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different BeiDou satellite groups, Fig. 5b illustrates 
the B1 noise behaviour over elevation. The RMS of 
SD phase residuals is 1–3.6 mm for GEO and IGSO, 
and amounts to about 1 mm for MEO. Moreover, 
the RMS values for GEO and IGSO are considerab-
ly larger than those for MEO at low and medium 
elevations. This motivates advanced stochastic 
modelling that appropriately considers the group-
specific noise characteristics of BeiDou phase 
observations. In Fig. 5c, the MEO B2 signal shows 
a similar noise level to GPS L5, with apparent im-
provements at low elevations. From Fig. 5d it can 
be recognised that the RMS of SD phase residuals 
is 0.4–1 mm for GEO and IGSO, and varies around 
0.3 mm for MEO. Like B1 (Fig. 5b), the B2 noise 
also exhibits stronger elevation dependency for 
the GEO and IGSO satellites.

Taking the B1 frequency as an example, Fig. 6 de-
picts the SD phase residuals over elevation for the 
BeiDou GEO, IGSO and MEO satellites. These resi-
duals are used to compute the RMS errors shown 
in Fig. 5b. The GEO satellites C5 and C2 illustrate 
lager variations in Fig. 6a, which can be explained 
by the smaller elevations. Moreover, significantly 
larger numbers of cycle slips are detected for the-
se two GEO satellites (C5: 4478,

  

Figure 5 Comparison of single-difference (SD) 
residual RMS with respect to GNSS constellation 
and BeiDou satellite component (zero-baseline 
test in Shanghai, open sky environment, August 
24, 2013).
 
   

Figure 6 Single-difference (SD) phase residu-
als over elevation for the BeiDou B1 frequency 
(zero-baseline test in Shanghai, open sky envi-
ronment, August 24, 2013).

C2: 1317 for receiver 1; C5: 3208, C2: 1020 for re-
ceiver 2). Comparing Fig. 6b and c with each other, 
it can be concluded that the phase observations 
from the IGSO satellites have a higher noise level 
than those from the MEO satellites. This coincides 
with the results from the SNR analysis (cf. Fig. 
3), and may be caused by the different satellite 
altitudes. With mm-level noise, the GEO and IGSO 
phase measurements are clearly suitable for RTK 
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Table 1 Statistics for the number of visible satel-
lites (cf. Fig. 7).

Figur 8 compares the height errors of the RTK 
positions generated using the SmartCheck 
technology with different GNSS constellations. 
In this example, the inclusion of BeiDou into 
SmartCheck increases the high precision RTK 
position availability from 0.21% (GPS/GLONASS) 
to 20.82% (GPS/GLONASS/BeiDou) during the 
3 hour period, as shown in Table 2. In the case 
of xRTK, the position availability is improved 
by about 10%, from 9.74% (GPS/GLONASS) to 
18.47% (GPS/GLONASS/BeiDou). Considering 
the RTK results as a whole, the total position 
availability can be enhanced by about 30%, 
signifi cantly increasing productivity in diffi cult 
observing environments.

Figure 8 RTK height errors generated using diffe-
rent GNSS constellations (5 km baseline RTK test 
in Shanghai, heavy canopy environment, August 
23, 2013).

Table 2 Position availability [%] achieved using 
different GNSS constellations (5 km baseline RTK 
test in Shanghai).

positioning. From Fig. 6 the maximum achievable 
elevations for the GEO, IGSO and MEO satellites 
are obtained as 53.4° (C3), 77.8° (C6) and 86.7° 
(C13), respectively (cf. Fig. 2).

SmartCheck and xRTK
In diffi cult measuring environments such as dense 
canopy and urban canyons, RTK position accura-
cy and availability can be constrained by full and 
partial blockages of the GNSS signals. Fig. 7 shows 
the GNSS visibility at the Shanghai heavy cano-
py test site over a 3 hour period on August 23, 
2013 (Fig. 1b and c). The number of visible GNSS 
satellites varies from 8 to 21, as detailed in Table 
1, depending on the constellation. The BeiDou 
constellation produces a smaller range of visible 
satellites [4, 8] when compared to the GPS cons-
tellation [3, 11] and contributes a higher number 
of satellites per epoch (mean 5.3) when compared 
to the GLONASS constellation (mean 2.7). The 
higher contribution of BeiDou can be attributed 
to the GEO and IGSO satellites and highlights the 
benefi ts of the regional system in comparison 
to the existing global systems, such as GPS and 
GLONASS.

