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Fig.1  Structure of Takagi-Sugeno fuzzy neural network
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Table 1 The data compartmentalization mode of rolling prediction
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Fig.2 The FNN model prediction of PRNO1. The two top panels are the SCB of PRNO1 (a) and the first
order difference of SCB (b), respectively. The two bottom panels are the comparison of prediction results

of FNN with the SCB provied by IGS (c), and the prediction errors of FNN (d), respectively.

-7.6 0.5
a b
(a) o (b)
8-7.65 2.05
@ 8 -1
8 -7.7 n-1.5
-2
-7.75 -2.5
20 40 60 80 100 0 20 40 60 80 100
Epoch / (15 min) Epoch / (15 min)
1.7 2
() (d)
8-7.75 20
. %
-7.8 -2
@ —IGS data @
—+—IGS prediction
-7.85 -4
20 40 60 80 100 0 20 40 60 80 100
Epoch / (15 min) Epoch / (15 min)

K3 PRNO8 FNNI{TRk4A. EHipiAE A PRNOSIK UG ZZHUE (a) K H— K237 51(b). FHIPAEIIFNNIK
TR 45 R HIGS B2 I LU () IFN NI TR 7 2 (d).
Fig.3 The FNN model prediction of PRN08. The two top panels are the SCB of PRNO08 (a) and the first

order difference of SCB (b), respectively. The two bottom panels are the comparison of prediction results

of FNN with the SCB provied by IGS (c), and the prediction errors of FNN (d), respectively.
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Fig.4 The FNN model prediction of PRN23. The two top panels are the SCB of PRN23 (a) and the first
order difference of SCB (b), respectively. The two bottom panels are the comparison of prediction results
of FNN with the SCB provied by IGS (c), and the prediction errors of FNN (d), respectively.
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Fig.5 The FNN model prediction of PRN29. The two top panels are the SCB of PRN29 (a) and the first
order difference of SCB (b), respectively. The two bottom panels are the comparison of prediction results

of FNN with the SCB provied by IGS (c), and the prediction errors of FNN (d), respectively.
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Table 2 Statistics of prediction results of the fuzzy neural network model

Sampling interval  Satellite number T/h Max/ns Min/ns Mean/ns RMSE/ns

3 0135  0.011  0.028 0.033
PRNO1
12 0.157  0.001  0.049 0.067
(BLOCK IIF Rb)
24 0.265  0.001  0.072 0.091
3 1102 0.023  0.451 0.535
PRNOS
12 1587 0.013  0.517 0.598
(BLOCK IIF Cs)
30 s 24 2931 0005  1.113 1.252
3 0212 0053  0.103 0.101
PRN23
12 0915  0.002  0.326 0.411
(BLOCK IIR Rb)
24 0973  0.002  0.413 0.470
3 0251  0.002  0.152 0.191
PRN29
12 0.560  0.001  0.239 0.330
(BLOCK IIR-M Rb)
24 0775  0.001  0.251 0.362
3 0181  0.012  0.037 0.050
PRNO1
12 0.183  0.001  0.054 0.073
(BLOCK IIF Rb)
24 0.315  0.001  0.097 0.129
3 1207 0.037  0.534 0.617
PRNOS
12 1.993  0.010  0.722 0.841
(BLOCK IIF Cs)
15 min 24 3.615  0.009  1.282 1.572
3 0269 0071  0.142 0.151
PRN23
12 1.009  0.004  0.496 0.521
(BLOCK IIR Rb)
24 1.202  0.003  0.508 0.553
3 0491  0.003  0.226 0.278
PRN29
12 0.863  0.002  0.359 0.425
(BLOCK IIR-M Rb)
24 0.992  0.002  0.401 0.467

£ 3 ARIMAREBIHIR £
Table 3 The order numbers of ARIMA model

Satellite  pRNO1 (Rb)  PRNOS (Cs)  PRN23 (Rb)  PRN29 (Rb)

