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Figure 1 Architecture of TUB-NavSolutions “ionoTools” module

3	SINGLE STATION TEST BED

TUB established a low-maintenaince GNSS continuously operating station in 
Bahir Dar, Ethiopia. The station is operated in close cooperation with DLR, 
IEEA and Bahir Dar University in order to study ionospheric gradients in 
equatorial region. Approximate positions of the stations are depicted in the 
Figure 2.

TUB station is configured for ionospheric scintillation monitoring:

•• currently the code- and carrier phases observables are recorded in 1Hz 
sampling rate, and

•• the I- and Q-amplitudes are recorded with 50Hz sampling rate.

The GNSS data selected for the analysis has been gathered during two days 
(Figure 3):

•• 5th March 2015: with low geomagnetic activities (with Kp index around 2), 
and

•• 17th March 2015: high geomagnetic activities, with Kp index around 8, so 
called St. Patrick storm.



10th Annual Baška GNSS Conference 

M. Čokrlić et al., CHARACTERIZATION OF IONOSPHERIC EFFECTS... 	 97

10th Annual Baška GNSS Conference

Figure 2 GNSS array being set-up in cooperation with DLR, 
IEEA and TUB in Bahir Dar, Ethiopia

Figure 3 Kp and Ap indices for March 2015
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4	RESULTS

Those two selected days of observations gathered in equatorial region have been 
processed with our TUB-NavigationSolutions software. Some results from 
specific satellites are presented below in the Figures 4 to 8.

In Figure 4 amplitude scintillation index, ROT and levelled TEC (Jakowski et 
al., 2011) for satellite PRN 10 on 5th March 2015 when Kp index did not exceed 
value of 2 are displayed. At approximate 14:00 hours all three displayed values 
of parameters show disruption.

Figure 4 Amplitude scintillation (S4), ROT and TEC for satellite PRN10. Observed at 
DOY 64 2015 (5th March 2015) at TUB station in Bahir Dar, Ethiopia

Since amplitude scintillation happens suddenly and last for short period of time 
(couple of seconds), and irregularities we can observe in both, ROT and TEC, 
we can say scintillation happened at that time.

In the Figure 5 values for the same parameters at the same day for the satellite 
with PRN 25 are shown. Short period before 20:00 hours and around 22:00 
hours in all three plots we can observe ionospheric irregular behaviour and 
disturbance. In the time series of all values some medium scale-(red circle) and 
small scale (green circle) travelling ionospheric disturbances (MSTIDs and 
SSTIDs) are identified lasting from couple of tens of minutes till couple of minutes 
(Hernandez-Pajarex et al. 2006)
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Figure 8 Amplitude scintillation index S4 for DOY 64 (top) and DOY 76 (bottom), 
2015 for all satellites at the TUB station in Bahir Dar, Ethiopia

On both figures problems with ambiguity fixing appears shortly after 15:00 
hours on the 5th March (DOY 64). The same day we observed high amplitude 
scintillation and TIDs. Source of the degradation after 9:30 hours is not clear yet 
and will be investigated. On the 17th March (DOY 76) we are not facing problems 
with ambiguity fixing like on 5th March.
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Figure 9 Pseudo-kinematic solution on the baseline TANA(IGS)-TUBD (around 14km) 
data from the TANA station for DOY 064 are available only from 00:00- 15:28.  

Blue line represents the day 064, Kp around 2 and S4 index (after 18:00) higher than  
6 and red line day 076, Kp around 8 and S4 index is all day lower than 6.

Figure 10 Pseudo-kinematic solution on the baseline ADIS(IGS)-TUBD (around 318km) 
data from the ADIS station for DOY 064 are available only from 00:00- 15:28.  

Blue line represents the day 064, Kp around 2 and S4 index (after 18:00) higher than  
6 and red line day 076, Kp around 8 and S4 index is all day lower than 6.
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5	CONCLUSIONS AND FORTHCOMING ACTIVITIES

We were expecting “anomalies” due to the known correlation of geomagnetic 
activities with ionospheric disturbances during the 17th March (DOY 76) 2015. 
However, at the day with lower Kp index (around 2) amplitude scintillation is 
higher than for the day with higher Kp index (around 8). Those high amplitude 
scintillations and TIDs could be source of the observed difficulties in fixing 
carrier phase ambiguities in the Figure 9 and Figure 10. Further, source of poorly 
fixed ambiguities. Source of the problems in tracking, ambiguity fixing and 
degradation of the position quality could be ionospheric disturbances. 
Comparison of the solutions is given in the Table 1.

