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The IGS Real-time Pilot Project (IGS-RTPP) provides real-time precise orbits and 

clocks, which support real-time positioning for single stations over large areas using 

the Precise Point Positioning (PPP) technique. This paper investigates the impact of 

real-time orbits, network configuration and analysis strategies on real-time PPP 

implementation and demonstrates the real-time PPP performance. One month of data 

from the IGS network is analyzed in a real-time simulation mode. Results reveal that: 

1) In clock estimation, differential approaches are much more efficient than the 

zero-differenced approach; 2) The precision of IGS Ultra rapid (IGU) orbits could 

meet the IGS-RTPP requirement for precise clock estimation and PPP positioning; 3) 

Considering efficiency and precision, a network with 50 stations is recommended for 

the IGS-RTPP. It is demonstrated that the real-time satellite clock precision is 0.1 ns 

supporting hourly static PPP with a mean precision of 2-3 centimeters in the North 

component and 3-4 centimeters in the other components. Kinematic PPP assessed 

with onboard GPS data collected from a buoy provided mean coordinate precision of 

2.2, 4.2, 6.1 cm in the North, East and Up directions, compared to the RTK solutions. 

Key words: Wide-Area Positioning, IGU, IGS-RTPP, PPP 
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1. Introduction 

 

GPS has been applied in marine applications, e.g., Watson et al. (2011) and Crétaux et 

al. (2011) use GPS buoys for the measurement of in-situ sea surface height to 

calibrate/validate absolute altimeter biases. In most of these applications, the method 

of real-time kinematic (RTK) positioning (e.g., Bock et al. 2000, Rizos 2003, Rocken 

et al. 2004) is normally used. The RTK technique requires the installation of reference 

stations to provide regional correction information. The major limitation of the 

state-of-art network RTK systems, including latter developments, e.g., VRS (Virtual 

Reference System), is its rather short reference station separation. Precise Point 

Positioning (PPP, Zumberge et al. 1997) has demonstrated to be a valuable technique 

for single station positioning over continental and even global scale (Kouba 2005; 

Geng et al. 2009). The positioning accuracy in static PPP based on the final products 

from the International GNSS Service (IGS, Dow et al. 2005) can reach a few 

millimeters with daily observations and a few centimeters with hourly observations 

(Geng et al. 2009). Kinematic PPP using IGS final products normally needs a 

convergence-period of 15~20 minutes after which the precision at cm level can be 

obtained. 

Following the availability of real-time precise GPS satellite orbit and clock products 

from the IGS Real-time Pilot Project (IGS-RTPP, Caissy 2006), the interest in the 

PPP technique for real-time kinematic positioning has increased as a potential next 

generation RTK methodology (Gao and Chen 2004). The PPP technique overcomes 

the station separation limitation of the RTK technique and therefore has valuable 

applications for user positioning and navigation over remote areas and ocean waters. 

Applying the PPP technique, the user needs only a single GPS receiver to obtain 

precise coordinates in real-time at any location of the globe. The accuracy of user 

positioning based on the PPP technique relies much on the measurements, where 

positioning with dual frequency observations is superior to single frequency 

observations, as ionosphere errors can be eliminated. Furthermore, the precision of 

satellite orbits and clocks are the remaining issues to deliver the required precision of 

PPP. 

Ideally, IGS-RTPP will provide precise products supporting users around the globe 

with real-time PPP positioning capability, in which orbits are either from real-time 

estimation or IGS predictions and precise satellite clocks are estimated in real-time 

based on a reference network. This paper investigates key issues of the IGS-RTPP for 

the support of real-time PPP. In Section 2, we briefly introduce the current IGS-RTPP 

status. Section 3 discusses the impacts of real-time orbits, network configuration and 

analysis strategies on the real-time satellite clocks estimation and user static PPP 

positioning. In Section 4 we present Kinematic PPP results using onboard GPS data 

observed from a buoy. Finally, Section 5 summarizes the main findings and presents 

the conclusions. 

