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Abstract Realtime kinematic precise point positioning

(PPP) requires 1 Hz GPS satellite clock corrections. An

efficient clock estimation approach is presented. It applies

a combined dual-thread algorithm consisting of an undif-

ferenced (UD) and epoch-differenced (ED) engine. The

UD engine produces absolute clock values every 5 s, and

the ED engine produces relative clock values between

neighboring epochs at 1-s interval. A final 1-Hz satellite

clock can be generated by combining the UD absolute

clock and ED relative clock efficiently and accurately.

Forty stations from a global tracking network are used to

estimate the realtime 1-Hz clock with the proposed

method. Both the efficiency and accuracy of the resultant

clock corrections are validated. Efficiency test shows that

the UD processing thread requires an average time of

1.88 s on a 1-GHz CPU PC for one epoch of data, while

ED processing requires only 0.25 s. Accuracy validation

test shows that the estimated 1-Hz clock agrees with IGS

final clock accurately. The RMS values of all the available

GPS satellite clock bias are less than 0.2 ns (6 cm), and

most of them are less than 0.1 ns (3 cm). All the RMS

values of Signal in Space Range Error (SISRE) are at

centimeter level. Applying the accurate and realtime clock

to realtime PPP, an accuracy of 10 cm in the horizontal and

20 cm in the vertical is achieved after a short period of

initialization.

Keywords 1-Hz satellite clock estimation � PPP �
Epoch-difference � Undifferenced

Introduction

Knowledge of accurate GPS satellite orbits and clocks is a

key prerequisite for precise point positioning (PPP) at

centimeter-level accuracy in static applications. The

International GNSS Service (IGS) has been making orbital

and clock products available in from of final, rapid (IGR),

and ultra-rapid (IGU) services since November 5, 2000

(GPS Week 1087). The IGS final products have the highest

quality and internal consistency of all IGS products and are

made available weekly on Fridays, with a delay of

13–20 days. Over the past 15 years, the precision of the

final orbits has been improved from about 30 cm to about

1–2 cm. For additional detail on the IGS services, consult

Kouba (2009).

For most applications, there are no significant differ-

ences between using the IGS final products or the IGS

rapid products. The IGR products are released daily at

about 17:00 UTC. The ultra-rapid products are released

four times per day at 03:00, 09:00, 15:00, and 21:00 UTC,

which are sufficient to satisfy the more demanding

needs of most realtime users (Fang et al. 2001). Only four

ACs (ESOC, NRCan, GFZ, USNO) currently contribute

estimates of the satellite clocks, which limit the robust-

ness and quality of the IGU clock products. Several ACs

such as CODE and GOP submit only broadcast clocks

(BRDC). Therefore, the unpredictable nature of the sto-

chastic clock variations renders the IGU predictions

no better than BRDC (Jim Ray et al. 2008). Table 1

summarizes the ultra-rapid clock estimates from the four

ACs.

Shown in Fig. 1 are the RMS differences (ns) between

the individual AC ultra-rapid clock predictions and the IGR

products. The comparisons are performed on the first 6 h of

the predictions (the second half of each IGU file), which is
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intended for realtime applications (http://acc.igs.org/igsacc_

ultra.html).

One can find that the irregularities of the clock drifts

cause the errors for the second-half IGU clock predictions

to grow quickly to the same level as the broadcast

ephemeris. One way to solve this problem of lack of pre-

cise clock corrections is to generate precise realtime clock

estimates, as is being developed in the IGS Real Time

Pilot Project (http://www.rtigs.net/pilot/). Currently, only a

limited number of providers, such as JPL (http://www.

gdgps.net/index.html), NRCan, and ESA (Pérez et al.

2006), produce precise near-realtime clock products. The

JPL products are transmitted to only registered users with a

latency of about 5 s and can be accessed by internet or

satellite communication. The realtime clock product gen-

eration at ESA, NRCan, and CODE is currently under

development (Hauschild and Montenbruck 2009).

