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Abstract: Network based real-time precise point positioning system includes two 

stages, i.e. real-time estimation of satellite clocks based on a reference network and 

real-time precise point positioning thereafter. In this paper, a satellite- and epoch-

differenced approach, adopted from what is introduced by Han et al. (2001), is 

presented for the determination of satellite clocks and for the precise point positioning. 

One important refinement of our approach is the implementation of the robust clock 

estimation. A prototype software system is developed, and data from the European 

Reference Frame Permanent Network on September 19, 2009 is used to evaluate the 

approach. Results show that our approach is 3 times and 90 times faster than the 

epoch-difference approach and the zero-difference approach, respectively, which 

demonstrates a significant improvement in the computation efficiency. The RMS of 

the estimated clocks is at the level of 0.1 ns (3 cm) compared to the IGS final clocks. 

The clocks estimates are then applied to the precise point positioning in both 

kinematic and static mode. In static mode, the 2-hour estimated coordinates have a 

mean accuracy of 3.08, 5.79, 6.32 cm in the North, East and Up directions. In 

kinematic mode, the mean kinematic coordinates accuracy is of 4.63, 5.82, 9.20 cm. 

 

Keywords: Real-time precise point positioning; GNSS; Network-based positioning; 

Clock estimation 



1 Introduction 

Real-time kinematic (known as RTK) positioning is widely used in regional scale (e.g. 

Bock et al. 2000, Rizos 2003, Rocken et al. 2004). The major restriction of the state-

of-art network RTK systems  is its rather short reference station spacing, usually in 

the range of 100 km or less. With future generation Global Navigation Satellite 

System (GNSS) signals and accurate ionospheric corrections, the distance may be 

extended (e.g. Hernandez-Pajares et al. 2004, Feng and Li 2008). 

On the other hand, Precise Point Positioning (PPP, Zumberge et al. 1997) has been 

demonstrated being a valuable technique for single stations positioning over 

continental even global scale (Kouba 2005; Geng et al. 2009). Accuracy of satellite 

clocks and orbits are essential in the PPP based data analysis as they are fixed as 

known. In real-time positioning, while orbits are normally obtained from broadcast 

ephemeris in RTK, more accurate orbits need to be applied in real-time PPP. 

Currently, the International GNSS Service (IGS, Dow et al. 2005) provides Ultra-

Rapid (IGU) orbits, which contain orbits of 48 hours, where the first 24-hour part is 

estimated and the later 24 hour is predicted. The precision of the predicted orbits is 

around a few centimeters for the first 6 hours (Hauschild et al. 2009; Dousa 2009). 

However, current precision of the broadcast GPS clocks is roughly 5 ns (1.5 m) or 2 

ns (0.6 m) of IGU clocks as monitored by the IGS (Senior et al. 2008). Therefore the 

key problem for real-time PPP is the estimation of precise satellite clock corrections. 

Satellite clock corrections are normally estimated from a reference network by batch 

processing in an iterative way. This procedure works in post-processing, however it is 

time consuming and difficult to meet the real-time requirements. The current real-time 

satellite clocks from different analysis centers of the IGS Real-time Pilot Project 

(IGS-RTPP, Caissy 2006) are at the sampling of 5 seconds to 30 seconds. For fast 

satellite clocks estimation, Han et al. (2001) presents a time- and satellite-differenced 

method, which eliminates the ambiguities and receiver clock parameters. However, in 

their approach they apply equal weights in the estimation of satellite clocks, which 

means a problem from even one station in the reference network will ruin the results. 

To improve the reliability of the clock estimates, the robust estimation (Yang 1999) is 

implemented in our approach. Another refinement to their approach is that 

tropospheric delays are being parameterized in the site positioning. The outline of this 

paper is as follows. In Section 2 the algorithm for the determination of real-time 

satellite- and epoch-differenced (SDED) satellite clocks is introduced. Section 3 

concentrates on algorithm of the application of SDED clocks in PPP positioning. 

Then in Section 4, the prototype processing system is introduced. In Section 5 clock 

and PPP results are presented and discussed. 