  

2. Status of the IGS-RTPP 

Since 2007, the IGS operates the IGS-RTPP. IGS-RTPP aims to acquire and distribute 
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real-time data and products associated with GNSS satellite constellations. The 

primary products envisioned for the project are multi-frequency observation data and 

precise satellite clocks made available in real-time.  

Under the IGS-RTPP collaboration, there are currently more than 100 stations 

providing real-time streams. Fig.1 shows a global network of about 90 stations, of 

which 50 stations (marked as green circles) provide real-time streams. The data from 

these stations is used to derive satellite clocks described in the following Sections. Fig. 

1 shows also the mean latency of real-time streams recorded using the BNC client 

(Weber and Mervart 2008) in February 2010. The overall mean latency is around 1.5 

seconds.  

 

 

Figure. 1 Station distribution. The green circles denote the real-time network used in this paper for 

real-time clock determination. The mean observation latency of each station is plotted according to the 

scale. The red diamonds denote the selected IGS05 reference stations for the hourly PPP tests. 

 

Currently, the IGS-RTPP has seven analysis centers (ACs) providing real-time clocks 

and two centers working on real-time clock combinations. The current precision of 

real-time satellite clocks is reported to be 0.2ns in RMS and 0.1ns in standard 

deviation. 

 

3. Issues affecting IGS-RTPP products 

Each IGS-RTPP analysis center differs in their analysis approaches, namely 

processing strategies, orbits and network configurations. This Section investigates the 

impacts of these variables on the estimated real-time products using real-time data for 

the month of February, 2010. In the data processing of the following sections, the 1 

Hz streams from real-time stations are re-sampled at intervals of 30 seconds and 

archived in Rinex files (Gurtner, 1994). Data processing is performed using the 

LTW_BS software (Wang and Chen, 2011) developed at the Shanghai Astronomical 

Observatory (SHAO) and Tongji University, Shanghai. 

 

3.1 Processing strategy 

The IGS-RTPP intends to support real-time PPP, therefore, efficiency is a main 

requirement for each analysis center. The IGS-RTPP provides satellite clocks on an 

epoch-by-epoch basis, thus the processing efficiency depends much on the processing 

strategy implement in the analysis system. Different strategies are classified as the 

traditional zero-differenced (ZD), the epoch-differenced (ED, Ge et al. 2011; Chen et 

al. 2008, 2009) and the satellite- and epoch-differenced (SDED, Li et al. 2010) 

approaches. Based on the real-time network with 50 stations shown in Fig.1, Table 1 

summarizes the mean processing time at each epoch and the clock precision for these 

three strategies. IGR orbits are used in the processing and real-time clocks are 

compared to the IGS final clocks; clock precision is represented by standard 

deviations (STD) with mean offsets removed. For user positioning and navigation, 

clock STD is more critical as a common offset in the satellite clocks will be absorbed 
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by station clocks. 

 

Table 1 Average epoch processing time and clock precision using the SDED, ED and 

ZD approach  

Strategy SDED ED ZD 

Time (sec.) 0.10 0.23 3.37 

STD (ns) 0.10 0.12 0.11 

 

From Table 1 we see that the ZD approach takes more than 3 seconds to process one 

epoch for a network with 50 stations, which means that given the current computing 

power, users could get the precise products with a minimal delay of 4 seconds. The 

SDED and ED approaches are tens of times faster than the ZD approach. From the 

processing efficiency point of view, differential approaches could be more suitable in 

providing instantaneous precise satellite clocks. We notice that all three strategies 

achieve comparable precision at 0.1 ns which is at the same level as current official 

IGS-RTPP products. PPP positioning results using satellites clocks from the SDED, 

ED and ZD approaches show also similar positioning accuracy. 

 

3.2 Orbits influence 

Currently, most IGS-RTPP ACs fix the IGU orbits (predicted part) in their real-time 

analysis instead of estimating orbits. The IGU orbits are updated every 6 hours with a 

delay of 3 hours, where the predicted IGU orbits have a precision of few cm for the 

first 6 hours (Dousa, 2010). To study the impact of the latency and precision of 

current IGU orbits on the real-time satellite clock estimation, the same data set as in 

Section 3.1 is used. Data analysis is performed in a simulated epoch-wise real-time 

mode with real-time data streamed from IGS Rinex files. Satellite clocks are then 

estimated with the ED strategy by fixing IGU orbits.  