PPP with high-rate observations at, says 1 Hz, requires

high-rate GPS clock corrections for kinematic positioning

(Bock et al. 2009). Linearly interpolating the 5-min

GPS clock corrections degrades the position accuracy

(Montenbruck et al. 2005; Guo et al. 2010). To reduce the

interpolation error, the IGS has provided final clock com-

binations of the COD, EMR, and MIT clocks with a

sampling interval of 30 s since 2007. Furthermore, since

the start of GPS week 1478 (May 3, 2008), the CODE even

produces 5-s GPS clock corrections, known as the CODE

final clock product (Bock et al. 2009). Presently, it is

possible to keep the clock interpolation error at or below

the centimeter level and obtain post-mission position

solutions at centimeter-level accuracy at any place and for

any sampling interval.

Increasingly, attention is directed toward near-realtime

and realtime applications. Due to significant latency of the

IGS final and rapid products, only the ultra-rapid products

(predicted half) are applicable for realtime PPP (RT-PPP).

The ultra-rapid products are archived in ASCII format at

15-min intervals. The accuracy of the predicted orbit is

about 5 cm, which can be interpolated to 1-s data interval

without degrading the positioning accuracy. However, the

satellite clock accuracy is only at a level of 3 ns (http://

igscb.jpl.nasa.gov/components/prods.html), which cannot

meet the requirements of realtime PPP applications. There

is a need to develop high accuracy and high sampling rate

realtime products, especially for satellite clock corrections,

in order to implement RT-PPP. Currently, the GREAT

(GPS Real Time Earthquake and Tsunami) Alert project

sponsored by NASA is to process realtime GPS mea-

surements from qualified GPS receivers and automatically

estimate its coordinates at 1 Hz using the highly accurate

Table 1 Summary of IGU

clock estimate by AC (source:
http://acc.igs.org/

igsacc_ultra.html)

ACs Sampling rate (min) Software used Adjustment mode

NRCan 15 Bernese V5.0 Weighted least squares algorithm

ESOC 15 NAPEOS V3.1 Bayesian-weighted least squares

GFZ 15 EPOS.P. V2 Least square adjustment

USNO 15 Bernese V5.0 Weighted least squares algorithms

Fig. 1 RMS differences (ns)

between individual AC ultra-

rapid clock predictions and the

IGR products. Source:

http://acc.igs.org/

igsacc_ultra.html
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GDGPS (NASA’s Global Differential GPS) realtime orbit

and clock products and to provide position solutions as a

realtime data stream with a few seconds latency (http://

www.gdgps.net/products/great-alert.html). We propose an

effective and robust approach for estimating high-rate and

high-precision GPS satellite clock at 1 Hz in realtime. The

efficiency and the accuracy of the approach will be

assessed. In addition, the estimated high-rate clock prod-

ucts will be applied to realtime kinematic PPP

applications.

Realtime high-rate clock estimation

The realtime clock estimation algorithm will be described.

High-rate clock observation models based on both undif-

ferenced (UD) and epoch-differenced (ED) observations

will be developed. The clock estimation strategy and the

high-efficiency estimation algorithm will be presented.

High-rate clock observation model

In the UD model, both pseudorange and carrier phase

observations are used for clock estimation. The ionosphere-

free linear combination based on UD observation equations

can be expressed as follows:

v j
k;UðiÞ ¼ DtkðiÞ � Dt jðiÞ þ q j

kðiÞ=cþ dq j
k;trop=c

þ k � N j
k=c� k � U j

kðiÞ=c ð1Þ

v j
k;pðiÞ ¼ DtkðiÞ � Dt jðiÞ þ q j

kðiÞ=cþ dq j
k;trop=c� P j

kðiÞ=c

ð2Þ

where v j
k;p and v j

k;U are the residual errors of the pseudor-

ange and carrier phase, respectively, DtkðiÞ is the receiver

clock bias, Dt jðiÞ is the satellite clock bias, q j
k is the geo-

metric distance between the satellite and receiver,

dq j
k;tropðiÞ is the tropospheric refraction, c is the speed of

the light in vacuum, k is the wavelength of the linearly

combined carrier phase observation, N is the phase ambi-

guity, U j
kðiÞ is the ionosphere-free carrier phase combina-

tion, and P j
kðiÞ is the ionosphere-free pseudorange

combination.