Table 1 Comparison of two solutions for quiet and disturbed days

Baseline DOY N [cm] E [cm] U [cm]

Short
64 [+4, -8] |12| [+40,-30] |70| [+20,0] |20|

76 [+2, -4] |6| ~0 [+10,-20] |30|

Long
64 [+20,-30] |50| [+60,-20] |80| [+20,-30] |50|

76 [+10, -10] |20| [+90,-20] |110| [+40,-80] |120|

Further raw data analysis is required in order to separate influence of ionospheric 
scintillation and other effects onto performance of positioning and to investigate 
surprising results from the comparison of the both days.

Acknowledgments

Part of this research is funded by the FP7 People Programme through the Marie 
Curie Initial Training Network TRANSMIT – Training Research and Applications 
Network to Support the Mitigation of Ionospheric Threats.

In addition, acknowledgments are given to Space Weather Application Center 
Ionosphere (SWACI) operated by German Aerospace Center (DLR) in Neustrelitz.



104	 M. Čokrlić et al., CHARACTERIZATION OF IONOSPHERIC EFFECTS...

10th Annual Baška GNSS Conference 

REFERENCES
Beniguel, Y., Adam, J.-P., Bourdilon, A. & Lassudrie-Duchesne, P. (2011) Ionosphere 

scintillation effects on navigation systems, Comptes Rendus Physique, vol. 12, pp. 186–
191.

Čokrlić, M. & Galas, R. (2013) TUB software tools for monitoring ionospheric irregularities 
in a single station mode and first results. Proceedings of the 7th European Conference on 
Antennas and Propagation (EUCAP 2013), Gothenburg, Sweden.

Dierendnock, A. J., Klobuchar, J. & Quyena, H. (1993) Ionospheric scintillation monitoring 
using commercial single frequency CA code receivers, In Proceedings on the 6th 
International Technical Meeting of the Satellite Division of the Institute of Navigation, 
ION GPS-93, pp. 333–344.

Galas, R. & Kohler, W. (2001) A binary exchange format for GPS data, Phys. and Chem. 
Earth, vol. 26, no. 6–8, pp. 645–648.

Hernandez-Pajares, M., Juan, J. M. & Sanz, J. (2006) Medium-scale traveling ionospheric 
disturbances affecting GPS measurements: Spatial and temporal analysis, Journal of 
Geophysical Research, vol. 111.

Jakowski, N., Mayer, C., Hoque, M. M. & Wilken, V. (2011) Total electron content models 
and their use in ionosphere monitoring, Radio Science, vol. 46, pp. 1–11.



10th 
Annual  
Baška GNSS  
Conference

105

SATELLITE POSITIONING ERROR 
MODEL FOR LOCATION – BASED 
SERVICES

Marin Anđelini, Andrea Lučić, Renato Filjar
 	 Faculty of Engineering, University of Rijeka, Rijeka, Croatia

E-mail: marin.andelini@gmail.com

Abstract
The essence of the location-based services is satellite positioning quality. The 
errors in satellite positioning are having a direct impact on quality of those 
services. Among others factors, the Total Electron Content (TEC) in ionosphere is 
having a big impact on satellite positioning errors. Intensity of Earth’s magnetic 
field affects the electron density in ionosphere, and thus affects the satellite 
positioning error. By utilisation of methods of statistical analysis and learning, 
data mining and machine learning, data collected from the reference stations on 
Earth are transformed into valuable information, thus creating knowledge which 
is used for decreasing or eliminating the errors in satellite positioning. R and 
Rattle are emerging as very good tools for data mining for their data analysis 
possibilities and building of the mathematic models. Error models suggested in 
this paper are minimising the satellite positioning error, and thus help to maintain 
and raise the quality of the location-based services.

