamics Data Information System (CDDIS 2025) server and extract text data files

from them.
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Fig. 9. An example to eliminate unnecessary transient errors of the current
day (DOY 301) by pre-processing the observation file of the previous day
(DOY 300).
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Fig. 10. Locations of Continuously Operating Reference Stations (CORSs)
used in the experiment.
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(a) GPS+QZSS

(b) QZSS only

Fig. 11. Comparison of lonospheric Pierce Point (IPP) distributions at DOY 010 of 2021.

(a) GPS+QZSS

(b) QZSS only

Fig. 12. Comparison of number of lonospheric Pierce Points (IPPs) at DOY 010 of 2021.

(a) GPS+QZSS

(b) QZSS only

Fig. 13. Comparison of Vertical lonospheric Delay (VID) estimates at DOY 010 of 2021.
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(a) GPS+QZSS
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(b) QZSS only

Fig. 14. Comparison of average Vertical lonospheric Delay (VID) differences at each grid point for 36 different days of 2021 separated by 10 days.

(a) GPS+QZSS

(b) QZSS only

Fig. 15. Comparison of standard deviations of Vertical lonospheric Delay (VID) differences at each grid point for 36 different days of 2021 separated by 10

days.

Table 1. Comparison of total error statistics counting all the epochs and
the lonospheric Grid Points (IGPs) referencing IGS Global lonospheric map
(GIM).
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Fig. 17. Trajectories of Differential Cycle Ambiguity (DCA) estimates during
DOY 090 of 2021 by combined GPS and QZSS observations.

Fig. 18. Comparison of Satellite Differential Code Bias (SDCB) estimates
from the proposed estimator, IGS IONEX file, and the shifted group delays
contained in the broadcast ephemeris by GPS.

Fig. 19. GPS problem report regarding PRN 11 announced by Navigation Center, US Coast Guard (Navigation Center 2023).
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(a) average
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(b) standard deviation

Fig. 20. Statistics of the Satellite Differential Code Bias (SDCB) estimate differences between the proposed method and the IGS IONEX for 36 different days of

2021 separated by 10 days.

Fig. 21. Trajectories of Combined Differential Code Bias (CDCB) estimates
during DOY 090 of 2021 by single constellation QZSS observations.
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(a) GPS+QZSS

(b)QZSS only

Fig. 23. Comparison of Satellite Differential Code Bias (SDCB) estimate differences between the proposed estimator and the shifted group delays contained
in the broadcast ephemeris by QZSS for 36 different days of 2021 separated by 10 days (adjusting mean value: 0.7423).

(a) GPS+QZSS

(b)QZSS only

Fig. 24. Comparison of standard deviations of Satellite Differential Code Bias (SDCB) estimate differences between the proposed estimator and the shifted
group delays contained in the broadcast ephemeris by QZSS for 36 different days of 2021 separated by 10 days.
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Comparison of Clock Drift Modeling Methods for Maintaining Time
Synchronization Between GNSS Receivers
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ABSTRACT

Precise time synchronization among distributed infrastructure is essential for enhancing the performance of systems such as
wireless sensor networks, cellular base stations, and terrestrial navigation systems. Global Navigation Satellite System (GNSS)
time transfer is a widely used method for synchronizing remote receivers; however, due to communication or operational
constraints, it is often performed only intermittently at periodic intervals. During these intervals, clock offsets between
receivers may accumulate due to clock drift and can lead to degraded time synchronization accuracy. To address this issue,
this study evaluates and compares three clock drift modeling methods—moving average, polynomial fitting, and Kalman
filtering—for predicting and compensating clock offsets between GNSS receivers in the absence of continuous GNSS time
transfer. Both 2-state and 3-state Kalman filter models are considered to examine how the number of state variables affects
prediction performance. Experiments were conducted using real data collected from two GNSS receivers: one disciplined by
an external rubidium atomic clock and the other steered to GPST. The results show that when the GNSS time transfer interval
is less than 20 hours, the 2-state Kalman filter achieves the best performance, whereas the 3-state Kalman filter performs better
for longer intervals. These findings provide practical guidelines for selecting appropriate clock drift compensation strategies
and GNSS synchronization intervals based on timing accuracy requirements and system constraints.

Keywords: time synchronization, clock drift, GNSS time transfer, moving average, polynomial fitting, Kalman filtering
F201: AZ 571, AA 23k, GNSS A4, olF B+, o 39, 2T 2
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Fig. 1. Overview of the GPS time transfer between two remote receivers.
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Fig. 2. Block diagram of the experimental setup and data processing flow.
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Table 1. MSE comparison of each algorithm at a GPS time transfer interval
of 1 hour.