In the tests, real-time orbits with different latency and update interval are used and the 

resulting satellite clocks are compared to the IGS final products. Table 2 shows the 

clock precision using different orbits, where IGU_00_03-09h, for example, is the IGU 

orbits issued for 00 GPST with a delay of 3 hours and its predictions from 03 hour to 

09 hour are used. The mean STDs of the estimated clocks are at 0.1 ns level when 

prediction periods are shorter than 9 hours, which is the optimal period over which the 

official IGU orbits are applicable. With the orbit prediction extents to 24 hour, the 

precision of real-time clocks degrades to 0.2 ns. We observe also different biases 

using different orbits, which is actually the ED clocks offsets at the first epoch (Ge et 

al. 2011) that are be absorbed by user clocks in positioning. From the results of Table 

2, we suggest that the precision of IGU orbits based on current updating strategy is 

sufficient for the IGS-RTPP. 

 

Table 2 Clock precision under different orbits, comparing to the IGS Final clock 

Orbits IGU_00_00-03hIGU_00_01-04h IGU_00_03-09h IGU_00_00-24h IGR 

Bias(ns) 1.23 0.54 -0.25 1.41 1.20 
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STD(ns) 0.10 0.10 0.11 0.20 0.12 

 

 

3.3 Network influence 

 

Real-time satellite clocks are the products provided to the users for PPP positioning. 

Within the IGS-RTPP, the number of IGS stations providing real-time streams is 

increasing, which could improve the real-time clock estimation. However it increases 

also the demand for data processing, especially computing time. In the following, we 

investigated the impact of network size on the precision of estimated satellite clocks 

and on the resulting PPP positioning.  

The network described in section 2 and the orbit IGU_00_03-09h are used for each 

day of the month. Satellite clocks are estimated epoch by epoch using data from 

selected networks with a different number of globally distributed stations (from 85 to 

20 as shown Table 3, where the network with 50 stations is the same as in Section 3.1 

and 3.2).  

Table 3 compares the estimated clocks to the IGS Final clocks. For cases with the 

number of stations ≥ 30, the mean biases are almost the same as the same orbits are 

used while the processing the different networks. The mean STDs of the estimated 

clocks are at the 0.1 ns level which suggests that using a network with ≥ 30 globally 

distributed stations is sufficient to support current IGS-RTPP requirement. In the case 

with 20 stations, one satellite could not be tracked for the first few hours, which 

introduced significant differences as shown in Table 3. In a real-time environment 

there are many cases of long delays or stream losses, therefore we recommend that a 

network with 50 stations is more suitable.  

 

Table 3 Clock precision with different network sizes, compared to the IGS Final clock 

Num.  85 70 50 30 20 

Bias(ns) -0.25 -0.25 -0.25 -0.24 -0.34 

STD(ns) 0.10 0.10 0.11 0.11 0.17 

 

To validate the above recommendation, we performed hourly static PPP for a subset 

of 41 IGS reference stations as shown in Fig. 1 (red diamond) using the estimated 

satellite clocks and corresponding IGU orbits. The distance between the PPP station 

and nearest reference station used in the clock estimation ranged from 200 km to more 

than 4300 km. Data from February 8, 2009 was used to estimate 24 hourly PPP 

solutions for each station. Two different networks were used in the real-time satellite 

clocks estimation, namely the NET1 the network with 85 stations and NET2 with 30 

stations. To assess the hourly PPP precision and remove system biases in the 

comparison (Geng et al. 2009), daily PPP was also performed for these stations using 

the IGS final orbits and clocks to derive reference coordinates with precision of a few 

millimeters. 
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Figure 2 shows the precision of the hourly PPP results using satellite clocks estimated 

from a network of 30 stations. We notice that PPP precision is similar for all stations 

at about 2 cm in the north-south direction and 3-4 cm in the other directions. Similar 