Key words: error model, geomagnetic activity, ionospheric delay, total electron 
content
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1	 INTRODUCTION

Contemporary mobile telecommunication networks are offering the base for a 
number of telecommunication services that are in relation to user’s position. 
Quality positioning is the basis of the quality location-based service. The most 
common positioning method is a satellite positioning. In satellite positioning an 
error is accepted, as it is a measurement procedure. What is measured is time 
needed for a satellite message to be transmitted from the satellite to be received 
on user’s receiver. Ionosphere, as the medium through which this message 
travels, has the biggest impact on this measurement error. Electron density in 
ionosphere affects the ability of the satellite signal to breach through it, slowing 
the signal and thus prolonging the measured time. The way to completely 
overcome the impact of ionosphere on a satellite positioning is not yet 
discovered. 

As one of the factors that cause ionospheric delay, the impact of the Earth’s 
geomagnetic field is also not completely explored and clear. 

The problem and a brief overview of the existing solutions are described in 
chapter 2. In chapter 3 we present the methods and solution for the problem. The 
results are explained in chapter 4. Chapter 5 contains the discussion of the 
results. Conclusion of the work is presented in chapter 6.

2	PROBLEM DESCRIPTION

To overcome the satellite positioning error, the goal is to predict what is the size 
and type of the error in case the external factors are in a certain state, and correct 
it. That way, the intelligent system is created, that knows how to reduce the 
impact of external factors to a satellite positioning.

Some solutions that are more or less reducing the impact the ionospheric delay is 
having on a satellite positioning are Klobuchar model, NeQuick and EGNOS’ 
ionospheric model. GPS uses Klobuchar model, which corrects about the 50% of 
the ionospheric range delay (Royal Academy of Engineering, 2001). The 
problem of Klobuchar’s model are anomalies in ionosphere. Galileo uses 
NeQuick as the ionospheric model (Subirana, Zornoza, Hernandez-Pajares 
2013), while EGNOS’ ionosphere model optimizes accuracy and integrity by 
correcting the errors in specific points of the imaginary mesh over the Europe 
(ESA 2016).
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The ionospheric model has to take many factors into account to make a good 
prediction of the error. Electron density is something that is an input to 
ionospheric model. The question is what other factors are affecting the changes 
in electron density in ionosphere. Earth’s geomagnetic field is one of them. The 
problem is to find out how much, and how geomagnetic field affect the TEC, 
and what effect is this having on the satellite navigation.

3	ERROR MODEL

The goal was, by utilization of methods of statistical analysis and learning in R 
and Rattle, to develop a satellite positioning error categorization model. The data 
used was geomagnetic indices from geomagnetic reference station in Grocka, 
Serbia, the TEC measurements and the actual satellite positions error 
measurement, gathered from the reference station in Dubrovnik, Croatia. 

The actual error data consists of the error in north direction, error in east 
direction, and height error. Error in east and north directions were combined into 
single horizontal error and categorized.

Figure 1 Horizontal error histogram with x axis showing error in meters
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Table 1 Categorization of the horizontal errors

Error interval  
(m)

Categorical value  
of the error

Number of occurrences  
by a category

< 2 Very small 0
[2, 4) Small 687
[4, 6) Medium 633
[6, 8) Big 90
> 8 Very big 22

New variable (horizontal error), along with TEC and geomagnetic indices, was 
used to build the models, using different algorithms. Models were compared and 
the best were chosen between them.

The outputs of the analysis and modelling are models, error matrix and other 
numerical quality parameters generated by testing and validation of the models in 
Rattle, and in the end, analysis and interpretation of the models and their quality.

4	RESULTS
From the correlation analysis, it is obvious that the error is in linear correlation 
with geomagnetic indices.

Figure 2 Correlation diagram – Pearson’s method ( Bx,By,Bz are geomagnetic indices and 
sdn, sde, sdu are errors in north, east and vertical direction, respectively)
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Final error prediction model has the overall error of 6%, but has 80% wrong 
choices for “very big” errors.

Out-of-the-bag (OOB) estimation showed total error of 7.75%.

Figure 3 Error matrix

5	DISCUSSION

Intensity of Earth’s magnetic field affects the electron density in ionosphere, and 
thus affects the satellite positioning error. 

The 6% total error in model’s prediction show great overall accuracy, but the 
80% error in predicting “very big” errors is not a satisfying fact. In Table 1, we 
see that there are very little “very big” errors in the input data, and that could be 
the reason of lack of accuracy in this horizontal error category, because model 
could not be “trained” well for this horizontal error category. If similar 
distribution of errors is common, then this model has very acceptable accuracy, 
since there were less than 1% of “very big” error in the dataset. Also, the 
categories of the horizontal error could have been arranged differently, and then 
the result might be different.

