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Depth Sensor-based Precise 3D Correction Method
for USBL Position Estimate
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Abstract: This study presents a method for precise 3D correction of USBL (Ultra-Short Baseline) position estimates through depth
sensor measurements. Since USBL’s vertical and horizontal position estimates are correlated, correcting the vertical estimate through
depth sensor measurements also improves horizontal accuracy. However, due to the nonlinear characteristics of the USBL positioning
model, conventional fusion methods require linearization or sampling, potentially introducing errors and distortions. To address this
issue, the proposed method corrects the model inputs, such as measurement data and system parameters, rather than the USBL
position estimate, which represents model output. The proposed method was validated through simulations using USBL and depth
sensor models based on related studies. The results demonstrate that the proposed approach improves both the accuracy and precision
of vertical and horizontal positions and achieves superior performance, particularly under low-elevation conditions.
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Fig. 1. Overview of USBL position estimation model.
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Table 1. Sample covariance (diagonal and off-diagonal terms).
Al | 2zt AR

m] [ldegl| =8 | =50 | 50 | =) | 29 | =)
10 | 04174 | 04138 | 1.1368 | 0.4096 | 0.2693 | 0.2708
50 | 45 | 02026 | 0.1989 | 0.3153 | 0.1945 |-0.2058 | -0.2041
80 | 0.0192 | 0.0183 | 0.6203 | 0.0121 |-0.0843 | -0.0800
10 | 0.7818 | 0.7811 | 6.1780 | 0.7558 | 1.6454 | 1.6595
100 | 45 | 0.4046 | 0.4066 | 0.3066 | 0.3805 |-0.1771|-0.1827
80 | 0.0457 | 0.0471 | 0.7805 | 0.0215 | -0.1172|-0.1187
10 | 1.4160 | 1.4366 |17.2432| 1.3708 | 4.1805 | 4.2040
150 | 45 | 0.7407 | 0.7366 | 0.3354 | 0.6836 | -0.1757 | -0.1654
80 | 0.0969 | 0.0952 | 1.0382 | 0.0376 |-0.1879|-0.1812
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Table 2. Relative error of jacobian-based covariance compared to
sample covariance (diagonal terms).
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[m] |deg]| =2 | =50 | 3P | &R | &5 | 6P
10 | 02725 | 0.2725 | 0.1444 |34.7110|34.1450|87.2973
50 | 45 |0.1357 | 0.1357 | 0.3097 |33.0205(31.7796| 1.7729
80 | 0.0142 | 0.0142 | 0.5476 |26.3568(22.3999|11.7332
10 | 0.2943 | 0.2943 | 0.6183 |62.3490|62.3148|89.9912
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150 | 45 | 0.1921 | 0.1921 | 0.3424 | 74.0596 | 73.9147| 2.0990
80 | 0.0633 | 0.0633 | 0.5478 |34.6964|33.5501|47.2334
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Table 3. Relative error of Monte Carlo-based covariance compared
to sample covariance (mean and standard deviation).
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[m] |[deg]| 6% | 85 | L0 5680 |a (65 [a(887)

10 | 6.046 | 5.542 {23.339| 3.895 3718 | 25461
50 | 45 | 4422|4071 |3.703 | 3.220 3.071 2.838
80 | 7.197 | 4459 | 3.610 | 4.358 3.387 2.694
10 | 3.946 | 3.968 (38.153| 2.946 2945 | 53335
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10 | 4.059 | 4.193 (43.170| 2.944 3.058 | 61.892
150 | 45 | 4313 | 4480 | 4326 | 3.269 3.367 3.268
80 |4.077| 4291 | 5.031| 3.047 3.283 3.705
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Table 4. Configuration of optimization variables and constant
parameters for the proposed method.
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Fig. 4. Configuration of USBL and depth sensors for experiment.
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Table 5. Noise of inputs and system parameter settings in the USBL
positioning model.
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dy, 250 [mm]
Ot,, 0.005 [s]
a,
USBL APuxr 0.056 [rad]
OAd,,
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Depth Zas 0.1 [m]
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Fig. Sampling positions for comparative experiments.
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Table 6. Comparison of horizontal positioning accuracy across
sampling positions and experiments.