In order to eliminate the ambiguity term in the carrier

phase observation, the carrier phase observations are dif-

ferenced over adjacent epochs, called ED carrier phase in

the following. The ED carrier phase observation equation

can be written as follows:

v j
k;Uði; iþ 1Þ ¼ Dtkði; iþ 1Þ � Dt jði; iþ 1Þ þ q j

kði; iþ 1Þ=c

þ dq j
k;tropði; iþ 1Þ=c� k � U j

kði; iþ 1Þ=c ð3Þ

As to weighting of UD or ED observations, one could

follow Kouba and Hérous (2001) or Satirapod et al. (2002).

Clock estimation strategy and data description

The precise clock generation procedures can be handled in

two different ways: (1) the clock parameters are estimated

together with station coordinates, orbital, troposphere, and

ambiguity parameters by a global ground network solution

or (2) estimating only clock, troposphere and ambiguity

parameters while orbital and station coordinate parameters

remain fixed. The estimated clock offsets are nearly iden-

tical in both cases. For the sake of efficiency, particularly in

realtime applications, the second way is preferred.

In order to stimulate the realtime clock estimation, the

1-Hz data from 40 IGS stations are used. The applied

tracking network is shown in Fig. 2. The data are available

Fig. 2 Tracking network for

realtime clock estimation. The

clock of NICO is used as

reference clock
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at the global IGS data center at CDDIS (Crustal Dynamics

Data and Information Service). The clock at the station

NICO is used as a reference clock in the clock estimation.

The least square filter is used to process code and carrier

phase observations from the above network of GPS sta-

tions. The orbit corresponding to the predicted part of the

latest ultra-rapid IGS products is fixed, and the clock off-

sets of all GPS satellites and receivers are estimated. The

station coordinates are extracted from recent IGS SINEX-

files and held fixed. The zenith path delay (ZPD) is esti-

mated as a piece-wise constant on each station. The carrier

phase ambiguities are estimated as float values in the UD

model. Table 2 summarizes the strategy for the realtime

high-rate clock estimation.

An efficient algorithm for realtime high-rate clock

estimation

The limitation of the UD model is the large number of

parameters to be estimated. For example, assume there are

10 satellites observed at each station of the above-men-

tioned network, and there will be 512 parameters to be

estimated at each epoch. This increases the computational

load for realtime estimation, especially for high sampling

rate at 1-s interval. Since the clock biases vary with epoch,

they can be eliminated in advance before inverting the

normal equation. This reduces the dimension of the normal

equations dramatically. The eliminated parameters can be

recovered by a re-substitution step after the global

parameters such as ambiguities and ZPD parameters are

determined. This method is called the improved UD (IUD)

since it improves the processing efficiency to some extent.

A remaining major limitation on processing speed is the

large number of ambiguities in the UD model. But for the

ED model, the number of parameters to be estimated is

dramatically reduced because it does not contain ambiguity

parameters. The latter has only ZPD unknowns in normal

equation and is therefore more efficient for realtime clock

estimation, especially for high-rate clock generation using

a large network of stations. Table 3 lists the number of

parameters to be estimated in the final normal equations

with 32 GPS satellites and 40 stations.

It should be mentioned that the ED model generates

relative clock offsets. In order to get the absolute clock

offsets from the relative ED clocks, absolute clock readings

are required that may be obtained from an external high

accuracy time series of clock offsets estimated from sparse

UD clock solutions. The high-rate relative clock offset

estimated by the highly efficient ED model could then be

combined with the low-rate UD clock offset to produce the

high-rate absolute clock offsets. In our approach, two

separate parallel threads are combined to estimate the UD

Table 2 Realtime and HR GPS

clock estimation strategy
Model Strategy

Modeled observable Measurements Ionosphere-free linear combination: LC/PC

Sampling rate 1 s

Elevation-cutoff 5�
Weighting LC: 0.01 m; PC: 1.00 m

Software used Version TriP 2.0 (developed by Wuhan University, China)

