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Precise point positioning (PPP) is increasingly used in several parts such as monitoring of crustal movement and main-

taining an international terrestrial reference frame using global positioning system (GPS) measurements. An accuracy 

of PPP data processing has been increased due to the use of the more precise satellite orbit/clock products. In this study 

we developed PPP algorithm that utilizes data collected by a GPS receiver. The measurement error modelling including 

the tropospheric error and the tidal model in data processing was considered to improve the positioning accuracy. The 

extended Kalman filter has been also employed to estimate the state parameters such as positioning information and 

float ambiguities. For the verification, we compared our results to other of International GNSS Service analysis center. 

As a result, the mean errors of the estimated position on the East-West, North-South and Up-Down direction for the five 

days were 0.9 cm, 0.32 cm, and 1.14 cm in 95% confidence level.

Keywords: global positioning system, precise point positioning, extended Kalman filter, positioning accuracy

1. INTRODUCTION

The positioning method using global positioning sys-

tem (GPS) is developing continuously and the informa-

tion provided is very accurate and precise currently. The 

most widely known method for the GPS high-accuracy 

data processing is the relative positioning method, which 

determines the precise position using the relative dif-

ference between the reference station and the user. The 

relative positioning method can achieve a very high level 

of positional accuracy by eliminating the clock error of 

the satellite and the receiver, that biggest positional er-

ror, through the difference between the satellite and the 

receiver. However, this method requires the observation 

information or the correctional information generated 

by the reference station and the accuracy of the user’s 

position is very closely correlated with the reference sta-

tion. Additionally, there are a few constraints as the base-

line distance between the reference station and the user 

is increased. First, if the baseline distance is longer than 

2,000 km, the accuracy of the user’s position is decreased 

or the positioning becomes impossible because of the 

number of common satellites is insufficient. Second, the 

ionospheric and tropospheric delay can be neglected 

when the baseline distance is short. However, if the base-

line distance is longer than 10 km, the atmospheric error 

must be taken into account for the estimation or the po-

sitioning should be performed by compensating the error 

through an observation model. The position of a moving 

object can be determined in the accuracy of approxi-

mately 1 m within range of the baseline distance of 10 

km when the relative positioning method is used, and in 

the accuracy of approximately several centimeters in the 

case of static survey (Farwell et al. 1999, Mendes 1999). 

Park et al. (2003) used the relative positioning method for 

general survey and reported the analytical result that the 

positioning error was less than 6 cm. Additionally, Choi 

et al. (2009) showed that the positional error of each ele-
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the PPP data processing method using the GPS dual fre-

quency data to compensate the drawback of relative po-

sitioning, and compared the result with the precise posi-

tion values calculated by the IGS analysis centers to verify 

the performance.

2. DATA PROCESSING METHOD

The observation information received from GPS satel-

lites is divided into the code phase and the carrier phase. 

The code is classified into coarse acquisition (C/A) and 

precise (P) codes, while the carrier phase is classified into 

L1 (1,575.42 MHz) and L2 (1,227.60 MHz) frequencies.

The GPS signals are affected by many factors on the 

path coming to the receiver and the ionosphere causes 

the biggest error. The free electrons in the ionosphere af-

fect the navigation signals having electromagnetic prop-

erties. Signal delay is caused in the GPS code phase by the 

refraction as the signal passes through the ionosphere 

whereas signal advance is cause in the carrier phase.

Since the ionosphere is the largest error factor in the 

GPS data processing, the effect of the ionosphere needs 

to be reduced or eliminated. Generally, the dual fre-

quency GPS data is used to eliminate the effect of the 

ionosphere. The ionospheric error can be eliminated by 

performing the data processing through the linear com-

bination of two carrier phases as in the following Eq. (1) 

(Hofmann-Wellenhof et al. 2008):

1 1 2 2IF L LC CΦ = Φ − Φ
                                  

(1)

where ( )2 2 2
1 1 1 2/ ,C f f f= −  ( )2 2 2

2 2 1 2/C f f f= − , and f
1
 and f

2
 

denote the frequency of the GPS L1 and L2 signals, re-

spectively.

The observation information from which the iono-

spheric effect is eliminated by the linear combination 

in Eq. (1) is re-expressed as Eq. (2) (Musman et al. 1998, 

Kouba & Héroux 2001):

( )IF pcvc dt dT T Nρ εΦ = + − + + + ∆ +
             

(2)

 

where ρ denotes the geometric distance between the re-

ceiver and satellite, dt and dT the clock error of the sat-

ellite and the receiver, respectively, c the speed of light, 

T the tropospheric error, N the ambiguities of the linear 

combination, Δ
pcv

 the change of the antenna phase cen-

ter between the satellite and the receiver, and ε the sys-

tem noise including the multipath error.