Algorithm Mean squared error (ns”)
Moving average 5313.02
Polynomial fitting 187.08
2-state Kalman filter 122.94
3-state Kalman filter 130.70

Fig. 3. (a) Predicted time difference between two receivers over time for
each modeling algorithm, (b) Difference of each algorithm with respect to
GPS common-view (CV) time transfer at 15-min intervals.
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Fig. 4. (a) MSE of each algorithm as a function of the GPS time transfer
interval, (b) Enlarged view of (a) for the interval range of 0-12 hours.
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ABSTRACT

This study evaluates the performance of Global Navigation Satellite System (GNSS) data processing using the Qinertia software
(SBG Systems). Three processing modes—Single Base Station (SBS) Post-Processing Kinematic (PPK), Virtual Base Station
(VBS) PPK, and Precise Point Positioning (PPP)—were applied to both static and kinematic positioning scenarios. The results
were compared against coordinates derived from the high-precision GipsyX scientific software as well as real-time high-
accuracy methods including Real-Time Kinematic (RTK) and Virtual Reference Station (VRS) RTK. For static positioning, all
three methods achieved high accuracy, with average horizontal and vertical root mean square error (RMSE) of 0.8 cm and
1.5 cm, respectively, relative to GipsyX and RTK reference solutions. Notably, VBS PPK maintained a fix rate of approximately
99% for baseline distances exceeding 30 km. In kinematic positioning, both SBS-PPK and VBS-PPK achieved centimeter-level
accuracy compared to VRS-RTK. Under open-sky conditions, average horizontal and vertical RMSE were 3.5 cm and 2.5 cm,
respectively, while in dense urban environments they were 3.0 cm and 5.8 cm. Performance differences between the two PPK

methods under open-sky conditions were minimal, within about 1-2 cm.

Keywords: GNSS, Qinertia, PPK, PPP, RTK

1. INTRODUCTION

Global Navigation Satellite System (GNSS) is widely used
due to its capability of estimating a user's position with only
four satellites (Hofmann-Wellenhof et al. 2001). GNSS is
applied not only to various modes of transportation, such
as ships, aircraft, and automobiles, but also to personal
devices, including smartphones. Accordingly, many
research institutes are actively developing GNSS-based
positioning algorithms and validating their performance
through comparative analyses with precise reference
coordinates. These reference coordinates are obtained
using high-precision positioning methods such as GipsyX,
Real-Time Kinematic (RTK), and Virtual Reference Station
(VRS) RTK.

Received Aug 12, 2025 Revised Aug 23, 2025 Accepted Aug 28, 2025

GipsyX, developed by the Jet Propulsion Laboratory
(JPL), is a high-precision GNSS data processing software
that generates precise coordinates based on Precise Point
Positioning (PPP) and is widely used for coordinate and
velocity estimation (Ha et al. 2021). It computes precise
positions by applying GNSS orbit and clock products from
the International GNSS Service (IGS) or JPL—available in
precise, rapid, and ultra-rapid forms—together with various
error correction models. The accuracy depends on the
product type, with the precise product providing the highest
accuracy but requiring more than two weeks for availability.
Meanwhile, the ultra-rapid product achieves accuracies
of about 3-5 cm and is available within approximately two
hours (Ha et al. 2012). Therefore, GipsyX has inherent
limitations in providing precise coordinates in real time.
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RTK is a positioning technique that computes centimeter-
level coordinates in real time by receiving correction data
from a single reference station, typically via NTRIP or TCP/
IP protocols. This approach is advantageous due to its
simplicity and rapid connectivity. However, as the baseline
distance from the reference station increases to several
tens of kilometers, the spatial correlation of atmospheric
errors (ionospheric and tropospheric) diminishes, resulting
in longer times for integer ambiguity resolution (AR)
and a reduced likelihood of obtaining fixed solutions.
Furthermore, RTK is less applicable in areas with sparse or
no reference station infrastructure (El-Mowafy 2012).

In contrast, VRS-RTK is a type of network RTK that
utilizes data from multiple base stations to generate a
virtual reference station near the user, thereby providing
correction information. This method offers the advantage of
maintaining high accuracy over wide areas without baseline
distance limitations. However, it is highly dependent on
communication networks such as LTE or Wi-Fi, and when
the communication environment is unstable, correction
information may not be received reliably, leading to failure
to obtain a fixed solution or to meter-level positioning errors
(No et al. 2012).

