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Abstract

Satellite Based Augmentation System (SBAS) provides correction message services as an additional system to navigation satellites.
Several SBAS services exist in many regions and usually cover a large area. Although, Thailand is not geographically located within
a center of SBAS service coverage, users in Thailand can still receive correction messages from some available systems. This study
aims to evaluate the GNSS positioning accuracy with corrections from different operational SBAS systems; namely, SPAN, GAGAN
and BDSBAS when its positioning strategy is Single Point Positioning (SPP). The positioning results are then compared with solutions
from Precise Point Positioning (PPP) which are referred to as reference coordinates. GNSS observations in this study are taken from
40 GNSS Continuously Operating Reference Stations (CORS) operated by the Royal Thai Survey Department. Certain period
observations; comprising of September 2019, December 2019, and April 2020, are selected into computations. This research shows
that three SBASs could not significantly improve both horizontal and vertical positioning accuracy comparing with GPS Single Point
Positioning solutions.
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1. Introduction

Global Navigation Satellite System technology is continuously developed presently. Particulary, Global Positioning System (GPS)
has been developed by the United States Department of Defense and is applicable for location identification. GPS signal currently
covers everywhere in the world. GPS has long been utilized in various applications including cartography and control point, plate
tectonic detection, atmospheric studies, cadastral surveying and precise timing [1-10]. Observables from GPS signal which are
commonly used to determine positioning coordinates consist of 2 observables; pseudorange and carrier phase [11]. The single point
positioning which is the absolute positioning using the pseudorange method can instantly provide the position coordinate with the
positioning accuracy of 5-10 meters [12, 13]. With the intention to improve the positioning accuracy recently, Satellite Based
Augmetation System (SBAS) had been developed accordingly. SBAS in each country will provide the different corrections that are
suitable for each region. When such correction and GPS observation data are processed together, the positioning accuracy will be
different and is subjected to the SBAS service provided in each country [14, 15] analysed performance of GPS Aided Geo Augmented
Navigation (GAGAN) over Sri Lanka. The results showed that GAGAN corrections could improve the positional accuracy for a single
frequency receiver. On the other hand, a previous study carried out by [16] revealed that the performance of GAGAN system is not
suitable for Thai region. Currently, Thailand is not located within the service area, but still be able to receive correction signals from
several SBASs namely SPAN [17], GAGAN [15] and BDSBAS [18]. Therefore, this reseach focusses on the assessment of positioning
accuracy using SBAS corrections processed with GPS observation data for the single point positioning determination in Thailand. The
data retrieved from 40 GNSS CORS operated by Royal Thai Survey Department in different time periods; during September 2019,
December 2019 and April 2020, were used to analyse the performance of SBASs. The correction from SBAS were processed together
and compared with the reference coordinates obtained from the Precise Point Positioning (PPP) technique.

2. Satellite based augmentation system (SBAS)

Satellite Based Augmentation System (SBAS) is the system that the Federal Aviation Administration of United States of America
designed for aviation applications. As many countries in Europe also acknowledged the importance of such system, the development
plan has been implemented in June 1996. Thereafter, further the development of the SBAS in Japan called Multifunctional Satellite
Augmentation System (MSAS) has started in 2003 [19]. In general, the SBAS will provide the GNSS correction services including
correction of orbit errors, correction of satellite clock errors, and correction of ionospheric errors to improve the positioning accuracy
[16, 17] in large service-coverage area. Currently, the development of SBAS can be found in many countries across the globe as shown
in Figure 1. Initial test results and analysis of 1st generation SBAS-like algorithm from the implementation of Asia-Pacific GNSS Test
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Bed in Thailand were reported in [20] and [21]. Preliminary results obtained from the 2nd Generation Dual Frequency Multi-
Constellation SBAS in Thailand were published in [22].

SBAS Indicative Service areas and Status
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Figure 1 SBAS indicative service areas (modified from [23])

Since SBAS in each country has a similar system structure [19], in this paper, the BeiDou Satellite-Based Augmentation System
(BDSBAS) was selected as an example for further explanation. BDSBAS is one type of SBAS developed by China PR which started
to provide sevices via GEO-1 (BDSBAS PRN Signal Number 130) at latitude 80°E on 9th November 2018 [18]. BDSBAS provides
correction services including correction of orbit errors, correction of satellite clock errors, and correction of ionospheric errors to adjust
the coordinates of itself [24]. The coverage area consists of China and nearby countries including Thailand. Available BDSBAS
services have 2 modes which are single frequency and dual frequency services and multi frequency services corresponding to
ICAOSARPs’standard which SF provides the correction to GPS on L1 C/A signal for aviation services [25].

Generally, BDSBAS has a ground segment which composes of Master Control Stations, Data Processing Stations, Monitoring
Stations (MS), and Uplink Stations that spread thoroughly across China, as shown in Figure 2. Reference Stations and lonospheric
Grid Points (IGPs) of GAGAN and SPAN are shown in Figures 3 and 4 respectively. More details about BDSBAS, GAGAN and
SPAN are explained in [26], [27] and [28]. SBAS’ messages will be transferred via B1C and B2a signals to GEO satellite’s users [18].
Furthermore, a space segment, comprising of 3 GEO satellites (at 80°E, 110.5°E and 140°E) and also a user segment [26] are as shown
in Figure 5.