Evaluation of the quality of final model depends on application. In Table 2, we 
see how high positioning accuracy are needed for road transport applications. 
For those applications that demand low, or even a medium accuracy, this model 
can be suitable. For applications that demand high or very high accuracy, this 
model might not be reliable and robust enough.
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Table 2 Road transport demands (Royal Academy of Engineering 2001)

Road transport application Accuracy
In-car navigation Low
Selective vehicle priority Low
Dynamic route guidance Low
Emergency calls Low
Fleet management Medium
Urban traffic control Medium
Collision avoidance Medium
Road pricing Medium
Automated motorway High
Lane control Very high
Intelligent speed assistance Very high

6	CONCLUSION

The analysis showed geomagnetic indices’ effect on the satellite positioning 
error. Final model that was developed using Rattle and R gave good results and 
can be useful in some applications that do not require high positioning accuracy. 
In case the input data is truthfully representing the everyday situation, with some 
rearrangement of the horizontal error categories or their intervals, this model can 
be used in many applications.

For future work, the model needs to be tested on a larger dataset to check its 
robustness and then rebuilt if needed.
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1	 Introduction

To provide high-accuracy determination of position, velocity and time for land, 
marine, air and other kinds of users time scales of all GLONASS space vehicles 
(SV) are synchronized to GLONASS Time and GLONASS Time is synchronized 
to Reference Time. National time of Russia UTC(SU) generated by State Time/
Frequency Reference (STFR) is used as GLONASS Reference Time. 

Now the accuracy of broadcast GLONASS Time and UTC (SU) meet specified 
requirements. However, for professional users it is not satisfactory as compared 
with GPS. 

The paper presents the main principles of GLONASS Time generation and its 
synchronization to UTC(SU) as well as the main approaches that can increase 
the accuracy of broadcast GLONASS Time and UTC(SU). 

2	GLONASS Time Generation

GLONASS Time is generated as a continuous “paper” time scale on the basis of 
the Main and/or Reserved Central Synchronizers (CS) using the following 
equation (Bandura, Bogdanov & German 2016):

ΔTGL(t) = ΔTM(t) + ΔTph
M(ti) + ΔTfr

M(tj) – ΔTc(t) =

= ΔTR(t) + ΔTph
R(tk) + ΔTfr

R(tl) – ΔTc(t) – ΔTM–R(t),	
(1)

where ΔTGL(t) – GLONASS Time offset relative to UTC(SU), ΔTM(t), ΔTR(t) – 
Main/Reserved CS time offset relative to STFR time, ΔTph

M(ti), ΔTph
R(tk) – 

corrections for Main/Reserved CS phase steering, ΔTfr
M(tj), ΔTfr

R(tl)  – corrections 
for Main/Reserved CS frequency steering, ΔTc(t) – correction for controlling 
GLONASS Time – UTC(SU) offset, ΔTM–R(t) – offset between Main and 
Reserved CS time scales.

The main advantage of this GLONASS Time generation method is the simplicity 
of GLONASS Time generation monitoring. Accuracy characteristics of 
GLONASS Time generated by this method are completely in compliance with 
CS accuracy characteristics. Reliability of generated GLONASS Time is 
provided by backup CS.
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Central Synchronizers provide the following accuracy characteristics:

•• relative frequency error Δf/f below 3 ∙ 10-14;

•• daily frequency instability below 2 ∙ 10-15.

The backbone of CS is Frequency/Time Keeping Facility (FTKF) including four 
active Hydrogen Frequency Standards (HFS), a system for internal comparisons 
and a system for steering frequencies and phases of signals from HFS. HFS 
which provides the best accuracy characteristics on the results of internal 
comparisons becomes master standard, the others operate as secondary.

CS time scale is corrected simultaneously with UTC leap second corrections by 
± 1 s and, as a result, there is no whole second time offset between GLONASS 
Time and UTC(SU). However, there is a 3-hour constant offset between 
GLONASS Time and UTC(SU) due to GLONASS Terrestrial Control Complex 
operational principles.