As an alternative to these limitations, Qinertia, developed
by SBG Systems, has been attracting increasing attention.
Qinertia is a tightly coupled post-processing software that
integrates GNSS and Inertial Navigation System (INS) data
(SBG SYSTEMS 2025). It is applicable to diverse mobile
platforms, including vehicles, drones, ships, and aircraft.
For GNSS applications, it offers centimeter-level positioning
accuracy through three data processing modes: Single Base
Station (SBS) Post-Processing Kinematic (PPK), Virtual
Base Station (VBS) PPK, and Precise Point Positioning
(PPP). Among these, the PPK method uses the Receiver
INdependent Exchange (RINEX) data from reference
stations, enabling precise position estimation without
constraints in communication conditions or baseline length,
and previous studies have reported that it can achieve
accuracy within 1-10 cm compared with RTK (Saidani et
al. 2020). However, there has been insufficient quantitative
evaluation of Qinertia’s data processing performance in
Korea. In particular, empirical assessments are lacking
on whether SBS-PPK and VBS-PPK results can serve as
reference coordinates, providing a viable alternative to
GipsyX or RTK.

This study evaluates the accuracy and applicability of
three GNSS data processing modes in Qinertia—SBS-PPK,
VBS-PPK, and PPP—applied to both static and kinematic
positioning cases. Section 2 provides an overview of Qinertia
along with a summary of the principles and technical

https://doi.org/10.11003/JPNT.2025.14.3.321

distinctions of each data processing method. Section 3
presents a quantitative accuracy assessment based on
processing results obtained with Qinertia using RINEX data
supplied by the domestic GNSS reference station service
operated by PPSOL Co., Ltd. (PPSOL, https://ppsol.com).
For static positioning, results processed using GNSS RINEX
data collected at a fixed receiver were compared with
reference coordinates from GipsyX and RTK. For kinematic
positioning, results processed from RINEX data collected
during vehicle operation were compared to reference
coordinates from VRS-RTK. The performance of the three
methods was evaluated using metrics such as root mean
square error (RMSE), standard deviation (SD), and bias to
assess the practical applicability and reliability of Qinertia’s
processing capabilities.

2. QINERTIA DATA PROCESSING METHOD

This section provides an overview of the Qinertia
software, its data processing methods, and the data used
for performance validation. In this study, only GNSS data
were processed with Qinertia, which supports multiple
GNSS processing modes, including SBS-PPK, VBS-PPK, and
PPP. Qinertia also improves overall positioning accuracy
by automatically selecting reliable data through quality
control techniques such as Receiver Autonomous Integrity
Monitoring (RAIM) applied to the received GNSS signals.
For rover data processing, users may either manually input
reference station data or allow the software to automatically
download data from nearby Continuously Operating
Reference Stations (CORS).

Qinertia provides three types of data processing results:
Forward, Backward, and Merged. The Forward solution
processes GNSS data in the forward time direction, while
the Backward solution processes it in the reverse direction.
The Merged solution combines both results to minimize
errors and achieve the highest accuracy. It is generally
regarded as the most reliable reference among the data
processing outputs. In addition, a fixed solution in Qinertia
indicates that the integer ambiguity of the GNSS carrier
phase has been successfully resolved through the AR
technique, which serves as a key indicator of high-accuracy
results. Conversely, failure of AR yields a float solution,
which has relatively lower accuracy.

In this analysis, a total of seven permanent stations
were used, including IHUA and IHUB located on the
rooftop of Building 4 at Inha University, and PPHQ, PPHS,
PPGH, PPCH, and PPY] operated by PPSOL. The receiver
and antenna specifications for each site, along with their
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Table 1. Base stations used in Qinertia processing. All the antennas are fitted with SCIS radomes.

ECEF [m]: IGb 14 Coordinates @Sep 1*'2023

Site Receiver Antenna X Y Z
IHUA Septentrio AsteRx SB3 TWIVC6150 -3026676.332 4067187.742 3857246.827
THUB Septentrio AsteRxSB3 ~ TWIVC6150 -3026675.527  4067188.306 3857246.748
PPHQ Javad TRE_3L TWIVC6050 -3041232.493 4053906.693 3859927.421
PPHS Septentrio AsteRx SB JAVRINGANT DM  -3049045.924  4071455.693 3835250.836
PPGH Javad TRE_3SDELTA JAVRINGANT_DM  -3003051.620 4059905.969 3883100.055
PPCH Septentrio AsteRx SB Pro JAVRINGANT DM  -3047202.244  4014485.287 3895961.513

PPY] Javad TRE_3S

JAVRINGANT_DM

-3102739.141 4023043.419 3843228.700

Fig. 1. SBS-PPK coverage map for the base station of IHUB.