 

Figure 7 Availability of GNSS satellites (5 km 
baseline RTK test in Shanghai, heavy canopy 
environment, August 23, 2013).

GNSS  14.3 8 21 

GPS 6.3 3 11 

GLONASS  2.7 1 5 

BeiDou 5.3 4 8 

Constellation      Mean             Min             Max

Constellation                 RTK       xRTK       Total

GPS/GLONASS                  0.21        9.74        9.95

GPS/GLONASS/BeiDou    20.82      18.47      39.29
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Table 3 provides the precision and availability 
of GPS/GLONASS and GPS/GLONASS/BeiDou RTK 
positions achieved under dense canopy. The GPS/
GLONASS RTK solutions produce very precise 
results, specifically in the height component. 
However, the low number of GPS/GLONASS RTK 
positions limits the sample to a single group of 
positions, restricting the effectiveness of a direct 
comparison (see time 150 minutes in Fig. 8). 
Considering the difficult measuring conditions, 
the GPS/GLONASS/BeiDou RTK positions are also 
precise in both the horizontal and height compo-
nents.

Table 3 Precision [cm] and availability [%] of 
the RTK positions achieved using different GNSS 
constellations (5 km baseline RTK test in Shanghai).

Although the results presented in this example are 
site specific, they highlight the benefits of integ-
rating the BeiDou constellation into the existing 
Leica Viva GNSS technologies. The increase in 
position availability is particularly advantageous 
for the RTK users who work in difficult measuring 
environments.

Conclusions
Following GPS and GLONASS, BeiDou is now pro-
viding positioning, navigation and timing services 
over the Asia-Pacific region. Upon the full system 
completion by 2020, it will play a very important 
role in high precision GNSS applications for world-
wide users. To understand the potential benefits 
of the new constellation for Leica Viva GNSS tech-
nologies, this paper has shown some results from 
integrating BeiDou into SmartTrack, SmartCheck 
and xRTK. The main findings of this contribution 
can be summarised as follows:

1. Applying the Leica Viva SmartTrack technology,  
 excellent signal strength can be achieved. The  
 signal quality of the GEO satellites is temporally  
 stable, while the MEO satellites provide larger  
 SNR than the IGSO satellites at common eleva 
 tions.

2. The BeiDou code multipath level is higher in 
 comparison to GPS and GLONASS. The IGSO  
 satellites are more strongly affected by multi 
 path than the MEO satellites, particularly at 
 low elevations.

3. The noise level of BeiDou single-difference  
 phase observations is about 0.3−3.6 mm, 
 where the B2 frequency shows better noise  
 performance than B1. The MEO signals exhibit 
 similar noise levels to GPS and less elevation  
 dependent characteristics than the GEO and  
 IGSO signals.

4. In the presented RTK test, the integration of  
 BeiDou increases the number of visible satellites 
 by 4−8. This enhances the efficiency of Smart
 Check by providing more fixed RTK positions,  
 increasing availability and reliability.

5. In dense canopy, the inclusion of BeiDou  
 observations into RTK and xRTK can improve  
 the position availability by up to 30%.

Today, the GPS constellation still plays the most 
important role in GNSS solutions. The promising 
performance of BeiDou already indicates a more 
significant contribution than GLONASS on a regi-
onal scale. During the deployment of the BeiDou 
constellation, more advantages can be expected in 
the near future. The Leica Viva GNSS technologies 
are future proof, which guarantees the maximum 
benefits of BeiDou integration in both the measu-
rement and position domains.
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GNSS                 Position precision        Position

constellation        N        E        H         availability

GPS/GLONASS       8.8      6.1     1.9             9.95

GPS/GLONASS
       9.6      9.6     4.1           39.29

BeiDou
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