(@A) i

B A AR |
1l (1)

Azl | a2zt g2

A3 AEB)|EJO|2EAB)| LI (C
] |deg| e | = 20| EB)|HRO)| 2B 2O

10 | 0.7994 | 0.6561 | 0.6506 | 17.924 | 18.617

10 | 45 | 0.7793 | 0.6500 | 0.6456 | 16.589 | 17.159

80 | 0.8235 | 0.6886 | 0.6809 | 16380 | 17.319

10 | 0.3911 | 0.1475 | 0.1481 | 62.291 | 62.130

50 | 45 45 | 03872 | 0.1496 | 0.1514 | 61.168 | 60.892

80 | 04037 | 0.1469 | 0.1466 | 63.601 | 63.675

10 | 0.0357 | 0.0155 | 0.0155 | 56.618 | 56.620

80 | 45 | 0.0338 | 0.0157 | 0.0158 | 53.278 | 53.306

80 | 0.0350 | 0.0162 | 0.0162 | 53.761 | 53.549

10 | 1.5094 | 0.7295 | 0.6683 | 51.672 | 55.721

10 | 45 | 1.4283 | 0.6843 | 0.6521 | 52.091 | 54.343

80 | 1.5047 | 0.6870 | 0.6558 | 54.343 | 56.419

10 | 0.8239 | 0.6096 | 0.6113 | 26.007 | 25.802

100 | 45 45 | 0.8511 | 0.5854 | 0.5805 | 31.216 | 31.796

80 | 0.8107 | 0.5768 | 0.5757 | 28.843 | 28.983

10 | 0.0983 | 0.0563 | 0.0562 | 42.678 | 42.781

80 | 45 | 0.0890 | 0.0575 | 0.0577 | 35.398 | 35.241

80 | 0.0925 | 0.0570 | 0.0569 | 38374 | 38.408

10 | 2.7107 | 09181 | 0.7803 | 66.131 | 71.215

10 | 45 | 2.8003 | 0.8432 | 0.7204 | 69.889 | 74.273

80 | 2.8319 | 0.8788 | 0.7525 | 68.969 | 73.429

10 | 1.5430 | 1.3267 | 1.3265 | 14.021 | 14.029

150 | 45 45 | 14720 | 12869 | 1.2915 | 12373 | 12.264

80 | 1.5196 | 1.3084 | 1.3052 | 13.896 | 14.112

10 | 0.1933 | 0.1274 | 0.1274 | 34.102 | 34.075

80 | 45 | 0.1935 | 0.1290 | 0.1292 | 33.296 | 33.238

80 | 0.1813 | 0.1215 | 0.1214 | 33.014 | 33.031
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Table 7. Comparison of vertical positioning accuracy across Table 8. Comparison of horizontal positioning precision across
sampling positions and experiments. sampling positions and experiments.
_ ~ A& A) EHH] . /\lz‘ﬂ(A) T/HH]
NIZa) o] % 2=z o]z A3} = (. NZ3) o) o7 ] 2 S
BED AN | P A A | BED AN | A B |
7 77} 8le] 7k _ _ _ _ _ 7 17} 8l 7k _ _ _ _ _
ol i R P R T B e BT Bk ) 1B g asm)| 20| 286 | 230
[m] |[deg]| [deg] [m] |[deg]| [deg]
10 | 0.8330 | 0.1041 | 0.1058 | 87.507 | 87.297 10 | 1.3266 | 1.2004 | 1.1959 | 9.513 | 9.851
10 45 | 0.8544 | 0.1080 | 0.1091 | 87.361 | 87.227 10 45 | 12857 | 1.1737 | 1.1677 | 8.711 | 9.181
80 | 0.8460 | 0.1100 | 0.1104 | 86.995 | 86.946 80 | 1.3530 | 1.2356 | 1.2294 | 8.682 | 9.137
10 | 0.4469 | 0.1077 | 0.1099 | 75.899 | 75.404 10 | 0.9379 | 0.5682 | 0.5697 | 39.425 | 39.258