Additionally, the effect of the earth’s crust, ocean and 

ment was less than 2 cm on a short baseline.

As described previously, one of the biggest drawbacks 

of relative positioning is that the reference station infor-

mation is necessary. The method that was developed to 

compensate the drawback is the precise point position-

ing (PPP) method. PPP was developed by the US Jet Pro-

pulsion Laboratory (JPL) in the late 1990’s. The most rep-

resentative software is GIPSY/OASIS II (Héroux & Kouba 

1995). In this method, the position of the receiver is cal-

culated in a high accuracy without referring to a specif-

ic reference station as shown in Fig. 1 (Zumberge et al. 

1997).

For PPP to maintain the positioning performance sim-

ilar to that of the relative positioning method, it requires 

very precise satellite orbit and clock information deter-

mined in advance by the International GNSS Service 

(IGS) observation network. Currently, there are approxi-

mately 430 active international reference stations in the 

IGS observation network. Among them, approximately 

100 reference stations whose position and clock informa-

tion are stable are finally selected to precisely calculate 

the satellite and receiver clock error as well as the satellite 

orbit. Additionally, the Earth’s tide modeling information 

is needed including the crust, ocean and polar tide.

PPP employs the post-processed IGS final output to 

calculate highly precise position. Since approximately 

two weeks are needed in average to generate the IGS final 

output, PPP has been recognized as a post-processing 

method. However, an international campaign has been 

conducted to generate real-time satellite orbit and clock 

information since 2008, the recent studies are actively 

carried out on the PPP method once again.

As explained previously, in this study, we developed 

Fig. 1. The concept of precise point positioning.
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NMF, the model based on geological latitude change (15 

degree interval), calculates the coefficients (a, b and c) 

considering the mean sea level change as well as the tem-

perature and relative humidity. Fig. 2 shows variations of 

the dry and wet NMF values as a function of satellite el-

evation angle.

2.2 Parameters Estimation

We employed the extended Kalman filter (EKF) to es-

timate the position, velocity, the trophospheric delay 

information (ZTD, gradients) and the state variables of 

the float ambiguities. Eqs. (6) and (7) shows the update 

and prediction of the individual state variables (Welch & 

Bishop 2002):

                    ( ) 1
( ) ( )T T

k k k k k k kK P H H P H R
−

= − − +

                    ( )( )ˆ̂̂ ( ) ( ) ( )k k k k kx x K z h x+ = − − −  

( )( ) ( )k k k kP I K H P+ = − −
                                           

(6)

                    
( )1

1ˆ̂̂ ( ) ( ) ( ),
k

k

t

k k kt
x x f x dτ τ+

+ − = + + +∫
 

( ) ( )1 1 1( ) , ( ) ,
T

k k k k k k kP t t P t t Q+ + +− = Φ + Φ +                  (7) 

In these equations, the state variables are estimated 

by a deductive method and an inductive method using 

the state variable ˆkx  as well as the variance-covariance 

matrix for the difference between the predicted values 

and the actual measurements, P
k
. The K

k
 denotes the Kal-

man gain, H
k
 the (n x m) design matrix, z

k
 the observation 

value, and R
k
 the observation error matrix. 

The finally estimated variable x consists of the vari-

ables of 1 1, , , , , , , , ,trop IF IF IFnX Y Z dt dt' d gN gE N N N   . The X, 

Y and Z denote the position of the user, dt and dt' the re-

ceiver clock error and the clock error drift, d
trop

 and (gN, 

gE) the total trophospheric delay and the gradients in the 

north-south direction, and 
1 nIFN


 the float ambiguities.

3. EXPERIMENT AND ANALYSIS

The position accuracy is the most fundamental in veri-

fying the PPP performance because the performance of 

the observation model applied to PPP is directly related 

with the position accuracy. Dual frequency GPS data is 

polar tide as well as the earth rotation parameters should 

be considered in the PPP data processing. Moreover, the 

wave front of the GPS signals that is circularly deflected 

to the right side is affected by the relative motion of the 

satellite and the receiver, which is called phase windup. 

This should be also applied to the data processing.

2.1 Estimation of the Tropospheric Delay Error

Estimation of the tropospheric error is very important 

in the PPP data processing. The troposphere actually af-

fects the position element error of the receiver, especially 

the upward direction of the receiver. The calculation of 

the total tropospheric delay is expressed as Eq. (3):

( ) ( ) ( )( )1dry wet E E N NT M el ZHD M el G g G g ZTD ZHD= × + × + ⋅ + ⋅ −
   (3)

where ZHD denotes the zenith hydrostatic delay, ZTD the 

zenith total delay, G
E
 and G

N
 the tropospheric horizontal 

gradient variables, M
dry

 and M
wet

 the dry and wet mapping 

functions, el the elevation of the satellite, az the azimuth 

of the satellite, and g
E
 = cot (el) ∙ sin (az) and g

N
 = cot (el) 

∙ cos (az).