Adjustment Least square filter

Error corrections Phase wind-up Phase wind-up correction (Wu et al. 1993)

Phase center offsets/

variations

Absolute IGS 05 correction mode (Schmid et al. 2007)

Tidal forces Solid tide and Ocean tide correction

(ftp://tai.bipm.org/iers/convupdt/)

Relativity Applied (ftp://tai.bipm.org/iers/convupdt/)

Parameters Station coordinates Extracted from IGS SINEX-files (IGS05 fixed)

Satellite orbits Recent IGU predicted orbits(IGS05 fixed)

Troposphere Correction: Saastamoinen model

Residual: Estimate as piece-wise mode

Mapping function: GMF(Boehm et al. 2006)

Satellite clock bias Solved for at each epoch as white noise

UD mode: estimate with sampling of 5 s (or 30 s)

ED mode: estimate with sampling of 1 s

Receiver clock bias Similar to Satellite clock bias

Ambiguity UD mode: float solution

ED mode: eliminated
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clock and the ED clock. The absolute clock offsets are

estimated in the UD engine with 5-s sampling rate while

the high-rate relative clock offsets are estimated epoch by

epoch with the ED model. An observation equation can be

set up by using the ED relative clock and UD absolute

clock offset as pseudo-observations. The new observation

equations are:

dUDðt1Þ ¼ dðt1Þ þ eUD

dEDðt2;1Þ ¼ �dðt1Þ þ dðt2Þ þ eED

dEDðt3;2Þ ¼ �dðt2Þ þ dðt3Þ þ eED

dEDðt4;3Þ ¼ �dðt3Þ þ dðt4Þ þ eED

dEDðt5;4Þ ¼ �dðt4Þ þ dðt5Þ þ eED

dUD ðt5Þ
..
.

¼ d ðt5Þ
..
.

þeUD

dUDðtnÞ ¼ dðtnÞ þ eUD

dEDðtnþ1;nÞ ¼ �dðtnÞ þ dðtnþ1Þ þ eED

ð4Þ

where dUDðtnÞ represents the ‘‘observed’’ UD absolute

clock offsets estimated every 5 s, dEDðtnþ1;nÞ is the

‘‘observed’’ ED relative clock between neighboring epochs

estimated each second, dðtnÞ is the final estimated absolute

clocks at 1 Hz, eUD and eED are the residuals.

The relative clock corrections calculated from the ED

thread are combined with the absolute ones from the UD

thread to generate a new ‘‘absolute’’ clock product according

to (4). The algorithm flow is depicted in Fig. 3 in which two

threads will be executed at the same time. The UD engine

handles 5-s interval data and generates an absolute clock

offsets as a constraint on those epochs, whereas the ED engine

handles 1-s interval data and generates a set of relative clocks.

The absolute clocks of each epoch can be calculated using (4).

In order to match the UD absolute clock offset values, the

pseudo-observations dUDðtiÞ are completely constrained.

Efficiency validation of high-rate clock estimation

In order to evaluate the proposed approach for high-rate

clock estimation, both the efficiency and accuracy of the

generated realtime high-rate GPS clock offset are validated

in the following sections. This section mainly discusses the

efficiency of the proposed algorithm. The accuracy

assessment will be investigated in accuracy of estimated

high-rate clock.

The dimension of normal equations is the main factor

that affects the efficiency of the clock estimation. Figure 4

Table 3 Number of estimated parameters in final NEQ inversion

Mode Receiver clocks Satellite clocks Troposphere delays Ambiguities

UD nsta*1 = 40 nsat*1 = 32 nsta*1 = 40 nsta*nobs = 400

IUD 0 0 nsta*1 = 40 nsta*nobs = 400

ED 0 0 nsta*1 = 40 0

nsta = 40 is the number of stations, nsat = 32 is the number of satellites, and nobs = 10 is the average number of visible satellite on each

station

Fig. 3 Flowchart of realtime

accurate HR satellite clock

estimation
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illustrates the relationship between the number of param-

eters to be estimated and the number of stations used for

estimation for the UD, IUD, and ED models.