50 | 45 45 | 04545 | 0.1117 | 0.1135 | 75421 | 75.019 50 | 45 45 109127 | 0.5633 | 0.5657 | 38.284 | 38.023
80 | 04362 | 0.1069 | 0.1091 | 75.487 | 74.997 80 | 09728 | 0.5774 | 0.5761 | 40.648 | 40.778
10 | 0.6361 | 0.1111 | 0.1117 | 82.533 | 82.433 10 | 02553 | 0.1428 | 0.1429 | 44.041 | 44.020
80 45 ] 0.6203 | 0.1104 | 0.1127 | 82.197 | 81.833 80 45 1 02571 | 0.1479 | 0.1476 | 42.491 | 42.584
80 | 0.6196 | 0.1106 | 0.1122 | 82.153 | 81.896 80 | 0.2604 | 0.1513 | 0.1508 | 41.907 | 42.076
10 | 1.9737 | 0.1131 | 0.1132 | 94.271 | 94.266 10 | 3.5717 | 24604 | 2.3572 | 31.114 | 34.002
10 45 1.8864 | 0.1150 | 0.1156 | 93.903 | 93.874 10 45 | 34350 | 23624 | 2.2963 | 31.226 | 33.150
80 | 1.9077 | 0.1137 | 0.1137 | 94.042 | 94.041 80 | 34770 | 2.3253 | 2.2743 | 33.123 | 34.592
10 | 04455 | 0.1100 | 0.1137 | 75.314 | 74.483 10 | 2.6457 | 2.2639 | 22641 | 14430 | 14.424
100 | 45 45 | 04463 | 0.1109 | 0.1145 | 75.160 | 74.344 100 | 45 45 | 25587 | 2.1078 | 2.0994 | 17.621 | 17.949
80 | 04501 | 0.1069 | 0.1108 | 76.250 | 75.384 80 | 24352 | 2.0355 | 2.0320 | 16413 | 16.556
10 | 0.7347 | 0.1080 | 0.1097 | 85.294 | 85.063 10 | 0.7788 | 0.5201 | 0.5191 | 33.214 | 33.348
80 45 ] 0.6760 | 0.1161 | 0.1176 | 82.822 | 82.598 80 45 1 0.7473 | 0.5344 | 0.5353 | 28.496 | 28.367
80 | 0.7155 | 0.1076 | 0.1093 | 84.966 | 84.730 80 | 0.7639 | 0.5303 | 0.5297 | 30.578 | 30.659
10 | 3.0319 | 0.1117 | 0.1117 | 96.317 | 96.315 10 | 6.9470 | 3.9408 | 3.6374 | 43.273 | 47.641
10 45 | 3.1417 | 0.1131 | 0.1132 | 96.400 | 96.397 10 45 | 6.9568 | 3.7364 | 3.4333 | 46.291 | 50.648
80 | 3.1219 | 0.1159 | 0.1161 | 96.287 | 96.281 80 | 7.3176 | 4.0202 | 3.6543 | 45.062 | 50.062
10 | 04575 | 0.1123 | 0.1161 | 75454 | 74.613 150 10 | 54399 | 5.0382 | 5.0282 | 7.385 | 7.568
150 | 45 45 | 04796 | 0.1077 | 0.1097 | 77.546 | 77.134 45 45 | 52386 | 4.8912 | 4.8893 | 6.633 | 6.669
80 | 04500 | 0.1100 | 0.1119 | 75.554 | 75.131 80 | 5.1811 | 4.7912 | 47864 | 7.526 | 7.618
10 | 0.8386 | 0.1111 | 0.1119 | 86.752 | 86.660 %0 10 | 1.6285 | 1.1833 | 1.1837 | 27.339 | 27.310
80 45 | 0.8005 | 0.1100 | 0.1107 | 86.254 | 86.173 45 ] 1.6929 | 1.2104 | 1.2114 | 28.502 | 28.442
80 | 0.8200 | 0.1108 | 0.1127 | 86.488 | 86.251
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Table 9. Comparison of vertical positioning precision across sampling
positions and experiments.