Order 30 s 15 min 30 s 15 min 30 s 15 min 30 s 15 min
d 2 2 2 2 2 2 2 2
p 12 2 4 10 13 15 16
q 8 5 9 7 4 9 13
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x4 TRBRAMRERMFIHE

Table 4 Statistics of prediction results of different models

Sampling interval  Satellite number Model Max/ns Min/ns Mean/ns RMSE/ns

QP 1431 0.003 0573 0.752
PRNO1
GM(1,1) 2011  0.007  0.891 1.021
(BLOCK
ARIMA  0.637 0013  0.201 0.309
IIF Rb)
FNN 0.265  0.001  0.072 0.091
QP 8837  0.735  4.851 5.133
PRNO8
GM(1,1) 8051 0507  2.978 3.211
(BLOCK
ARIMA 4322 0.033  1.790 2.080
IIF Cs)
30 s FNN 2.931  0.005  0.901 1.015
QP 1992 0013  1.015 1.311
PRN23
GM(1,1) 2790 0920  1.750 1.926
(BLOCK
ARIMA  1.261  0.150  0.802 0.930
IIR Rb)
FNN 0.973  0.002  0.413 0.470
QP 2.018  0.009  0.772 0.925
PRN29
GM(1,1) 4265  0.002  2.102 2.310
(BLOCK
ARIMA  3.126  0.002  1.330 1.521
IIR-M Rb)
FNN 0.775  0.001  0.251 0.362
QP 1.767  0.006  0.769 0.918
PRNO1
GM(1,1) 2360  0.009  1.064 1.255
(BLOCK
ARIMA  0.796  0.056  0.402 0.444
IIF Rb)
FNN 0.315  0.001  0.097 0.129
QP 10915  0.860  5.445 6.089
PRNOS
GM(1,1) 10.250 0.773  5.108 5.712
(BLOCK
ARIMA  6.632 0.051  2.894 3.387
IIF Cs)
15 min FNN 3.615  0.009  1.282 1.572
QP 2206  0.021  1.382 1.520
PRN23
GM(1,1)  3.358  0.115  2.011 2.212
(BLOCK
ARIMA 1491  0.238  0.940 1.109
IIR Rb)
FNN 1.202  0.003  0.508 0.553
QP 2284 0.010  1.005 1.187
PRN29
GM(1,1) 4475  0.004  2.260 2.630
(BLOCK
ARIMA 3513  0.006  1.656 1.969
IIR-M Rb)
FNN 0.992  0.002  0.401 0.467
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The Satellite Clock Bias Prediction Method Based on
Takagi-Sugeno Fuzzy Neural Network

CAI Cheng-lin*? YU Hong-gang’?  WEI Zhao-chuan'? ~ PAN Jun-dao'2

(1 School of Information and Communication, Guilin University of Electronic Technology,
Guilin 541004)
(2 Guangzi Key Laboratory of Precision Navigation Technology and Application, Guilin 541004)

AsstracTt The continuous improvement of the prediction accuracy of Satellite Clock
Bias (SCB) is the key problem of precision navigation. In order to improve the precision
of SCB prediction and better reflect the change characteristics of SCB, this paper
proposes an SCB prediction method based on the Takagi-Sugeno fuzzy neural network.
Firstly, the SCB values are pre-treated based on their characteristics. Then, an accurate
Takagi-Sugeno fuzzy neural network model is established based on the preprocessed
data to predict SCB. This paper uses the precise SCB data with different sampling
intervals provided by IGS (International Global Navigation Satellite System Service)
to realize the short-time prediction experiment, and the results are compared with the
ARIMA (Auto-Regressive Integrated Moving Average) model, GM(1,1) model, and
the quadratic polynomial model. The results show that the Takagi-Sugeno fuzzy neural
network model is feasible and effective for the SCB short-time prediction experiment,
and performs well for different types of clocks. The prediction results for the proposed
method are better than the conventional methods obviously.

Key words astrometry: time, methods: data analysis, methods: Takagi-Sugeno
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