Fig. 2. VBS-PPK coverage map for four base stations of PPHS, PPGH, PPCH,
and PPYJ.

Fig. 3. VBS-PPK coverage map for four base stations of PPHS, IHUB, PPGH,
and PPHQ.

coordinates as of September 1, 2023, are summarized in
Table 1. The reference frame for these coordinates is IGb14
as defined by the IGS, and the coordinates of the antenna
reference point (ARP) were calculated using GipsyX. Fig.
1 presents the geographical location of IHUB, where the
baseline distance between IHUB and IHUA is very short at
0.983 m. Fig. 2 presents the locations of PPHS (Hwaseong),
PPGH (Ganghwa), PPCH (Pocheon), and PPYJ (Yeoju).
Finally, Fig. 3 presents the location of PPHQ (Seoul).

2.1 Single Base Station PPK (SBS-PPK)

SBS-PPK is a positioning method that post-processes
RINEX data from a rover station using RINEX data from a
specific base station. It assumes a short baseline distance
between the base and rover, typically less than 20 km,
and provides fixed solutions by performing AR with the
double-difference technique to mitigate common errors
such as satellite orbit, clock, and atmospheric effects.
However, as the baseline distance increases, the similarity
of atmospheric conditions between stations decreases,
which reduces AR feasibility and increases positioning
errors. Consequently, accuracy degrades and the likelihood
of failing to obtain fixed solutions grows. Performance
degradation generally begins when the baseline exceeds 20
km, and AR becomes fundamentally difficult beyond 60 km.

Fig. 1 illustrates the implementation of SBS-PPK with
IHUB designated as the base station, highlighting the
performance limitations based on baseline distance.
The green circle, with a radius of approximately 20 km,
indicates an area where stable fixed solutions are expected.
The yellow circle, with a radius of about 40 km, marks
a boundary zone where AR performance may become
challenging and accuracy may deteriorate. The red circle,
with a radius of approximately 60 km, represents a range
where achieving AR is difficult.

2.2 Virtual Base Station PPK (VBS-PPK)

VBS-PPK is a positioning method that uses RINEX data
from multiple base stations to generate a virtual base station
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near the rover in post-processing. The core of this method
is to precisely model the error characteristics around the
rover, which requires at least three base stations to operate.
Among these, one must be designated as the Master Base,
serving as the reference point within the network. The
Master Base calculates the ionospheric residuals between
itself and the other base stations using long-baseline RTK.
It then applies spatial interpolation with Least Squares
Collocation (LSC) to estimate the ionospheric errors near
the rover. By default, the Master Base is automatically
selected based on Qinertia’s quality control methods, but it
can also be specified manually by the user. The virtual base
station generated through these principles is configured to
maintain a short baseline to the rover, which allows double-
difference and AR to be performed more stably and enables
precise positioning.

Due to its ability to accurately model ionospheric errors,
VBS-PPK provides stable and highly accurate positioning
results over wide areas without baseline constraints. As a result,
it can maintain robust performance even in environments with
widely spaced reference stations or where RTK is impractical.
However, when the quality of the reference station data
forming the network is low or observations at certain epochs
are missing, the accuracy of error correction may degrade and
fixed solutions may not be achieved.

Figs. 2 and 3 are examples of VBS-PPK implementation
based on networks composed of four base stations in each
case, with PPHS, PPGH, PPCH, and PPY]J in Fig. 2 and PPHS,
THUB, PPGH, and PPHQ in Fig. 3. The green area indicates
the network center, where a rover station can be expected to
achieve a stable fixed solution. The yellow area represents
a boundary zone at a greater distance from the network,
where AR performance may become difficult or accuracy
may degrade. The red area represents the outer boundary of
the network, where imbalances in baseline geometry make
successful AR unlikely. These observations demonstrate
that although VBS-PPK performance is influenced by the
spatial configuration of the reference station network, it has
the advantage of achieving centimeter-level positioning
accuracy over wide areas.