ML) o)) AA@A) i

7Nd-E(%)
A 2A g mem) | 20| 29m | 2sc
[m] |[deg]| [deg] | = AE(B) 2O |2EB)| D)

10 | 1.0841 | 0.0177 | 0.0182 | 98.365 | 98.319
10 | 45 | 1.1570 | 0.0190 | 0.0192 | 98.359 | 98.338
80 | 1.1392 | 0.0193 | 0.0194 | 98.309 | 98.294
10 | 0.3126 | 0.0183 | 0.0191 | 94.135 | 93.904
50 | 45 45 | 03199 | 0.0185 | 0.0199 | 94.220 | 93.773
80 | 03062 | 0.0179 | 0.0186 | 94.157 | 93.923
10 | 0.6287 | 0.0187 | 0.0191 | 97.019 | 96.965
80 | 45 | 0.6054 | 0.0194 | 0.0200 | 96.798 | 96.697
80 | 0.6120 | 0.0198 | 0.0204 | 96.765 | 96.663

10 | 6.5612 | 0.0198 | 0.0199 | 99.698 | 99.697
10 | 45 | 6.0055 | 0.0211 | 0.0213 | 99.648 | 99.645
80 | 5.7408 | 0.0203 | 0.0203 | 99.647 | 99.647
10 | 0.3173 | 0.0190 | 0.0200 | 94.010 | 93.684
100 | 45 45 | 03194 | 0.0195 | 0.0208 | 93.892 | 93.487
80 | 03229 | 0.0180 | 0.0193 | 94.415 | 94.030
10 | 0.8608 | 0.0186 | 0.0191 | 97.835 | 97.779
80 | 45 | 0.7345 | 0.0207 | 0.0212 | 97.186 | 97.117
80 | 0.7988 | 0.0184 | 0.0189 | 97.696 | 97.636

10 |15.6812| 0.0199 | 0.0199 | 99.873 | 99.873
10 | 45 |16.2253] 0.0203 | 0.0204 | 99.875 | 99.874
80 |16.1545] 0.0211 | 0.0212 | 99.869 | 99.869
10 | 03368 | 0.0201 | 0.0216 | 94.034 | 93.573
150 | 45 45 | 0.3618 | 0.0186 | 0.0195 | 94.864 | 94.609
80 | 03195 | 0.0183 | 0.0195 | 94.263 | 93.909
10 | 1.1035 | 0.0189 | 0.0192 | 98.286 | 98.256
80 | 45 | 1.0138 | 0.0191 | 0.0195 | 98.119 | 98.077
80 | 1.0453 | 0.0198 | 0.0204 | 98.106 | 98.045

(A)USBL points
108 * (B)Monte Carlo based Method
* (C)Proposed Method
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Fig. 6. Estimated positions with different correction methods (x-y
plane).
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Fig. 7. Estimated positions with different correction methods (x-z
plane).

101 (A)USBL points
* (B)Monte Carlo based Method
* (C)Proposed Method

X Ground Truth

15

20

Z[m]

30

351

40k s ‘ ‘ : :
95 100 105 110 115 120 125 130 135
Y[m]
a8 1 el mhE §1) 2 Askyz P
Fig. 8. Estimated positions with different correction methods (y-z
plane).
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Table 10. Comparison between raw input error and corrected input
error in the USBL position estimation model.
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A0, rad 0.0444 0.0428 3.58
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