2 SDED satellite clocks estimation 

Generally, the dual-frequency GNSS observables are used to eliminate the first-order 

ionospheric effects by the forming the ionosphere-free (L3) combinations. The L3 

phase observation at station m follows (e.g. Xu 2007): 
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The superscript of j  indicates tracked satellite; 
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mL is the ionosphere-free phase 

observation; j
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receiver clock; j
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mIF )ε(Φ  is the phase noise of combined observations.  

For one receiver tracking two satellites ( ji, ) simultaneously, the single-differenced 

measurements between satellite can be used to eliminate the receiver clocks. By 

taking differences of L3 combinations of satellite i  and j , we obtain 
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Equation (2) is the defined as the satellite-differenced (SD) equation and can be 

re-written as: 
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where 
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δ  is called the SD clock. The superscript of “ ij, ” indicates the differencing 

between satellite i and j , e.g. i
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Assuming there are no cycle slips between two adjacent epochs, the ambiguity term 

ij,

mb  in equation (3) can be further eliminated by differencing the SD observations at 

the adjacent epoch n  and 1-n : 
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Equation (4) can be re-written as: 
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Where “∆ ” indicates the epoch-difference (ED) operator and )(∆δ
ij,

m n  is defined as 



the SDED clock at station m . 

For stations in a reference network, coordinates are precisely known and the 

geometric term in equation (5) can be precisely obtained. Tropospheric delay can be 

modeled using the Saastamoinen model, by which the most of the tropospheric delay 

is corrected. Janes et al. (1991) compares the tropospheric delay from Saastamoinen 

model and ray-tracing results at different locations and different seasons. They state 

the maximum difference is 48 mm at elevation of 10 degrees and becomes smaller 

with the elevation increasing. By forming difference between adjacent epochs, which 

samples at 30 seconds or less, the difference will be then less than 1 mm. Therefore, 

tropospheric delay can be sufficiently corrected using the Saastamoinen model in our 

SDED approach. With coordinates fixed and tropospheric delay modeled, epoch-wise 

satellite clock can be estimated at each reference station based on equation (5). 

Assuming there are k  reference stations in the network, which improves the 

redundancy of the solution, the final SDED satellite clock )(∆δ
ij,

n can be calculated 

by averaging )(∆δ
ij,

m n  over the network: 
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To detect and remove the potential biases and outliers from some reference stations, 

the robust estimation (Yang 1999) is used, where for each station m the weight 

function is as follows: 
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where mP  is the weight; 
0σ

m

m

v
V =  is a factor showing quantity of each residual mv  

and 0σ  is the calculated variance factor; 0k  and 1k  are suitable constants which can 

be chosen by experiment or by the actual observation distribution. Following Yang 

(1999), we chose 0k  as 1.5 and 1k  as 3.0. And SDED clock can be computed by the 

following function: 
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Using SDED clock from our algorithm, the SD clock at epoch n  can be expressed as: 
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where )(δ 0

ij,
n  is the SD clock at the reference epoch 0n ,

 
)(∆δ 1

ij, n  is the SDED clock 

at epoch 1n  and np  is the number of epochs between the reference epoch and  epoch 

n . If the SD clock at the reference epoch is known, the SD clocks at all epochs can 

be computed by equation (9).  

In the SDED approach, data analysis is performed station by station and only simple 

mathematic calculation is needed, which avoids the huge computation loads in the 

traditional approach. There is only one assumption that tropospheric delay can be 

calculated with conventional model and thus its temporal changes in a short interval 

can be ignored. The data preprocessing and outlier detection with the robust 

estimation technique is the key step to ensure the quality of the estimated clocks. The 

estimated clocks are relative clocks, whose absolute clocks depend on the SD clock 

at reference epoch.  As a matter of fact, absolute clocks at all the other epochs will 

have the same bias. In the next section, we will show that this bias can be absorbed 

by ambiguities in PPP positioning.  

