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SUMMARY  

 

GPS has been proven to achieve high accuracy positioning for many monitoring applications. 

However, potential weak geometry of the GPS constellation and/or the blockage of the satellite 

signals by surrounding obstacles may reduce the accuracy, availability and the reliability of GPS 

monitoring. The development of additional GNSS systems (i.e. GLONASS, BeiDou) broadens the 

perspective of combining one or more constellations with the GPS constellation in order to resolve 

cases of weak GPS satellite geometry that may lead to lower accuracy positions and therefore errors 

in monitoring information. 

 

The aim of this study is to compare the accuracy and the availability of the GPS solution with that 

of the GNSS solution, by evaluating their correlation with the corresponding satellite constellation. 

For this purpose, GNSS zero-baseline static measurements were carried out for 12 days 

simultaneously at two sites in the UK and China. 

 

The GPS/GNSS records were processed in kinematic Double-Difference (DD) mode to assess the 

accuracy and the availability of the positioning for the two sites, by using various combinations of 

GPS, GLONASS (GLO) and BeiDou (BDS). The GPS and GNSS time series, expressing mainly 

noise caused by the satellite constellation and the receiver, were analysed using a moving standard 

deviation to define the variation of the noise level along the 24-hours of each day and finally were 

correlated with the corresponding DOP values. It was observed that the periods of high correlation 

for the GPS solution, corresponded to periods of high noise level and high DOP value, with the 

latter being above the mean DOP value of the day, while for the corresponding period of the GNSS 

solution, there was no correlation between noise and GNSS DOP value, indicating that the noise of 

the GNSS solution was not constellation-dependent. 

 

Thus, it was observed that for periods of weak GPS constellation, which can be defined from the 

corresponding DOP, the contribution of the GLO and/or BDS will lead to solution of higher 

accuracy, availability and limit the impact of potential weak satellites.  
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1. INTRODUCTION 

 

GPS is the positioning tool of choice for a wide variety of applications where high level of accuracy 

is required, such as structural monitoring in open sky environments. The derived position by GPS 

can be affected by satellite availability and their geometry, the quality of observations with ability 

to mitigate most of error sources as well as fixing the integer ambiguity for precise positioning 

(Hancock et al., 2009, Hancock et al., 2016, Taha et al., 2008). 

 

In the case of poor availability of GPS satellite due to limited valid satellites (weak geometry) or 

signal obstruction, a possible remedy is integrated GPS data with measurements of other sensor 

(e.g. accelerometers (Han et al., 2016, Moschas and Stiros, 2015) , Robotic Total Station (Psimoulis 

et al., 2008, Moschas et al., 2013) or Locata (Bonenberg et al., 2009, Montillet et al., 2009), Inertial 

Sensors  as well as Ultra-Wide Band (Wang et al., 2016, Gao et al., 2014). However, these 

supplementary sensors have limitations, while the combination of GPS and other GNSS 

constellation can considered a possible solution (Rabbou and El-Rabbany, 2015). The combination 

of two or more satellite systems offers more visible satellites to users, and that will enhance the 

satellite geometry with the expectation of improving the overall positioning solution (Msaewe et al., 

2017) 

 

For this study GNSS zero-baseline measurements were carried out with different pairs of similar 

receivers for 12 consecutive days, simultaneously in the UK and China sites. Zero-baseline with 

Double-Difference (DD) solution mode, can eliminate most of the common errors of the GNSS 

measurements (i.e. satellite orbits and clock, atmospheric delay and multipath effect). Thus, the 

remaining error of the GNSS solution is due to the geometry of the satellite constellations and the 

noise of the GNSS receiver. 

 

The aim of this study is to assess the contribution of the GLO and BDS satellite systems when they 

are combined with GPS constellation. The assessment investigated whether the combination of the 

satellite systems can limit the noise level of the GPS-only solution and assess the improvement of 

the positional precision with fixed solution availability. The analysis of this study focused on the 

precision of the GNSS solution using all the possible combinations of the available satellite 

systems. The precision of each combination of GNSS-solution was correlated with the 

corresponding DOP values, with the latter expressing the geometry of the satellite constellation. 