Figure 4 shows that the number of parameters in the UD

model increases linearly with the number of stations. The

parameters include not only receiver-related and satellite-

related local parameters such as the receiver clock, satellite

clock, and tropospheric delay parameters, but also a large

number of float ambiguities. When the number of stations

reaches one hundred, the total parameters to be estimated

will be over one thousand. Taking a 1-hour data set from

our 40 station network, the high-rate clock estimations with

different sampling intervals are carried out using the UD,

IUD, and ED models. The computations are carried out on

a 1-GHz CPU desktop PC. The execution time with respect

to the sampling interval of different models is given in

Fig. 5. To process the 1-hour observation data set,

approximately 2-h CPU time will be consumed to generate

the 1-Hz satellite clock in IUD mode. It cannot meet the

demand for realtime high-rate clock estimation. As to the

ED model, the CPU time is considerably less, only about

20 min even for clock estimation with 1-s sampling rate.

Increasing the sampling rate of clock estimation decreases

the CPU time rapidly for UD mode and IUD mode.

The required computational time on this computer for

single-epoch realtime clock estimation with the IUD model

is about 1.88 s per epoch and only 0.25 s per epoch for the

combined algorithm. Assuming that the estimated high-rate

clock and the IGU predicted orbits can be transmitted

simultaneously to the users via satellite or internet links

with short latency, and the user could acquire realtime

precise satellite orbit and clock products.

Fig. 4 Number of parameters

to be estimated as a function of

the number of stations used in

each mode

Fig. 5 CPU time consuming

versus sampling rate at different

modes
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Accuracy of estimated high-rate clock

Accuracy is another important indicator for the usability of

the estimated high-rate clocks for RT-PPP applications.

A comparison with the IGS final clock is presented first.

Observations from the 40 stations network (Fig. 2) on

DOY 184 in 2008 are used to generate the 1-s sample rate

clock in a realtime mode with the method described above.

It should be mentioned that there exists a systematic bias

between the estimated high-rate clocks and the IGS final

clocks because the reference clock used is not synchro-

nized to the GPS time. Such a bias does not affect the PPP

solutions since the bias will be absorbed by the receiver

clock and the ambiguity parameters. The mean bias will

therefore be removed in the following accuracy evaluation.

Figure 6 shows typical differences between the esti-

mated clocks and the IGS final clock offsets (PRN7,

PRN14, PRN21, PRN28). The horizontal axis represents

epoch series (30 s for one epoch), and the vertical axis is

the differences between the estimated clock and the IGS

final clock in nanosecond. As it seen, the estimated clocks

agree with the IGS final clocks within 0.3 ns. Most of the

differences are within 0.1 ns.

The RMS differences between the high-rate clocks and

the IGS final clock have been calculated for all available

satellites using the following formula

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 ðDi � DÞðDi � DÞ

n

s

ð5Þ

where Di is the difference of the IGS final clock and the

high-rate clock at epoch i; D is the average bias, and

n refers to the number of epochs. The RMS values for all

available satellites are illustrated in Fig. 7. All values are

within 0.2 ns (6 cm), and most of them are less than 0.1 ns

(3 cm). It should be mentioned that PRN01 is invalid on

the day of the experiment, and PRN02 is selected as ref-

erence satellite to reduce the averaged bias.

The Signal in Space Range Error (SISRE) is a measure

of fidelity of the navigation message, including the

ephemeris and satellite clock errors. The SISRE can be

approximated by (Malys et al. 1997; Warren and Raquet

2003)

SISRE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðR� CLKÞ2 þ 1

49
ðA2 þ C2Þ

r

ð6Þ

where R, A, and C are the radial, along track and cross track

component of the orbit errors, respectively. CLK refers to

the SV clock error with respect to the GPS time in units of

meters. The SISRE is calculated using the R, A, and C of

the IGU orbit and the estimated high-rate clock error.