3. PPP based real-time positioning 

SDED clocks are relative clocks and therefore cannot be directly implement in 

traditional PPP algorithm. Substituting equation (9) into the SD equation (2), we get: 
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Considering SD clock )(δ 0
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n  is a constant over time, we can define 

)(δcbN 0

ij,ij,

m

ij,

m n⋅−=  in equation (10), which is the new ambiguity namely pseudo-

ambiguity. By further defining ∑
=

⋅+=
np

1n

1

ij,ij,

m

1

)(∆δcLL n , equation (10) can be 

simplified as: 

ij,

mIF

ij,

m

ij,

m

ij,

m )ε(ΦLTN −=++ρ                                 (11) 

Equation (11) is the modified PPP algorithm based on SD equation, the unknowns are 

station coordinates, pseudo-ambiguities, and zenith tropospheric delay (ZTD). The 

estimator of least-square adjustment or Kalman filter can be implemented to process 



the data.  

4. The realization of network based real-time PPP service 

Based on the SDED algorithm, prototype analysis system (NET-PPP) was developed. 

The structure of the system can be sketched as in Fig. 1. 

 

 

Fig. 1 Structure of the system NET-PPP 

The first step of the system, block “NET” in Fig. 1, is the estimation of SDED 

satellite clocks, where observations of reference stations are collected and used. The 

receiver related errors (e.g. receiver clocks, hardware delay etc.) and ambiguities are 

eliminated by forming satellite- and epoch-difference. Redundant estimates of SDED 

satellite clocks can be obtained by implementing the robust estimation strategy. Due 

to the reduced number of parameters, the clock estimation can be done on epoch level 

and is capable for real-time application even for a huge network. In the second step, 

block “PPP” in Fig. 1, the SDED satellite clocks are then used at user stations for PPP 

based static or kinematic positioning using the modified PPP algorithm in section 3. A 

Kalman filter is implemented in this step. 

In the estimation of SDED clocks, preprocessing of phase data is based on the 

Melbourne-Wuebbena combination. When cycle slips are detected, observations of 

corresponding satellite are then deleted. In both steps, IGU orbits are used and kept 

fixed. The same correction models including the phase wind-up, earth tides, 

relativistic effects, antenna phase center offset and variation etc. are implemented 

according to IERS convention or IGS recommendation. Tropospheric delay is treated 

differently in the above two steps. It is corrected using the Saastamoinen model in 

SDED clock estimation. In PPP positioning, Saastamoinen model is used to get the a 

priori correction and the rest wet part is estimated by setting up a Piece Wise Constant 

(PWC) at an interval of 1 hour. 

5. Data processing 

In the NET-PPP system, real-time data streaming part is still under development. To 

test the performance of our algorithm, we simulate a real-time experiment, where data 

is streamed based on daily files and analyzed in real-time-like epoch-wise mode. Fig. 

2 shows a network of 52 stations from European Reference Frame (EUREF) 

Permanent Network (EPN) of which daily observations on September 19, 2009 are 

used for the determination of the SDED satellite clocks. The coordinates of the 

reference stations are fixed, and the IGU orbits and ERPs are fixed as well. To assess 



the precision of SDED clocks, we select 9 test EPN stations, which are not used for 

the SDED clock determination, to conduct PPP positioning. PPP is performed in static 

and kinematic mode. In static mode, each daily file is split into twelve 2-hour sessions, 

which results in 12 solutions for each station. In data analysis, data sampling is 30 

seconds and elevation cut-off angle is set to 10 degrees. Data processing is performed 

on a Linux personal computer with AMD Athlon Dual Core 1.1 GHz processor and 2 

GB memory. For results validation, we first compare the computing time from our 

approach and other approaches. We then compare the estimated SDED clocks to the 

IGS final clocks. To assess the accuracy of the coordinates of the test stations, their 

daily estimates are used as the truth benchmarks instead of official coordinates from 

EUREF to avoid the potential biases (Geng et al. 2009).  

 

 

 

Fig. 2 Stations selected from EPN and their distribution. Green dots show the 

reference stations for the determination of SDED clocks. Red diamonds are the PPP 

test stations. 

5. 1 SDED clock comparison 

One very attractive point of our approach is the efficiency in the estimation of satellite 

clocks. Table 1 shows the processing time of the SDED approach, the traditional zero-

difference (ZD) approach and the epoch-difference (ED) approach from Ge et al. 