precision is achieved when using the NET2. In the data analysis, outliers are 

identified using a 10-cm threshold which is the normal 3D position accuracy. These 

outlier solutions amount to around 5% of all hourly solutions. Some stations inside 

the so-called equatorial scintillation region (covering ±30° both sides of the earth’s 

magnetic equator, Wanninger 1993) have more outlier solutions. These stations 

include REUN (in ocean), GUAM, ISPA, ASPA and THTI, GLPS (in ocean), KUNM, 

NKLG and KARR. The mean RMS of all PPP solutions is 2.3, 4.1, 3.7 cm in the 

North, East and Up directions and the mean 3D RMS is 6.1 cm. 

Figure 3 compares the PPP results from the two tests with satellite clocks estimated 

from different networks NET1 and NET2. We notice similar hourly PPP results with 

mean differences of 0.1,-0.1,-0.1 cm in the North, East and Up directions, which 

confirms the limited impact of the number of network stations on the satellite clock 

estimation.  

 

 

Figure. 2 Coordinate precision of static PPP using the satellite clocks estimated using a network with 

30 stations and the corresponding IGU orbits. Reference coordinates are from daily static PPP 

estimations.  

 

 

 

Figure. 3 Mean coordinates differences of static PPP using different satellite clocks. Satellite clocks are 

estimated using a network with 30 stations and 85 stations, respectively.  

 

4. Kinematic PPP using real-time GNSS products 

PPP positioning has valuable application in precise positioning in remote areas or 

over the oceans, where ground based RTK cannot reach. To demonstrate the 

application of real-time products in kinematic PPP positioning, the same data of the 

41 IGS stations was analyzed in simulated real-time kinematic PPP mode using the 

estimated satellite clocks and corresponding orbits IGU_00_03-09h. As the stations 

are fixed station, we could compare the kinematic PPP results to the daily PPP results 

to assess the coordinate precision. Figure 4 shows the kinematic coordinate residuals 

compared to the daily PPP results for station BRAZ (Brasilia). Results show 

kinematic PPP has a convergence-period of about 20 minutes with the precision after 

convergence reaching 1.4, 3.2, 4.0 cm in the North, East and Up directions, 

respectively. We notice similar results for the other stations in the test. 

 

 

 

Figure. 4 Kinematic coordinate differences for IGS station BRAZ in the North, East and Up directions, 

where the reference coordinates are from daily static PPP estimations. Gray bar indicate the first few 
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epochs where kinematic PPP achieves convergence. The solution convergence takes 20 minutes, and 

the precision after convergence is of 1.4,3.2,4.0 cm in each component. 

 

 

To investigate the application in truly kinematic positioning, real kinematic data from 

a GPS receiver onboard a buoy was analyzed. The experiment was carried out on 

December 8, 2004 using two dual-frequency Leica GPS receivers. One receiver was 

mounted on a fixed monument on the ground with known coordinates, the other GPS 

receiver was installed on a buoy flowing in a lake. The initial baseline length between 

the reference and buoy station was around 150 meters. In order to reduce the 

multi-path effects, cut-off elevation was set to 10 degrees during the observation and 

data sampling was set to 1 minutes. The observation session started around 8:00 UTC 

with common observation period of about 5.2 hours in duration.  

Data processing was performed in a simulated real-time mode with data 

epoch-by-epoch streamed from the Rinex files. In the first step, satellite clocks were 

estimated using the data from the above mentioned IGS network with 50 stations. 

Kinematic PPP was then performed at the buoy station applying the estimated satellite 

clocks and corresponding IGU orbits. For comparison, commercial software was used 

to derive kinematic coordinates for the buoy using RTK method, where data of the 

above-mentioned reference station was used and coordinates held fixed to known 

values. Fig. 5 shows the buoy horizontal displacement and a time series of the height 

component. We observe that the biggest motion of the buoy is in the north-south 

direction. Short- and long-term patterns are presented in the buoy’s height time-series, 

reflecting the pattern of the wave in the lake. Figure 6 presents the kinematic PPP 

coordinates residuals compared to the RTK results. We observe that kinematic PPP 

requires a convergence-period of around 20 minutes and its precision after 

convergence reaches 2.2, 4.2, 6.1 cm in the North, East and Up directions, 

respectively. Compared to the RTK method, the precision of the PPP approach is 

about two times worse but still at cm level. Furthermore, applying the PPP approach, 

the precision of kinematic PPP coordinates is similar at any point in the globe, thus 

overcomes the limits of the RTK method. 