2.3 Precise Point Positioning (PPP)

PPP is a positioning method that estimates the receiver
position independently by utilizing precise orbit and clock
correction information without relying on base station
data (Lee & Park 2020). Precise positions are obtained by
correcting for various error sources, including satellite
orbit and clock errors, phase center offsets and variations
of satellite and receiver antennas, and ionospheric and
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Table 2. Details on test setups for four static (S) cases and two kinematic (K)
cases.

Case Processing Constellation Dataspan (hours:mins) Reference

S1 G+R+E+C 24:00 GipsyX
52 SBSPPK G+E, G+R+E+C 01:00 RTK
S3  VBS-PPK G+R+E+C .

s4  PPP GH+E+C 24:00 GipsyX
K1 00:15

© PPK G+R+E+C 00:45 VRS-RTK

tropospheric delays. Qinertia performs PPP processing
using precise correction products from the International
GNSS Service (IGS) and other providers.

3. ANALYSIS OF QINERTIA DATA
PROCESSING RESULTS

In this section, the data processing performance of
Qinertia is quantitatively evaluated in both static (S) and
kinematic (K) positioning environments. The static analysis
consists of four cases. In S1, SBS-PPK is evaluated using
24-hour datasets from GPS, Global Navigation Satellite
System (GLONASS), Galileo, and BeiDou constellations. In
§2, under the same receiving conditions, 1-hour datasets
are evaluated with two constellation configurations—GPS,
Galileo (G+E) and GPS, GLONASS, Galileo, and BeiDou
(G+R+E+C)—to assess the effect of constellation expansion.
In S3, the accuracy of VBS-PPK is evaluated when the
network is configured with either three or four base stations.
In S4, the performance of PPP in terms of fixed and float
solutions is evaluated using 24-hour datasets from GPS,
Galileo, and BeiDou (G+E+C). All static cases are evaluated
against reference coordinates derived from GipsyX and
RTK, with detailed configurations summarized in Table 2.

The final two cases in Table 2 correspond to kinematic
analyses, in which the performance of SBS-PPK and VBS-
PPK is evaluated using rover datasets of 15 minutes and
45 minutes for K1 and K2, respectively. Both cases use
G+R+E+C constellations, and accuracy is evaluated against
reference coordinates derived from VRS-RTK. Detailed
descriptions of each test case, together with the positioning
results, are provided in sub-sections 3.1 and 3.2.

3.1 Analysis of Static Positioning Results

For each case, GipsyX and RTK are taken as reference
solutions, and dX, dY, dZ errors in the three-dimensional
Cartesian coordinate system are computed by comparing
them with the coordinates obtained from Qinertia. These
errors are then converted into dN, dE, dV errors in the
north-south, east-west, and vertical directions of the
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topocentric coordinate system, which are subsequently
used to calculate RMSE, SD, and bias.

3.1.1 Test case S1

Case S1 evaluates the results of processing 24 hours of
RINEX data using the SBS-PPK method with the GipsyX
reference coordinates in two configurations, one with IHUA
as the rover station and IHUB as the base station, and the
other with IHUB as the rover station and IHUA as the base
station. As shown in Table 1, both IHUA and IHUB are
permanent stations equipped with high-grade geodetic
surveying instruments, including Septentrio AsteRx SB3
receivers and Tallysman choke-ring antennas. The ARP
distance between the two stations is only 0.983 m. Thus, this
experiment evaluates the accuracy of data processing with
a baseline shorter than 1m and assesses Qinertia’s ability to
deliver precise results over such short baselines.

The 24-hour dataset collected on June 12, 2025, at
30-second intervals is processed, and the differences
between the SBS-PPK results and the GipsyX reference
coordinates are less than 0.3 cm in terms of RMSE in the
three directions, with the horizontal RMSE as small as 0.1
cm. These results indicate that SBS-PPK provides highly
reliable performance for static positioning over short
baselines. While PPK generally produces coordinates at
each sampling epoch, Qinertia also provides a batch-
processing mode that generates a single coordinate estimate
for the entire duration of the RINEX file. According to the
batch-processing results, the rover station coordinates,
regardless of the base station, differ by 0.06 cm in the north-
south direction, 0.01-0.02 cm in the east-west direction,
and 0.27-0.34 cm in the vertical direction, corresponding to
horizontal differences of less than 1 mm and approximately
3 mm vertically. Overall, these findings confirm that the
SBS-PPK approach is capable of achieving millimeter-
level positioning accuracy when applied to geodetic-grade
receivers over very short baselines.