In this study, to estimate the ZHD, we applied the Saa-

stamoinen model in the following Eq. (4):

( )0.002277 1 0.0026cos 2 0.00028ZHD h P= + Φ +                        (4)

Determination of M
dry

 and M
wet

, the mapping functions 

in Eq. (3) also affect the estimation of the tropospheric 

delay. In this study, we applied the Niell mapping func-

tions (NMF). The derived NMF is Eq. (5):
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Fig. 2. Variations of the NMF values for dry and wet delay as a function 
of satellite elevation angle.
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3.1 The Applied Observation Model

The preliminary information for the tropospheric sig-

nal delay was calculated by applying the Saastamoinen 

model. The NMF was used as the mapping function. 

We assumed random walk for the estimation of the 

tropospheric ZTD and the gradient variables change 

and set the data processing noise as 32.5 10 / ,h−×  and 
43.0 10 / h−× , respectively.

The phase center offset and the phase center varia-

tion of the GPS satellite antenna and the receiver were 

calculated on the basis of the antenna information file, 

IGS_05.ATX, provided by IGS.

All the effects of the Earth’s tide were considered: the 

models suggested at the International Earth Rotation 

Service (IERS) Conventions 2003 and the IERS Conven-

tions 1996 were applied for the crust and polar tides, and 

the GOTIC2 (NAO.99b) model for the oceanic tide. The 

displacement by the Earth’s tide on the navigation coor-

dinate is expressed as Eq. (8):

( )disp enu solid ocean poleE∆ = ∆ + ∆ + ∆
                       

(8)

where solid∆  denotes the displacement by the solid earth 

tide, ocean∆  the displacement by the oceanic tide, and pole∆  

the displacement by the polar tide.

Fig. 3 shows the tidal displacement at the DAEJ IGS ref-

erence station for one month in July 2007 calculated by 

using the tidal models applied to the data processing. The 

tidal effect in the East-West and North-South directions 

was within ±5 cm. The displacement in the Up-Down el-

ement was relatively large: the maximum displacement 

was approximately +25 cm and the entire position varia-

tion range was ±20 cm. This result shows that the tidal 

effect may be a great error in the PPP data processing.

3.2 Analysis Result

Figs. 4a-e show the results of the data processing in the 

static mode using the dual frequencies of GPS L1and L2, 

respectively. The observation data used for the data pro-

cessing was received at the DAEJ IGS site. The reference 

station position information was estimated epoch-by-

epoch, that is, in a 30 second interval. The data process-

ing was performed each day. The result was compared 

with the IGS05 reference coordinate provided by the IGS 

analysis center to verify the processed result. We showed 

the results generated in this study with reference to the 

reference station position information (referring to zero) 

produced by integrating the results from the IGS analysis 

centers.

also required to acquire high-accuracy position infor-

mation. To meet these requirements, there should be 

the data from a GPS reference station that receives dual 

frequency information. Thus, in this study, we processed 

the measurement data received by the Daejeon (DAEJ) 

IGS reference station for five days between July 1 and July 

5 in 2007 to verify the performance of the developed PPP. 

Table 1 shows the models applied to the data processing 

procedure.

The values finally estimated following the data pro-

cessing include the observation time, the position ele-

ments of the reference station, the receiver clock error, 

the tropospheric delay error, the tropospheric gradient 

information and the float ambiguities.
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Fig. 3. Displacement of Daejeon global positioning system reference 
station by the Earth’s tides.

Table 1. Detailed models and settings for PPP.  

Item Models / Settings

Parameter estimator EKF

A prior tropospheric delay Saastamoinen model

Tropospheric mapping function NMF or GMF

Process noise of tropospheric 
     parameters

ZTD: 2.5e-3/sqrt (h)
Gradients: 3.0e-4/sqrt (h)

Satellite / Receiver antenna phase 
     center offset and variation

IGS_05.ATX

Earth tides

     Solid earth tide IERS Conventions 2003

     Ocean loading GOTIC2

     Pole tide IERS Conventions 1996

Phase-wind up effect Wu et al. (1993)

PPP: precise point positioning, EKF: extended Kalman filter, NMF: Niell 
mapping function, GMF: global mapping function, ZTD: zenith total delay, 
IGS: International GNSS Service, IERS: International Earth Rotation Service.
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processing result of the GPS observation data on July 2. 