 

 

Figure. 5 Horizontal displacement and time series of height component of the buoy flowing on the river. 

Comparing to the given initial a priori coordinates, we observe the buoy moved at the range of [-1.9,2.3] 

meter in the east-west direction and of [-2.6,6.5] meter in the north-south direction and the range of the 

height changes is of [-3.9,-3.0] meter. 

 

 

Figure. 6 Coordinate differences for the buoy in the North, East and Up directions, where the reference 

coordinates are from RTK estimations. Gray bar indicate the first few epochs where kinematic PPP 

achieves convergence. The solution convergence takes 20 minutes, and the precision after convergence 

is of 2.2,4.2,6.1 cm in each component. 
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5 Conclusion and discussion 

 

Latency, efficiency and precision are the main concerns in real-time PPP applications. 

We have studied the main factors influencing the real-time products of the IGS-RTPP, 

including orbits precision, network configuration and analysis strategies. Results 

show that the precision of real-time satellite clocks is at 0.1 ns level using the IGU 

orbits, which in general meet requirements for real-time PPP positioning. Considering 

the processing efficiency and product precision, we consider a network with ~50 

stations suitable for the generation of real-time products.  

Hourly static PPP using real-time products gives coordinates with precision of 2-3 

centimeters in the North and 3-4 centimeters in the East and Up components, for any 

location around the globe. Kinematic experiment using GPS data from a buoy shows 

that kinematic PPP convergence can be achieved in 20 minutes. After the solution 

convergences, the precision of 2.2, 4.2, 6.1 cm is obtained in the North, East and Up 

directions, respectively. 

With the development of the IGS-RTPP, the availability, reliability and precision of 

real-time products will be improved and the application of real-time PPP will be 

increased. As further developments, regional troposphere and ionosphere models 

(Zhang and Li, 2012) could be developed and related corrections can be sent to 

end-users along with satellite clocks, reducing PPP convergence time while improving 

position accuracy.  
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2011-0041.R2 captions 

 

Figure. 1 Station distribution. The green circles denote the real-time network used in this paper for real-time clock 

determination. The mean observation latency of each station is plotted according to the scale. The red diamonds 

denote the selected IGS05 reference stations for the hourly PPP tests. 

 

Figure. 2 Coordinate precision of static PPP using the satellite clocks estimated using a network with 30 stations 

and the corresponding IGU orbits. Reference coordinates are from daily static PPP estimations.  

 

Figure. 3 Mean coordinates differences of static PPP using different satellite clocks. Satellite clocks are estimated 

using a network with 30 stations and 85 stations, respectively.  

 

Figure. 4 Kinematic coordinate differences for IGS station BRAZ in the North, East and Up directions, where the 

reference coordinates are from daily static PPP estimations. Gray bar indicate the first few epochs where kinematic 

PPP achieves convergence. The solution convergence takes 20 minutes, and the precision after convergence is of 

1.4,3.2,4.0 cm in each component. 

Figure. 5 Horizontal displacement and time series of height component of the buoy flowing on the river. 

Comparing to the given initial a priori coordinates, we observe the buoy moved at the range of [-1.9,2.3] meter in 

the east-west direction and of [-2.6,6.5] meter in the north-south direction and the range of the height changes is 

of [-3.9,-3.0] meter. 

 

Figure. 6 Coordinate differences for the buoy in the North, East and Up directions, where the reference 

coordinates are from RTK estimations. Gray bar indicate the first few epochs where kinematic PPP achieves 

convergence. The solution convergence takes 20 minutes, and the precision after convergence is of 2.2,4.2,6.1 cm 

in each component. 
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