3.1.2 Test case S2

In Case S2, a tripod and tribrach were temporarily
installed on the rooftop of Building 4 at Inha University, and
aJavad G5T antenna was connected to an RTAP2U receiver
(Kim et al. 2021) to collect RINEX data at 1-second intervals.
This dataset represents observations obtained with a lower-
cost receiver compared to the S1 case. The experiment was
conducted for one hour, from UT 07:43:00 to 08:42:59 on
May 19, 2025. As shown in Fig. 4, this temporary dataset
was designated CAMP, and the baseline to each of the two

Fig. 4. Geometry and baseline distances of the campaign site CAMP with
respect to the base stations of IHUA and IHUB.

Fig. 5. Horizontal errors for the S2 case: (left) positioning errors of CAMP
with IHUA as a single base; (right) positioning errors of CAMP with IHUB as
asingle base.

Table 3. RMSE, SD and bias for each dN, dE, dV direction for the S2 case.

Metxi Directi THUA as single base THUB as single base

etric[em| Direction - ™ RIEAC GiE GHRIERC
dN 055 - 0.45 055 > 0.48
RMSE dE 037 > 0.34 033 > 0.32
dv 097 > 0.83 092 > 0.77
dN 038 > 0.32 039 > 0.34
SD dE 033 > 0.32 033 > 0.32
dv 075 => 0.73 074 > 0.71
dN 039 > 0.31 038 > 0.34
bias dE 016 - 0.12 003 > 0.02
dv 061 -> 0.39 055 > 0.30

reference stations was shorter than 3.4 m.

The latest version of Qinertia is capable of processing
data from all four global navigation satellite constellations,
G+R+E+C. However, at some GNSS stations, the receivers
are capable of receiving all four types of satellite navigation
signals, but only G+E data are available. Thus, the objective
of the S2 experiment is to compare positioning performance
with respect to constellation expansion. The collected
1-hour dataset is processed using both the G+E and
G+R+E+C configurations, and the results are compared
with RTK reference coordinates from IHUA. The horizontal
errors are presented in Fig. 5, and the RMSE, SD, and bias in
the three coordinate directions are summarized in Table 3.

As shown in Fig. 5, in the G+E constellation, most
horizontal errors fall within a circle of approximately 2
cm in radius, whereas in the G+R+E+C constellation,
they are more tightly concentrated within about 1 cm.
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Fig. 6. Scatters of horizontal errors (left) and time series of dN, dE, and dV for the case of S3 (right).

The horizontal RMSE is 0.65 cm for G+E and 0.57 cm for
G+R+E+C. As shown in Table 3, the three metrics—RMSE,
SD, and bias—consistently show better performance for
G+R+E+C, regardless of the base station or coordinate
direction. Notably, consistent results were obtained for both
IHUA and IHUB, confirming that the G+R+E+C based SBS-
PPK method can provide stable sub-centimeter accuracy
under favorable observation conditions.

3.1.3 Test case S3

The S3 case evaluates 24-hour RINEX data using the VBS-
PPK method, which applies a network-based approach.
The analysis focuses on the permanent station PPHQ,
located on the rooftop of the PPSOL headquarters, with
its equipment specifications summarized in Table 1. The
24-hour dataset collected on June 14, 2025, at 30-second
intervals is processed using Qinertia’s VBS-PPK mode, and
the results are compared with reference coordinates from
GipsyX. To assess the effect of the number of base stations
on coordinate differences, the network is configured with
either four or three stations. The four-station configuration
corresponds to the layout shown in Fig. 2, while in the
three-station configuration, PPY], the easternmost site with
the longest baseline from PPHQ, is excluded. The baseline
lengths from PPHQ are 31 km to PPHS, 45 km to PPGH, 54
km to PPCH, and 71 km to PPY]J.

The positioning errors from the S3 case are presented
for each direction in Fig. 6, while Fig. 7 shows the RMSE
values for different numbers of base stations as a bar chart.
As shown in Fig. 6, the results indicate that, regardless of
the number of base stations, the average horizontal RMSE
remains within 2 cm and the vertical RMSE within 3 cm. In
addition, the RMSE, SD, and bias for all directions are within
3 cm. However, increasing the number of base stations from
three to four results in a slight increase in the vertical error.
This is likely due to the inclusion of PPY]J, located about 71
km from the rover station, suggesting that incorporating
a base station with an excessively long-baseline in VBS-
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Fig. 7. RMSE comparison in each direction between 3-site vs 4-site VBS-
PPP processing.