Reference station and IGPs of BDSBAS
55 — 7
50 — o e
3 .;“"rni /,]b L. %
% 45 - j\:ﬁ
S - e
<l Skt
‘© 35 »
E 30 ¢ ¢ n‘{\g&ﬂ/‘x Ll
5 iy @t 7
| A Ref Stati
20 2 ° )’L’"'f‘ 2 (J eference Stal Ionsi
@ IGPs
15 oo
L1

65 70 75 80 85 90 95 100105110 115120 125130135

Longitude in degree
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Reference station and IGPs of GAGAN
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Figure 3 Reference stations and IGPs of GAGAN
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3. Methods and methodology

In order to evaluate the positioning accuracy, the correction obtained from SBAS has been processed together with the GPS
observation data for the evaluation of the single positioning in accordance with the pseudorange measurement and then be compared
with the data processed by the application of Precise Point Positioning (PPP) technique. In order to obtain accurate reference
coordinates of all stations, the 7-day data sets for each station were processed using the PPP technique with the GipsyX software. The
coordinates obtained from the GipsyX software should be accurate to within a centimeter. Therefore, the 7-day averaged coordinates
of an individual station are used as reference coordinates for subsequent analysis. The Root-Mean-Squared Error has been used as a
statistical method for data comparison which produced the Observation Equation and the Statistical Equation for comparing the results
as provided below.

3.1 Single point positioning: SPP

Single point positioning (SPP) technique is the absolute positioning of the reciever by using only one receiver. The pseudorange
measurement is generally used. Pseudorange obtained from the measurement might deviate from the actual distance between the
satellite and the reciever because of various types of errors including orbit errors, satellite clock errors, and atmospheric errors etc. The
pseudorange equation obtained from code observations was provided below in a unit of length [11]

R=p+Ar+dipy + derop + c(dt —dT) +ep + &g D

where: R is the pseudorange code observation in range units (meter), p is the range between the receiver and satellite (meter), Ar
is the orbital error (meter), d;,, is the ionospheric delay in range units (meter), d;,,, is the tropospheric delay in range units (meter),
c is speed of light (meter per second), dt is the receiver clock offset (second), dT is the satellite clock offset (second), ep is the
multipath effects (meter), e is the noise of the pseudorange measurements (meter).

3.2 Root mean squared error: RMSE

In this research, the Root-Mean-Squared Error (RMSE) has been introduced to evaluate the positioning accuracy in both
horizontal and vertical directions, which provided in equation 2 and equation 3 respectively [29].

3.2.1 Horizontal positioning accuracy

RMSEr _ \/2 ((Ndata,i - check,i)z + (Edata,i - Echeck,i)z) (2)

n

where: RMSE, is horizontal positioning accuracy (meter), Nygeq i, Eqqrq; are coordinates of the ith check points in the dataset
(meter), Ncneck,i » Echeck,i are coordinates of the ith check points from an independent source with higher measurement accuracy
(meter), i is an integer ranging from 1 to n, n is the number of check points in the dataset.

3.2.2 Vertical positioning accuracy

2

2(Z i — Z, i

RMSE, = ( data,i check,L) (3)
n

where: RMSE is vertical positioning accuracy (meter), Z;q:q,; is coordinates of the ith check point in the dataset (meter), Zcpeck i
is coordinates of the ith check point from an independent source with higher measurement accuracy (meter), i is an integer ranging
from 1 to n, n is the number of check points in the dataset.

3.3 Data used in this study

The GPS observation data are obtained from 40 CORSs operated by the Royal Thai Survey Department covering the entire area of
Thailand as shown in Figure 6. SBAS corrections are provided by the Navigation and Time Monitoring Facility (NTMF)(CNES NTMF
located in Toulouse, France) covering the whole nation. Measurements have been recorded every second for 3 months of 1%-30™
September 2019, 15-315 December 2019, and 1-30™" April 2020. The collected data has been further processed with RTKLIB ver.2.4.2
[30] and compared. Their positioning accuracy is determined using the Root-Mean-Squared Error (RMSE) as the statistical
methodology as described below.

Comparisons between Precise Point Positioning (PPP) and GPSsppy solutions

Comparisons between Precise Point Positioning (PPP) and combined GPSsppy and SBAS sppy correction solutions

4, Results

Computed single point positioning (SPP) accuracies are evaluated based on combined data from SBAS corrections and GPS
observables of selected 40 RTSD CORS. They are later compared with the assigned reference coordinates using Precise Point
Positioning (PPP) GPS observations. The results are described below for every entire three-month observations starting from September
2019, December 2019, and April 2020.