Till August 2014 GLONASS Time – UTC(SU) offset was about 400 ns. It met 
specified requirements but was not satisfactory for time users. 

Therefore, on 18th August, 2014 the value of controlling correction ΔTc(t) was 
changed to increase the accuracy of GLONASS Time – UTC(SU) 
synchronization. To keep the specified accuracy of SV – GLONASS Time 
synchronization the value of daily correction change was 3 ns.

The results of monitoring proved the efficiency of the controlling correction 
change: GLONASS Time – UTC(SU) offset changed from 392.2 ns (19.08.2014) 
to 24.4 ns (31.08.2014). 

Now the offset of GLONASS Time relative to UTC(SU) is kept within 25 ns.

GLONASS Time – UTC(SU) offset on April 30, 2016 is presented in Figure 1.
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Figure 1 UTC(SU) – GLONASS Time offset

3	GLONASS Time Synchronization to UTC(SU)

The offset between STFR and CS time scales is calculated on the basis of their 
mutual comparisons by the signals from SVs of GLONASS and GPS in 
differential mode with using “all-in-view” method in accordance with the 
following equation (Bogdanov & Primakina 2015):

ΔTSTFR – CS = ΔTGL(GPS) – CS – ΔTGL(GPS) – STFR	 (2)

where ΔTSTFR – CS(t) – CS time scale offset relative to STFR time scale, ΔTGL(GPS) – CS(t) 
– CS time scale offset relative to GLONASS/GPS Time, ΔTGL(GPS) – STFR(t) – STFR 
time scale offset relative to GLONASS/GPS Time.

Now the error of calculating Main CS – STFR time scale offset is about 8 ns 
(rms), Reserve CS – STFR time offset 13 ns (rms). 

The large error of CS – STFR time offset calculated by GLONASS signals is 
mostly caused by using Time Transfer Unit (TTU) with single-frequency 
GLONASS/GPS receiver at CS. 

Data on the results of CS – STFR time comparisons by GLONASS/GPS signals 
are daily transferred to the GLONASS System Control Center where they are 
used for generating GLONASS Time and calculating corrections to GLONASS 
Time relative to UTC(SU) which are further uploaded and broadcast to users in 
navigational signals. 
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Till August 2014 the error of broadcast corrections for GLONASS Time – 
UTC(SU) offset contained a systematic component of approximately 200 ns. 
Therefore, on 18th August, 2014 the generated corrections to GLONASS Time 
were also changed.

Now the error of broadcast corrections for GLONASS Time – UTC(SU) offset 
does not exceed 10  ns (rms). 

UTC(SU) broadcast by GLONASS is presented in Figure 2.

Figure 2 UTC(SU), transmitted by GLONASS

So, now GLONASS provides users with timing service referenced to UTC(SU) 
with the error below 35 ns without using the broadcast corrections to GLONASS 
Time and below 10 ns with using the corrections.

4	 Improvement of GLONASS Time Generation  
and Synchronization to UTC(SU)

The main approaches used to increase the accuracy of GLONASS Time 
generation and its synchronization to UTC(SU) are:

•• to increase CS accuracy characteristics;

•• to increase the accuracy of GLONASS Time synchronization relative to 
UTC(SU);
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•• to decrease the error of broadcast to users corrections to GLONASS Time 
relative to UTC(SU).

The second and the third approaches are going to be realized, first of all, by 
increasing the accuracy of CS–STFR time scales comparison, so it is planned:

•• at the 1st stage to install similar calibrated GLONASS/GPS time receivers at 
STFR and CS. It can provide the accuracy of calculating time scales offset 
of about 3 ns;

•• at the 2nd stage to use time transfer facilities on the basis of duplex 
communication links with using satellites in geosynchronous orbits. It can 
provide the accuracy of about 1 ns.

To eliminate systematic error component of time scale comparisons it is planned 
to use laser technologies to calibrate the receivers.

5	Conclusion

Now the accuracy of GLONASS Time and UTC(SU) broadcast to users meets 
specified requirements. 

As a result of the proposed approaches the following accuracy characteristics of 
broadcast GLONASS Time and UTC(SU) are planned to be achieved by 2020:

•• GLONASS Time – UTC(SU) offset below 4 ns;

•• the error of broadcast corrections to GLONASS Time below 2 ns.
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