PPK processing can degrade accuracy in specific direction.
Therefore, in VBS-PPK data processing, careful selection
of base stations within an appropriate baseline range is
essential to ensure reliable positioning accuracy.

3.1.4 Test case $4

In the S4 case, 24-hour RINEX data are processed in PPP
mode to generate daily fixed and float solutions to evaluate
which option provides higher accuracy. The analysis focuses
on the permanent station PPHQ, located on the rooftop
of PPSOL headquarters, with its equipment specifications
summarized in Table 1. The 24-hour datasets collected
between June 11 (DOY 162) and June 17 (DOY 168), 2025,
at 30-second intervals are batch-processed using Qinertia’s
PPP mode, and the results are compared with coordinates
from GipsyX. Fig. 8 presents the coordinate errors for each
direction over the 7-day period. Based on the experimental
results, the horizontal RMSE is 0.41 cm for the fixed solution
and 0.84 cm for the float solution. In the east-west direction,
however, the bias is 0.15 cm for the fixed solution, whereas
the float solution shows a relatively large bias of -0.72 cm.
This difference is also evident in the east-west time series
of Fig. 8. Overall, the PPP fixed solution confirms that
stable precision within 1 cm can be achieved in all three
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Fig. 8. Time series of dN, dE, and dV for the case of S4.

Fig.9. Vehicle trajectory in the K1 case. The total length is about 5 km.

directions.

3.2 Analysis of Kinematic Positioning Results

For each case, the VRS-RTK coordinates are set as the
reference, and the dX, dY, dZ errors are calculated by
comparing them with the coordinates derived from Qinertia.
These errors are then converted into dN, dE, dV errors,
from which RMSE, SD, and bias are calculated. The analysis
also compares the accuracy of the SBS-PPK method, which
uses a base station located within about 10 km of the rover,
with that of the VBS-PPK method employing four base
stations. In both cases, either a single base station (IHUB)
or a network consisting of IHUB, PPHQ, PPHS, and PPGH is
used, with the station locations and network configuration
shown in Fig. 3.

3.2.1 Test case K1

In the K1 case, RINEX data was collected at 1-second
intervals during a 5 km vehicle drive for approximately 15
minutes, from 07:18 to 07:34 on April 25, 2025, in both open
and semi-urban areas near Solchan Park in Songdo, Incheon.
The trajectory is shown on Fig. 9. The data, acquired with an
RTAP2U receiver and a Javad G5T antenna, are processed
using both SBS-PPK and VBS-PPK methods, and the results

Fig. 10. Scatters of horizontal errors (up) and time series of dV for the case
of K1 (down).

Table4. RMSE, SD, and bias for each dN, dE, dV direction in the K1 case.

Processing method

Metric [cm] Direction
SBS-PPK  VBS-PPK

dN 2.99 2.67

RMSE dE 1.81 3.21
dv 1.78 2.97

dN 0.82 1.40

SD dE 0.57 0.94
dv 1.63 2.49

dN 2.87 2.28

bias dE -1.71 -3.07
dv -0.72 1.63

are compared with VRS-RTK reference coordinates. The
average baseline distances between the rover and each base
station are 8.2 km for IHUB, 25 km for PPHQ, 26 km for PPHS,
and 43 km for PPGH.

As shown in Fig. 10 and Table 4, both methods achieve
horizontal and vertical RMSE within 4 cm and 3 cm,
respectively, with RMSE, SD, and bias for all directions
remaining within 5 cm. Notably, SBS-PPK vyields slightly
lower errors than VBS-PPK, indicating that when
observation conditions are favorable and a nearby base
station is available, high accuracy can be achieved with
SBS-PPK alone. Both methods achieved a fixed solution rate
of approximately 99%.

However, during the 7.45-7.50 h interval in Fig. 10, when
the trajectory transitions from an open-sky area to a semi-
urban environment, both methods exhibit increased vertical
errors due to AR failures for some satellites, reducing the
number of fixed solutions. The increase is more pronounced
in VBS-PPK, likely because changes in the observation
environment weaken the spatial correlation of ionospheric
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Fig. 11. Vehicle trajectory in the K2 case. The total length is about 25 km.

errors and degrade correction accuracy. These findings
confirm that variations in observation conditions directly
affect the positioning accuracy of VBS-PPK.