 

2. EXPERIMENTS DESCRIBTION 

 

Extensive measurements with zero-baselines were carried out with a 1-s sampling rate 

simultaneously in the UK and China for 12 consecutive days, between the 5
th

 and 16
th

 March, 2015. 
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At the UK site, a Leica AR10 antenna was mounted on a pillar and connected, via a splitter (GPS 

RMS18 splitter), to two pairs of multi-GNSS receivers; the Leica-GS10 and Trimble-NET9. For the 

second zero-baseline in China, a LEIAR25R4 antenna was set up on a pillar and connected, via a 

splitter (GPS/GNSS RMS18 Splitter 8-way) to four pairs of GNSS receivers consisted of Javad-

TRIUMPH, ComNav K508, Unicore UR240 and Septentrio ASTERX2EL. Both antennas were 

mounted in open sky environments (Figure 1). The specifications of the receivers used are given in 

Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1, Specification of the GNSS receivers used in the measurements. 

Site 
Antenna 

type 

Types of receivers 

Pairs 

Name 

used 

recorded Constellations 

GPS GLO BDS Gal 

UK 
Leica 

AR-10 

1) Leica Viva GS10 Rec.UK1 √ √ √ √ 

2) Trimble NET9 Rec.UK2 √ √  √ 

China 
Leica 

AR-25.R4 

3) Septentrio ASTERX2EL Rec.Ch3 √ √ √ √ 

4) Javad-TRIUMPH-VS Rec.Ch4 √ √ √ √ 

5) ComNav K508 Rec.Ch5 √ √ √  

6) Unicore UR240 Rec.Ch6 √  √  

 

In this study, the contribution of the Galileo constellation is not assessed due to the limited number 

of available satellites, since there were only three satellites (E11, E12, and E19) functioning reliably 

at the time of the experiments.  

 

3. DATA ANALYSIS 

 

φ= 29° 48' 10.33070" N 
λ= 121° 33' 24.23910" E 

φ= 52° 57' 07.05318" N 

λ= 01° 11' 01.44897" W 

Figure 1, Zero baseline experiment setup. (Msaewe et al., 2017) 
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The GNSS data were converted into RINEX format, and processed using RTKLIB v2.4.2, in 

kinematic mode to assess the precision of the position for each epoch using DD solutions, with cut-

off elevation angle of 15°. In order to define which pair of the available receivers in each site had 

the most reliable performance and characterised by relatively low receiver noise, a preliminary 

analysis was achieved. Therefore, among several sessions of 1-hour duration, the 1-hour session 

from 01:00 to 02:00 (GPS time) of 05/03/2015 was selected. This period was selected as it is free 

from data gaps and cycle slips, and with the collocated receivers tracking the same satellites, 

leading to comparable results. The time series of the GPS-only solution, which basically express the 

deviation of each epoch from the station coordinates, for the different receivers are shown in Figure 

2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For each set, the average and standard deviation (STD) of every component was computed. From 

the analysis of the two pairs of receivers in the UK, it is clear that the noise level of the Rec.UK2 is 

larger than that of Rec.UK1. On the other hand, comparisons between the receivers in China 

indicate that Rec.Ch3 receivers show the least noisy behaviour, from all the receivers in China, with 

the minimum STD relative to the other receivers in China along E, N and U components. Similar 

results were found by comparing these receivers for the constellations of GLO and BDS. 

Rec.UK1 seemed to be more accurate than the Rec.UK2 for all the available constellations. In 

China, the Rec.Ch3 receivers characterised by the lowest noise level (i.e. smallest STD) for GPS-

only solution, followed by the Rec.Ch4.  

 

Furthermore in order to evaluate the quality of the GNSS data, auto-correlation analysis was 

applied, which expresses potential correlation of the time series data and reveals whether the time 

series are contaminated only by white noise. The results of the auto-correlation of the GNSS time 

series of the preliminary analysis are presented, where it is obvious that the GPS data are 

uncorrelated and express mainly white noise for most of the receivers, as the auto-correlation 

coefficient is ranging randomly around zero, for all the time lag values.  

Figure 2, GPS time series of the zero-baseline records of the six types of receivers for the UK 

and China sites. 
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Finally, the results of this analysis indicate that the receivers Rec.UK1 and Rec.Ch3 can be adopted 

for the investigation of the study, as they proved to be the receivers fulfilling the criteria of (i) 

reliable performance, (ii) low noise level and (iii) the least correlated data noise. 

 

3.1 Availability and precision in the UK site 

 

To investigate the precision and availability in the UK dataset, there are three different GNSS 

solutions: (i) GPS-only, (ii) GLO-only and (iii) a combined GPS/GLO. The availability represents 

the percentage of epochs with fixed solution compared to the total number of observed epochs. 