(2009) and Chen et al. (2008, 2009). Table 1 illustrates that the SDED approach is 

able to process 9-10 epochs within 1 second, and it is almost 3 times faster than the 

ED approach and 90 times faster than traditional ZD approach. Furthermore, with the 

number of reference stations increasing, the parameter number remains almost the 

same in SDED approach, while it linearly increases in ED approach and it increases 

even more dramatically in ZD approach. It shows that SDED approach is much more 

efficient, especially for real-time applications. 

 

Table 1 Total processing time and average processing time at each epoch (EPO time) 

based on our (SDED) approach, the epoch-difference (ED) approach and the 

traditional zero-difference (ZD) approach  

Approach SDED ED ZD 

Total time (sec.) 307 783 25997 

EPO time (sec.) 0.11 0.29 9.57 

 

For the validation of the SDED clocks, we compare the estimated SDED clocks to the 

IGS one. The IGS SDED clocks are calculated from the IGS final clocks by forming 

satellite-difference, with PRN01 satellite as reference satellite, and epoch-difference. 

Fig. 3 shows the results of the comparison. The RMSs are calculated based on clocks 

of the whole day with different biases for each satellite being removed, as they can be 

absorbed by station clocks and ambiguities in PPP without affecting the satellite clock 



accuracy. Fig.3 shows that satellite clock precision is better than 0.07 ns, in which 

more than 70% of the satellite clocks have a RMS less than 0.03ns (i.e. 1 cm). 

  

 

Fig. 3 RMS of the SDED clocks compared with that from the IGS  

5. 2 PPP results based on SDED clocks 

Table 2 presents for each test station the distance to the nearest reference station, 

RMS of 2-hour static PPP positions with respect to the truth benchmarks in Network-

PPP and Norm-PPP. Network-PPP stands for PPP positioning where satellite clocks 

are estimated based on the reference network and the same IGU orbit is used as in the 

SDED clocks estimation. Norm-PPP stands for traditional PPP positioning where 

orbits and clocks are from the IGS final products. In table 2, the test stations are 

arranged according to the distances column, the average distance is approximately 

230 km.  

Table 2 shows that with the distance to the nearest reference station up to 330 km, 

position RMS is still at cm level. In both solutions, accuracy in North direction is 

much better than East direction for all test stations, which can be explained that the 

pseudo-ambiguities in our modified PPP algorithm are not fixed. Comparing the 

results of Network-PPP to that of Norm-PPP, we see the mean position RMS 

improves from 4.64, 10.41, 7.36 cm to 3.08, 5.79, 6.32 cm in the North, East and Up 

directions, respectively, with a 3D mean accuracy improvement of 8.8%.  

Table 2 Distances to the nearest reference station, RMS (in cm) of 2-hour static PPP 

coordinates with respect to the known coordinates in the North, East and Up 

directions  in Network-PPP and Norm-PPP  

Stations Distance (km) 
Network-PPP Norm-PPP 

North East Up North East Up 

EBRE 115. 3 3.16 7.33 7.16 4.76 10.28 5.69 

WROC 129.4 3.85 5.15 4.90 4.37 10.48 4.09 

LAMA 159.5 2.11 3.76 5.75 4.51 8.81 6.39 

MLVL 201.5 3.08 4.53 5.19 7.01 14.20 9.68 

ZIMM 202.2 2.01 2.88 4.54 4.36 10.57 10.11 

BZRG 221.3 3.27 7.31 6.79 4.44 13.96 8.88 

RIGA 325.2 3.59 5.66 6.55 3.96 7.17 6.58 

VIS0 326.6 2.11 3.72 5.03 4.26 7.02 6.58 

DEVA 331.3 4.60 11.80 11.01 4.11 11.24 8.28 

Mean 223.6 3.08 5.79 6.32 4.64 10.41 7.36 

 

Daily kinematic PPP is performed for the selected stations and coordinates are 

compared with the benchmarks. Fig. 4 shows the residuals for the station WROC in 

Network-PPP case. The initial station coordinates differ from benchmarks by as much 



as 100 meters. It takes around 1 hour that few centimeters convergence in horizontal 

directions is reached. East component is worse than North component due to 

unresolved ambiguities. Some periodical effects can be noticed in height component, 

which maybe an impact of the PWC tropospheric model used in PPP. 

