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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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5 oz}, Aol &0l st Fake whAl 2 2718k W}
Q35lt) B oLl A& geometry-free combination (Hofmann-
Wellenhof et al. 2008)3} Melbourne-Wiibbena combination =+
2]0] 7]4ks}o] Alo]2 43 WMy o} AEShT, 085t
(Blewitt 1990). Fig. 6-& ¥Fu} 9JARS ThE 0 2 A}8-5)o] 4205k
4% GPS 94 AlA] .2 24t AIAIE-& YERH, Fig. 7
2 7k 50 i3t A|AIE RMSEES UERdTE = ¢1+o]lA] RMSE
£ AR A2 Eq. (25)%F ZT

>

¢

(25)




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

HEHEE Holn] BEUE FRY TeAHY WU AT >
olck. Table 301 AAIE 254 £7 4 AoRe oleie WL
Hepdo 2 et Table 32] RMSESH RETAHE 7 B2of
SNshe 914 T AR ST B of s10] o AHESloict

A $14defl thek RMSE (147 ns) thH] ZF E5H TEHAE=
3] 22 3 Bt ZF 52 RMSE mﬂl TERF TR
ZFe 7+ Holn] B2 [IFe] TEHa} (0.77 ns)= RMSE (0.87
ns)ol] B]3l 2F 90%, L= IIR-Be] TFH=} (0.55 ns)= RMSE
(2.38 ns)ol] HIsH oF 23% 4=ZFo|c} ESE B2 11 (093 ns), &5
[IR-M (-2.05 ns), B2 [IR-B (-2.31 ns) S t} BEofA] HF &
27} 00| 4] F-2Jm]5HA] Hlojut Qlek. ol = 5 W Y440l 54t
Sk o2} EAS FReke v, 5 e & Afol7) 215

ojnjgict,

4.2 BEQIAE| W HHATE QM HE NS

SE AR WhET} S BE o] Bl oF 100tk 25}
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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 %+
Tl 85 IR AGe 25 Io] uls) 221 24 AA F9 &

HES Bola Stk olg &5 IRAIG Y AlAlC] A ZoflA
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