When the daily solution is analysed, the time series of the GPS-only solution has an availability of 

97.4% fixed solution, while GLO-only solution shows fewer gaps with availability of 99.1% as 

illustrated in Figure 3. By using the GPS+GLO combined solution the availability increases up to 

100%, proving that the combined GNSS solution, due to the increased number of satellites, can 

overcome problematic periods, where the GPS-only or GLO-only solutions are characterised by 

gaps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By analysing the whole 12-day period, it is clear that the GLO-only solution has, slightly better 

availability than the GPS-only solution as illustrated in Figure 4a, due to a few data gaps in the 

GPS-only solution. These gaps are the result of weak geometry when the solution corresponds to 

extremely high DOP values (i.e. GDOP>30), or fundamentally there is no solution due to limited 

number of satellites (<4) at these intervals. These gap intervals lead to the minimising of the GPS 

availability corresponding to loss ~50 min during a day (i.e. 12th March). Therefore, the 

combination of GPS+GLO solution increases the number of valid satellites and gives the highest 

availability reaching up to 100% for the entire examined period.  

 

Regarding the precision of the positioning, it is observed that the GPS-only solution is more 

accurate than the GLO-only solution in the E and U components, while the GLO-only solution 

proved to be more accurate for the N component. However, the GPS+GLO combination gives the 

more accurate solution for all components as expressed in Figure 4b. The improvement in N 

Figure 3, Daily time series showing GPS-only (left), GLO-only (centre) and combined 

GPS+GLO (right) with Rec. UK1 receiver (UK site) on 05/03/2015.  

Assessment of the Effects of Combining Multi-GNSS Constellations on the Solution Accuracy and Availability (8831)

Hussein Msaewe, Craig Hancock, Panos Psimoulis, Gethin Roberts and Lukasz Bonenberg (United Kingdom)

FIG Working Week 2017

Surveying the world of tomorrow - From digitalisation to augmented reality

Helsinki, Finland, May 29–June 2, 2017



      

component of GLO is related to its constellation design with 64.8° inclination, which leads to better 

coverage at higher latitudes. 

 

The combination of GPS and GLO leads to enhanced satellite geometry, which is expressed through 

the reduction of the DOP values (Odolinski and Teunissen, 2016), improving the achieved 

precision. Furthermore, all outliers in the individual solutions due to poor satellite coverage are 

removed, with the mean of the GDOP being improved by 60%; (e.g. the GPS+GLO solution 

provides mean GDOP of 1.8, while for GPS- only and GLO-only solution are 3.0 and 2.8, 

respectively). 

 

 

3.2 Availability and precision at the China site 

 

Regarding the GNSS records of the dataset in China, the same approach was followed for the 

analysis of the GNSS records, with the only difference being the additional constellation of BDS 

and all the possible combination of it with GPS and GLO. The daily solution on 5
th

 March showing 

that the individual solution of either GPS or BeiDou has an optimum availability of 100% fixed 

solution, which indicates a perfect coverage due to the adequate number of satellites. Whereas the 

availability of GLO-only fixed solution is slightly lower (i.e. 98.2%) as a result of few periods with 

weak geometry. These periods have extremely high DOP values, when the elevation of the 

reference GLO satellite is lower than 50°. A similar trend of the availability can be repeated along 

12 days for individual solution of three systems, while combination between any two systems can 

achieve optimum availability of 100%, as illustrated in Figure 5a.  

    

To assess the precision, the two sites can be compared. The GPS-only solution in China is similar to 

that of UK site, with significant improvement of STD though in the N component (~0.4mm in 

China versus 0.8-0.9mm in the UK), due to the improved constellation (Fig. 5b). The precision of 

GLO-only solution at the two sites showing similar precision in N component, while the E and 

mainly U components in China site have significantly worse accuracy than that of UK site, 

especially in U component reaching up to 23-mm.      