 

 

Fig. 4 Kinematic PPP solution of station WROC  

 

Table 3 shows for all test stations the convergence time and the RMS of daily 

kinematic PPP positions with respect to the truth benchmarks in Network-PPP and 

Norm-PPP case. The convergence time is defined as that the difference from the 

benchmark of each coordinate component is less than 10 cm. The RMS is calculated 

from the kinematic coordinates after the convergence of the solution. As it shows that 

the current prototype system is not yet optimal, the convergence time is even more 

than 2 hours for some stations. Nevertheless, it shows that the results of Network-PPP 

are better than Norm-PPP for all test stations. 

Comparing the kinematic results of Network-PPP to that of Norm-PPP, we see the 

mean position RMS improves from 6.18, 7.53, 13.19 cm to 4.63, 5.82, 9.20 cm, with 

a 3D mean accuracy improvement of 5.2%.  

Table 3 Convergence time (CT) and RMS (in cm) of kinematic daily PPP coordinates 

with respect to the known coordinates in the North, East and Up directions in 

Network-PPP and Norm-PPP  

Stations 
Network-PPP Norm-PPP 

CT(hr) North East Up CT(hr) North East Up 

EBRE 1.5 3.89 3.41 7.81 1.9 4.11 3.69 8.51 

WROC 1.1 2.73 5.47 7.89 1.8 4.81 5.77 12.32 

LAMA 2.5 5.64 5.89 10.12 2.9 6.50 7.04 12.49 

MLVL 1.6 3.67 5.82 9.24 2.0 6.42 9.31 15.22 

ZIMM 1.4 4.11 6.26 9.54 2.0 5.46 7.62 12.28 

BZRG 1.4 4.37 7.76 7.52 1.6 6.56 9.98 15.93 

RIGA 1.6 6.33 6.22 9.67 2.0 7.78 7.43 15.99 

VIS0 1.4 5.79 6.83 9.41 2.0 6.31 7.84 12.92 

DEVA 1.8 5.11 4.75 11.64 2.0 7.67 9.17 13.11 

Means 1.6 4.63 5.82 9.20 2.0 6.18 7.53 13.19 

 

From the PPP positioning results, we see that PPP positioning precision is at cm level 

for both Network-PPP and Norm-PPP, which demonstrates the capability of SDED 

clocks in user positioning. We also find obvious differences in the solution of 

Network-PPP and Norm-PPP. These difference, however, do not mean the accuracy of 

our estimated clocks is better than the IGS ones. Possible reasons are due to the facts 

that: 1) we are using a densified regional reference network rather than a global 

network, where user stations are less than 400 km apart from nearest reference station; 



2) we use the consistent models in the step of “NET” and “PPP”, therefore Network-

PPP solutions are internally more consistent; 3) IGS final clocks are combined 

products from different analysis centers. The modeling and data handling strategies 

are different at each center and they are different to ours. 

 

6. Conclusions and discussions 

This study introduces a satellite- and epoch-differenced algorithm for fast estimation 

of satellite clocks and its application in PPP based positioning. 

Based on the prototype system developed, we simulate a real-time experiment with 

data collected from EPN. The results show that our SDED approach is 3 times and 90 

times faster than ED and ZD approach, respectively. As the parameters in our 

approach are satellite clocks only and thus do not increase with the expanding of 

reference network, whereas it increases in ED and ZD approach. Therefore, the 

improvement in computation efficiency will be even more dramatic when the network 

is bigger. The SDED clocks have a precision at the level of 0.1 ns compared to the 

IGS final clocks. By applying the SDED clocks, the 2-hour static PPP positioning 

accuracy is 3.08, 5.79, 6.32 cm in the North, East and Up directions; the daily 

kinematic PPP positioning accuracy is at 4.63, 5.82, 9.20 cm.  

The results from our prototype system are still not of the best quality, but it 

demonstrates the capability and benefits of the SDED approach. More efforts will be 

concentrated on the refinement of GNSS modeling and estimator of Kalman filter. 

Some more points should be studied in our approach, e.g. rapid convergence and PPP 

ambiguity fixing. 
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