The mean value of the reference station positional er-

ror was -0.9 cm in the East-West direction, -0.2 cm in the 

North-South direction and 1.6 cm in the Up-Down direc-

tion. Similarly, Fig. 4c shows the processing result of the 

GPS data on July 3. The mean value of the reference sta-

tion positional error was -0.5 cm in both the East-West 

direction and North-South direction, and 2.1 cm in the 

Up-Down direction. 

The position error in the Up-Down direction was great 

between July 1 and July 3, while the position error in the 

East-West direction was greater than that of the North-

South direction and Up-Down direction in the data pro-

cessing result on July 4, as shown in Fig. 4d. Finally, Fig. 

4e shows the processing result of the GPS data on July 5. 

The position errors in the East-West direction and North-

South direction were -0.4 cm and -0.5 cm, respectively, 

and that in the Up-Down direction was 0.7 cm.

Fig. 4a shows the processing result of the GPS data on 

July 1. The mean value of the reference station positional 

error was 0.2 cm in the East-West direction, -0.1 cm in the 

North-South direction and 1.0 cm in the Up-Down direc-

tion within the confidence level of 95%. Fig. 4b shows the 
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Fig. 4. The static results of Daejeon global positioning system reference station using precise point positioning. (a) July 1, (b) July 2, (c) July 3, (d) July 4, (e) July 5.
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4. CONCLUSIONS

 This study was conducted to compensate the draw-

back of the conventional relative positioning method, 

showing that the positional accuracy level similar to that 

of the relative positioning method can be generated only 

by the GPS receiver. To improve the PPP performance, 

we applied various measurement models regarding the 

Earth’s tidal effect and tropospheric delay that affect the 

GPS signals and employed the EKF for the estimation of 

the variables including the reference station position, 

tropospheric information and the float ambiguities. The 

ionospheric error, which causes the greatest error in the 

GPS signal, was eliminated through the linear combina-

tion of the dual frequency GPS data which are processed 

on a daily basis. Consequently, we obtained following 

results by processing the data of DAEJ GPS reference sta-

tion for five days:

First, the comparison of the PPP data processing re-

sult in this study with the results provided by the analysis 

centers showed that our result was very precise: the error 

was 0.9 cm and 0.32 cm in the East-West direction and 

in the North-South direction, respectively, and 1.14 cm 

in the Up-Down direction within the confidence level of 

95%.

Second, in the case of the DAEJ IGS reference station 

used for the data processing, the position was varied by 

±5 cm in the East-West direction and in the North-South 

direction and by the maximum of 25 cm in the Up-Down 

direction by the tidal effects of the crust, ocean and poles. 

Third, one of the drawbacks of PPP is that it requires 

the procedure for initial convergence time, and our result 

also showed that the data processing for 24 hours had 

the convergence time of approximately one hour in the 

initial stage. In order to solve this problem, the integer 

ambiguity needs to be determined rapidly, and the bias 

of the GPS satellite and the receiver should be considered 

meanwhile.

The result of this study showed that the high-accuracy 

positioning service that has been conventionally provid-

ed by the relative positioning method can be sufficiently 

provided through the PPP method in the future.
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The GPS data for a total of five days was processed 

by the developed PPP method and the statistical values 

are shown in Table 2. Fig. 5 illustrated the values in bar 

graphs so that they can be easily understood. Summariz-

ing the data processing result for the five days, the posi-

tion error in the East-West direction was less than 1 cm 

in the confidence level of 95%, except the result of July 4. 

In particular, the position error in the North-South direc-

tion was smaller than that of the East-West direction and 

Up-Down direction. Generally, the Up-Down direction 

element shows the greatest error in PPP data processing 

result and the similar property was found in the result of 

this study. As shown in Fig. 5, the error was greater in the 

Up-Down direction element in all the data processing re-

sult, except the result of July 4. The known cause for such 

as result includes the geometric arrangement of the GPS 

satellites and the effect of the tropospheric delay error. 

Therefore, the result in this study was very accurate when 

compared with the results provided by the IGS analysis 

centers since the error for each element was less than 2 cm.
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Fig. 5. Comparison of static precise point positioning error.

Table 2. Mean positioning errors and the RMSE.

Date Statistics Positioning errors within 95% 
confidence level (unit: cm)

East-West North-South Up-Down

July 1 Mean and 3D RMSE -0.2          0.1 1.0
1.02

July 2 -0.9         -0.2 1.6

1.85

July 3 -0.5        -0.5 2.1

2.22

July 4   2.5         -0.3          -0.5

2.57

July 5 -0.4         -0.5 0.7

0.95

RMSE: root mean square errors.
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