Figure 4, (a) Availability and (b) precision expressed as STD at the UK site with Rec.UK1 

over the 12 days period of the measurements. 
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The achieved precision of the BDS-only solution proved to be receiver dependent. Although, the 

main focus is concentrated on GPS solution and how the other constellation can help degraded GPS 

solution, the comparison between different receivers led to the selection of receiver Rec.Ch3, as it 

achieved the minimum level of noise for the combined GPS and GLO solution, however the 

corresponding BDS solution was very noisy. On the contrary, the Chinese receiver (Rec.Ch5) led to 

less noisy BDS solution, while the corresponding GPS solution was very noisy. Therefore, the 

positional precision of GPS-only, BDS-only were investigated using these two receivers. The 

corresponding results related to improvement along all components and reduce the noise level of 

GPS when combined with BDS consistent to low level of noise.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. NOISE AND GEOMETRY CORRELATION 

 

To quantify the impact of the geometry of different GNSS systems combinations on the precision of 

the GNSS positioning, a linear-correlation analysis was made between the DOP values and the 

standard deviation (STD) of the GNSS solutions, with the latter expressing the precision of the 

results. The horizontal component of the GNSS measurements, derived from E and N components, 

corresponds to the HDOP (Horizontal DOP), while the vertical component U corresponds to the 

VDOP (Vertical DOP). The correlations were assessed for consequent segments of the time series 

using a moving window, and computed the correlation coefficients (R
2
), to assess whether the 

precision of the GPS solution is strongly correlated with the satellite constellation. Furthermore, to 

examine whether an additional satellite constellation can improve the noise level of GPS-only 

solution. 

 

Figure 5, a) Availability of fixed solution and (b) comparison between precision expressed as 

STD of individual GPS, GLO and BDS solutions and c) GPS-only, combined GPS/GLO and 

combined GPS/BDS at the China site with Rec.Ch3, during the 12 days period of the 

measurements. 
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For the daily time series of GPS-only on 5
th

 March, the correlation of the moving STD and the 

moving average of DOP values for UK time series related to R
2
 of 0.93 and 0.86 for the horizontal 

and vertical components, respectively. The corresponding correlation for China GPS time series 

resulted in R
2
 of 0.85 and 0.51 for the horizontal and vertical components, respectively. However, 

the correlation of daily results between the noise and satellite geometry gives a representative 

picture, a better identification of high correlated intervals can be achieved for hourly segments. 

Therefore, the correlation is computed for GPS-only and compared with combined GPS/GLO for 

both data sets in the UK and China as shown in Figure 6. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is obvious that for the GPS-only solution, the well-correlated intervals (i.e. R
2
 > 0.7; in the grey-

shaded area of Fig.6) occur for periods of high DOP values, larger than 1.4, and noisy data, where 

the STD is more than 0.8mm and follows the waveform of the DOP value. For the low-correlated 

intervals (R
2
 <0.7), the DOP value is below 1.4 and the GPS solution of high precision, since the 

STD fluctuates below 0.8mm. The impact of the poor constellation in the GPS-only solution is 

more well-defined in China, where the GPS-only solution is of high precision apart from some 

weak intervals, while in the UK the relatively worse constellation leads in generally less accurate 

GPS-only solution. Therefore, the highly correlated intervals indicate the significant impact on 

precision, which means the improvement in constellation geometry would improve the precision, 

while low correlated values (i.e. R
2
 <0.7) the precision is practically independent from the satellite 

constellation (i.e. DOP values).  

 

For combined GPS/GLO solution, it is clear that the correlation of DOP values with the standard 

deviation is weaker than the GPS-only solution, as the R
2
 is usually smaller than the corresponding 

Figure 6, Linear correlation between moving average of the HDOP values and the moving 

STD of the corresponding horizontal component for GPS-only and combined GPS/GLO 

solutions for (a) the UK site (b) China site. 
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of the GPS-only solution. Consequently, this indicates that the addition of GLO constellation 

reduces significantly the impact of the satellite constellation in the final solution, as a result of 

reduced DOP values (i.e. <1.5) and the STD ranging below 0.8mm for both data sets in the UK and 

China (Fig. 6). A Similar effect can be achieved when adding BDS to GPS with for the Chinese 

collected dataset. The noise level was reduced in combined solution with improvement in DOP 

values, which also reduced the correlation coefficients.  

 

5. CONCLUSIONS 

 

The results show that the combination of GPS with other GNSS constellations can overcome 

problematic periods occurred in the time series of GPS-only solution, and increase the availability 

of fixed solution. Furthermore, the ability of combined solution to reduce the noise level and 

improved the positioning precision. The results illustrate that there is a correlation between GNSS 

geometry expressed by DOP values and the precision of noise characterised by STD. The high 

correlated intervals can identified when the DOP values and STD are larger than the limit of daily 

mean of the corresponding DOP and STD, while lower correlation occurred in periods lower than 

this limit. The latter case means the precision is practically independent from the satellite 

constellation. The impact of this correlation can be applied when analyse the noise of GNSS 

constellations, and contributes in analysis of errors in structural monitoring. 
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