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ABSTRACT

Doppler observations contain information that reflects the line-of-sight relative velocity between a satellite and a receiver. Owing
to this characteristic, they exhibit stable behavior even over short time intervals and are advantageous for precisely estimating
velocity. Recently, there has been increasing interest in position and velocity estimation techniques that utilize the large Doppler
shifts provided by Low Earth Orbit (LEO) satellites. The feasibility of using Doppler measurements from LEO satellites, however,
has mainly been investigated through simulation studies while few experimental evaluations under real-world conditions have
been reported. In this study, Doppler observations from GPS, Galileo, and BeiDou satellites were collected using a commercial
Global Navigation Satellite System (GNSS) receiver. The accuracy of Doppler-based positioning was assessed using least-squares
estimation in both static and kinematic conditions. For the static scenario, observation data from the GAMG reference station
were used. The resulting 3D Root Mean Square Error (RMSE) ranged from approximately 50 to 100 m, depending on the number
of visible satellites and the observation conditions. For the kinematic scenario, experiments were conducted in an urban area
and Real-Time Kinematic (RTK) solutions were used as the ground truth. The results show that the 3D RMSE of Doppler-only
positioning increased to approximately 70 to 400 m due to signal blockage and multipath effects commonly present in urban
environments. In contrast, velocity estimation maintained a stable 3D RMSE of approximately 0.1 m/s, thus demonstrating
far greater robustness and consistency compared to position estimation. Based on the reliable velocity estimates obtainable
from Doppler observations, an Extended Kalman Filter (EKF) model integrating Doppler and pseudorange observations was
developed and experimentally evaluated in kinematic conditions. The proposed integrated model reduced the 3D RMSE by
approximately 99% compared to Doppler-only positioning and by about 58% compared to pseudorange-only positioning. These
findings experimentally demonstrate Doppler-based GNSS techniques can enhance positioning performance.
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Fig. 1. Surrounding environment of the antenna at GAMG (from left to right: east, west, south and north views).

Fig. 2. Comparison of GPS-only Doppler-based errors with and without
weighting in static (GAMG).

Table 1. Comparison of positioning RMSE with and without weighting.

RMSE [m] Max error [m]
Horizontal Vertical 3D  Horizontal Vertical 3D
Unweighted  133.05 78.62 154.54 1599.71 535.09 1631.61
Weighted 106.84 64.79 124.95 600.01 267.25 623.65
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Fig. 3. Comparison of positioning error characteristics between GPS only
and GPS + Galileo + BeiDou combination in static (GAMG).

Table 2. Positioning RMSE and number of visible Satellites for different
signal combinations.

Signal RMSE [m] Number of visible satellites
combination Horizontal Vertical 3D Max Min
G 106.84 64.79 124.95 12 7
G+E 69.00 47.85 83.97 22 13
G+C 51.05 38.69 64.05 30 19
G+E+C 45.18 34.42 56.80 38 26
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Fig. 4. Velocity error characteristics between GPS only and GPS + Galileo +
BeiDou combination in static (GAMG).

Table 3. Positioning and Velocity RMSE with different GNSS signal
combinations.

. RMSE
con?{)%:lﬁon Positioning [m] Velocity [m/s]
Horizontal Vertical 3D || Horizontal Vertical 3D
G 250.86 302.79 393.21 0.05 0.04 0.06
G+E 93.15 69.81 116.41 0.02 0.01 0.02
G+C 65.45 49.87 82.28 0.01 0.01 0.01
G+E+C 55.48 41.16 69.08 0.01 0.01 0.01
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Fig. 5. Positioning error characteristics with GPS + Galileo + BeiDou
combination: comparison between zero velocity method and velocity-
aided method.

Table 4. Positioning RMSE of velocity-aided method for different signal
combinations.

Signal RMSE [m]
combination Horizontal Vertical 3D
G 66.21 41.67 78.24
G+E 51.16 35.70 62.39
G+C 39.98 31.05 50.63
G+E+C 36.67 29.16 46.85
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Fig. 7. Positioning error characteristic with GPS + Galileo + BeiDou
combination in kinematic (SONG).

Fig. 8. Velocity error characteristic with GPS + Galileo + BeiDou
combination in kinematic (SONG).
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Fig. 9. Positioning error characteristics between PR only and PR+DOP in
kinematic (SONG).

Fig. 10. Velocity error characteristics with PR+DOP in kinematic (SONG).

Fig. 9% PR only¢} PR+DOP®] 2% 3% A4S v|wgt Zlo|
T} Q1Z o] A L An 0k 0 X} el 1 7o €12 PR
only®] 2t} 47 @312 oulsie] ke 71F 02 ¥ 562 m
2 UpeRith B4, 0 250 A4 DL -8, 54 W 4
2 W oxfe] AZH WEhE Uetic,

A% o] AR F /Y BE 037t 55 WFoR |
Bglow, o]i= SONG glole] ] $14
2 spaEct e 2 2Ee 7]
sl o7k W slo] FUET} FAE B Btk 0BEY
Awog Ao 43 2317} PR onlys] - 794] He]

A € -5~75 m o]t o] AT 34 3717} Lol hH PRADOP
z

L]:_ZEOI Zrasta Qg H 0 2 fAHE EAS BT

Fig. 10& PR+DOP2| &= 274 A3}S Lrepdich §1Z0] AHy
Tl 2 ukek o xb2 Uehy M 210 PR onlye] H|of| 4~
o] =

& 3 e
3 QA olulsio] HELE 71502 W 067 misE Uehdrt
w3} 0 250] AAY THTE F-8, 54 U £ U S
)
;(].94_ T}]—ﬂ /\]oﬂ U]XTHQ
vt_'—:?jhi‘:]' 3%%—1 AlAYE Tz e
(1ol 03 mis ST S A 2AIS Hsich, <
F7% e3fe] MBo] BaEgo), Mo o3
B el ol e Ao} AR sl
Table 62] A&F2 Ao & LERFTE Table
60] PR onlyQ} PR+DOPO] 43 23] 3x19] 21 RMSEQ} o
7l £5 RMSEE T A H 2 AAISIgiTh 2t F7ollA
PR only®] 33121 RMSE 2,070 m3&l 4FH PR+DOPOJAI = 1.865

o

4E

O 1

Table 6. Positioning and velocity RMSE comparison between PR only and
PR+DOP in kinematic (SONG).
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Fig. 11. Positioning error characteristics of PR+DOP (corrected) in
kinematic (SONG).
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Fig. 12. Comparison of probability density histogram: (a) North, (b) East,
(c) vertical components for PR only, and (d) North, (e) East, (f) vertical
components for PR+DOP (corrected).
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