3.2.2 Test case K2

In the K2 case, RINEX data was collected at 1-second
intervals during a 25 km drive lasting approximately 45
minutes, from 07:47 to 08:35 on June 12, 2025, along the
route between Incheon International Airport and Inha
University. The trajectory is shown on Fig. 11. The route
includes open-sky areas, urban areas, and GNSS signal-
blocked sections. RINEX data acquired with an RTAP2U
receiver and a Javad G5T antenna are processed using
both SBS-PPK and VBS-PPK methods, and the results
are compared with VRS-RTK reference coordinates. The
average baseline distances between the rover and each
base station are 9.7 km for IHUB, 29 km for PPHQ, 34 km for
PPGH, and 36 km for PPHS.

The K2 results, analyzed using the same procedure as in
the K1 case, are presented in Fig. 12 and Table 5. In Fig. 12,
the gap in the graph between 7.9 and 8.0 h corresponds to a
period when the VRS-RTK solution remains in a float state
while the vehicle passes near an overpass and the Incheon
Bridge tollgate. This interval is excluded from the analysis.
Abrupt variations in the positioning results at other times
correspond to segments where the vehicle enters or exits
dense urban areas or passes beneath elevated roadways.

As shown in Table 5, both processing methods achieve
horizontal RMSE within 3 cm and vertical RMSE within 7
cm, with RMSE, SD, and bias for all directions remaining
below 7 cm. Both methods also attain a fixed solution rate of
approximately 90%. However, Fig. 12 shows that while the
horizontal errors of SBS-PPK are distributed within a 5 cm
radius, those of VBS-PPK are more tightly concentrated within
3 cm, indicating that VBS-PPK provides higher accuracy.
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Table 5. RMSE, SD, and bias for each dN, dE, dV direction in the K2 case.

Metric [em] Direction Processing method
SBS-PPK  VBS-PPK
dN 2.43 2.04
RMSE dE 1.93 1.68
dv 5.20 6.84
dN 1.06 117
SD dE 1.90 1.65
dv 2.77 2.23
dN 2.18 1.66
bias dE 0.33 -0.31
dv -4.40 -6.47

Fig. 12. Scatters of horizontal errors (up) and time series of dV for the case
of K2 (down).

Taken together, these results suggest that under constrained
observation conditions in kinematic environments, VBS-PPK
delivers greater accuracy than SBS-PPK, in contrast to the K1

case.

4. CONCLUSIONS

In this study, the performance of three Qinertia processing
methods was evaluated through a series of static and kine-
matic positioning cases, with accuracy assessed against
reference coordinates from GipsyX, RTK, and VRS-RTK. In
static cases, all methods achieved errors at most 3 cm. In
Case S1 (SBS-PPK batch-processing), the results showed
sub-millimeter-level accuracy in horizontal direction and
approximately 3 mm in vertical. In Case S2 (SBS-PPK with the
G+R+E+C constellation), the horizontal RMSE was 0.57 cm,
demonstrating high accuracy. Case S3 (VBS-PPK) yielded
horizontal and vertical RMSE values within 2 cm and 3 cm,
respectively, while Case S4 (PPP) achieved a horizontal
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RMSE of 0.41 cm in the fixed daily solution, demonstrating
stable precision. These findings confirm that in static
positioning, all evaluated methods can attain high accuracy
and precision. Notably, high performance was maintained
even with reference stations located 30-70 km from the rover,
demonstrating the robustness of these methods over long
baselines. In kinematic cases, both SBS-PPK and VBS-PPK
achieved errors within 7 cm. In Case K1, where the baseline
was short and observation conditions were favorable, SBS-
PPK alone achieved sufficient accuracy. In contrast, in
Case K2, which involved challenging environments such as
dense urban areas, VBS-PPK produced more stable results.
These findings highlight the importance of selecting the
appropriate processing method according to the observation
environment. Although this study was conducted using
GNSS only data, the results demonstrated the high accuracy
of Qinertia’s processing across various cases. In future work,
the integration of GNSS and INS data is expected to further
enhance the performance validated in this study.
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(Research Ethics Committee) The Research Ethics Committee may be temporarily operated for investigation of unethical
behaviors, and investigative and disciplinary measures will be taken against unethical behaviors in the following procedures.

1. If unethical behaviors are exposed or there is an appeal in the examination process of submitted papers, the Editor-in-Chief
determines the significance of the matter and organizes the Research Ethics Committee with a few editors and experts in

the field when necessary.
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