As of September 2019, the processed positioning results obtained from GPS 40 CORS observables and GAGAN127 corrections
give averaged horizontal and vertical positioning accuracy (in terms of RMSEs) of 1.22 and 1.60 meters respectively. When identical
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GPS measurements are performed but GAGAN128 corrections are applied, averaged horizontal and vertical positioning accuracy
become 1.21 and 1.55 meters accordingly. However, when GPS 40 CORS observables are only used in SPP determinations, it is found
that the averaged horizontal and vertical positioning RMSEs are 1.09 and 1.95 meters. Computed results are as presented in Figure 7
and Figure 8. Their comparisons are shown in Table 1.

As of December 2019, the processed positioning results obtained from GPS 40 CORS observables and GAGAN127 correction
messages provide horizontal and vertical positioning accuracy of averagely 1.03 and 1.38 meters accordingly where as if GAGAN128
corrections are applied, their horizontal and vertical positioning accuracy are averagely 1.04 and 1.37 meters.

BDSBAS could be observed at only 31 ground stations therefore only 31 GPS CORSs are used in the computations. When
corrections are received from BDSBAS130 satellites, averaged horizontal and vertical positioning accuracies are 6.06 and 5.35 meters.
However, by using only the observable data of GPS (SPP) from 40 stations, the value of RMSE for the averaged horizontal and vertical
positioning accuracy are 0.97 and 2.66 meters. All data are plotted in Figure 9, Figure 10, and shown in Tablel.
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Figure 6 CORS Locations operated by the royal Thai survey department
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Figure 10 RMSE of vertical positioning accuracy at each station in December 2019

As of April 2020, SPAN could be observed at only 11 reference stations. The computed results of GPS observations and SPAN122
satellite corrections provides averaged horizontal and vertical RMSE of 2.27 and 2.07 meters accordingly.
By using GAGAN127 satellite corrections and GPS measurements at 40 stations, averaged horizontal and vertical RMSEs are 0.98
and 1.60 meters and by using GAGAN128 satellite corrections, their averaged horizontal and vertical RMSEs are 0.98 and 1.60 meters.
With only GPS observations (SPP) from these 40 stations, the averaged RMSEs for horizontal and vertical accuracy are 1.02 and 1.95
meters. All computed data are plotted as shown in Figure 11, Figure 12 and shown in Table 1.
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Figure 12 RMSE of vertical positioning accuracies at each station in April 2020

Table 1 Positioning accuracy of each test case

Cases
Time periods Statistics GPS GPS+SPAN  GPS+GAGAN GPS+GAGAN GPS+BDSBAS
only PRN122 PRN127 PRN128 PRN130
RMSE Horizontal (m.) 1.09 - 122 121 -
September 2019 py\1SE vertical (m.) 1.95 - 1.60 155 -
RMSE Horizontal (m.) 0.97 - 1.03 1.04 6.06
December 2019 p\1SE Vertical (m.) 2.66 - 1.38 1.37 5.35
Aoril 2020 RMSE Horizontal (m.) 1.02 2.27 0.98 0.98 -
P RMSE Vertical (m.) 1.95 2.07 1.60 1.60 -
Average RMSE Horizontal (m.) 1.03 2.27 1.08 1.08 6.06
g RMSE Vertical (m.) 2.19 2.07 1.53 1.51 5.35

5. Discussions

In this research, a total of 40 GNSS CORS stations were used to cover every part of Thailand. In order to investigate an effect of
season on positioning results, three different periods of GNSS CORS data, April, September and December were selected. The entire
one-month data starting from the beginning of each period at each station were used in this study. This is to ensure that sufficient
amount of data was used to draw a solid conclusion from this research. In relation to Table 1, the following comments can be made:

The accuracy of GPS only solutions are similar for all three different periods. According to [31], the accuracy of GPS only solutions
is approximately the same as the results obtained from this study. GPS only solutions were found to be consistent with the known
coordinates at the 1-meter level in the horizontal component. However, it should be noted that the vertical accuracy of GPS only
solutions in December is slightly worse than those obtained from April and September periods. Further investigations are therefore
needed.

Based on the GPS+SPAN and GPS+BDSBAS solutions, the degradation of accuracy in both the horizontal and vertical components
becomes more pronounced. These results are aligned with our expectation since the coverage areas are quite far away from Thailand.
In case of GPS+GAGAN solutions, it was found that there is no significant improvement in the horizontal component but there is a
slight improvement in the vertical component. These results are consistent with the conclusion made by [16].
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6. Concluding remarks

Thailand currently could be able to receive signals from 3 SBASs including SPAN, GAGAN, and BDSBAS. Correction messages
from these 3 available systems could not significantly improve GNSS horizontal positioning results. It is clearly shown that SPAN and
BDSBAS correction messages could not improve their vertical positioning results whilst obtained GAGAN correction messages could
improve the vertical positioning results based on positioning solution comparisons with the GPS Single Point Positioning results. In
terms of signal availability, GAGAN signals could be received by 40 GNSS reference stations widely distributed in Thailand whilst
SPAN and BDSBAS signals could only be obtained by 11 and 31 stations out of 40 stations, respectively covering only some parts of
Thailand. To significantly improve SBAS solutions in Thai region, a close collaboration with any existing SBAS service provider
should be established so that selected GNSS CORS in Thailand can be included as an extended part of existing SBAS services.
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