Figure 8 shows the typical SISRE value for several satel-

lites (PRN7, PRN14, PRN21, PRN28). As it seen, the

SISRE values of the sample satellites are within 10 cm.

Usability test of high-rate clock in PPP

A realtime PPP simulation experiments will be carried out

to assess the practicability of the estimated high-rate GPS
Fig. 6 Differences between IGS final clocks and estimated HR

clocks

Fig. 7 Difference RMS

between estimated clock and

IGS final clock (averaged bias is

removed)

GPS Solut (2011) 15:315–324 321

123



clock. The PPP solution using the final GPS orbit and

clock products is taken as the reference. PPP solutions are

also made using the simulated realtime high-rate clock

together with the corresponding IGU orbit products. The

differences between the two solutions are considered an

indicator of the quality of the generated realtime high-rate

clock.

Example 1

Observations at 1 Hz from several IGS tracking stations on

DOY 184, 2008 are processed using the PPP method.

Figure 9 illustrates the positioning error of the station

BRUS in the north, east, and vertical components. The

figure shows that the positioning accuracy of PPP with the

high-rate clock in a realtime mode is better than 10 cm in

the horizontal and 20 cm in the vertical after initialization.

The similar accuracies were obtained for the other stations.

Example 2

As mentioned earlier, the GREAT Alert Project sponsored

seeks to develop an advanced earthquake and tsunami alert

system using the available realtime GPS infrastructure

(http://www.gdgps.net/products/great-alert.html). We take

the RT-PPP application in Wenchuan Earthquake (Mw8.0,

May 12, 2008) as example. A local tracking network with

25 stations distributed in China is used to estimate the high-

rate clocks. We then apply the estimated high-rate clocks

for RT-PPP positioning on a few stations from the Chon-

gqing and Sichuan Continuous Operation Reference Sys-

tems (CORS) to detect the surface deformations caused by

the earthquake. Data from two representative stations

called BISH and CDKC are processed using the IGU-pre-

dicted orbits and the estimated 1-Hz clock to simulate RT-

PPP application. The sampling rate of GPS observation at

BISH is 1 s, while at CDKC it is 30 s for lack of higher rate

GPS data. Figure 10 shows a part of the station coordinate

series of the east component at BISH and CDKC. Coor-

dinates without filtering at BISH behave noisy and fluctu-

ate by ±0.05 m. The coseismal signal may be submerged

in the noise seen at the top plot of Fig. 10. However, a

remarkable seismic displacement at BISH can be shown in

the middle plot if a 0.15–0.45-Hz band filter is adopted for

seismic wave frequency spectrum analysis. Because of the

lack of high-rate measurements from the station CDKC, no

filtering technique is applied to the east displacement of

that station. It also demonstrates the RT-PPP can detect a

Fig. 8 Typical SISRE of sample satellites

Fig. 9 An example of

positioning error of realtime

PPP using high-rate clock
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notable shaking (slip) when the earthquake occurred as

shown at the bottom plot.

Conclusions

A new realtime high-rate GPS satellite clock estimation

algorithm has been presented. The proposed method makes

full use of both the UD and ED observations. An improved

UD mode that eliminates the local parameters in the nor-

mal equation has reduced the computational burden. The

ED model eliminates the large number of ambiguity

parameters and greatly improves the computational effi-

ciency. A combined dual-thread algorithm executes the

improve UD and ED engine in parallel to generate the

absolute high-rate GPS satellite clock corrections. Experi-

ments show that the combination procedure of the

improved UD and ED processing is very efficient and can

satisfy realtime PPP applications. In addition to the effi-

ciency validation, the accuracy of the generated high-rate

clocks is assessed. The estimated high-rate clocks agree

very well with the IGS final clocks. Most of the clock

biases are within 0.1 ns. Based on the predicted orbit and

estimated high-rate clock, the SISRE could be better than

10 cm. The simulated RT-PPP experiments show that

accuracy at 10 cm in horizontal and 20 cm in vertical could

be obtained after a short period of initialization in realtime

PPP.
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