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Abstract

To meet the increasing demands from the real-time Precise Point Positioning (PPP) users, the real-time satellite orbit and clock prod-
ucts are generated by different International GNSS Service (IGS) real-time analysis centers and can be publicly received through the
Internet. Based on different data sources and processing strategies, the real-time products from different analysis centers therefore differ
in availability and accuracy. The main objective of this paper is to evaluate availability and accuracy of different real-time products and
their effects on real-time PPP. A total of nine commonly used Real-Time Service (RTS) products, namely IGS01, IGS03, CLK01,
CLK15, CLK22, CLK52, CLK70, CLK81 and CLK90, will be evaluated in this paper. Because not all RTS products support multi-
GNSS, only GPS products are analyzed in this paper. Firstly, the availability of all RTS products is analyzed in two levels. The first
level is the epoch availability, indicating whether there is outage for that epoch. The second level is the satellite availability, which defines
the available satellite number for each epoch. Then the accuracy of different RTS products is investigated on nominal accuracy and the
accuracy degradation over time. Results show that Root-Mean-Square Error (RMSE) of satellite orbit ranges from 3.8 cm to 7.5 cm for
different RTS products. While the mean Standard Deviations of Errors (STDE) of satellite clocks range from 1.9 cm to 5.6 cm. The mod-
ified Signal In Space Range Error (SISRE) for all products are from 1.3 cm to 5.5 cm for different RTS products. The accuracy degra-
dation of the orbit has the linear trend for all RTS products and the satellite clock degradation depends on the satellite clock types. The
Rb clocks on board of GPS IIF satellites have the smallest degradation rate of less than 3 cm over 10 min while the Cs clocks on board of
GPS IIF have the largest degradation rate of more than 10 cm over 10 min. Finally, the real-time kinematic PPP is carried out to inves-
tigate the effects of different real-time products. The CLK90 has the best performance and mean RMSE of 26 globally distributed IGS
stations in three components are 3.2 cm, 6.6 cm and 8.5 cm. And the second-best positioning results are using IGS03 products.
� 2018 COSPAR. Published by Elsevier Ltd. All rights reserved.
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0. Introduction

Precise Point Positioning (PPP) (Zumberge et al., 1997;
Kouba and Héroux, 2001; Ge et al., 2008; Bisnath and
Gao, 2009; Bertiger et al., 2010), which can derive centime-
ter to decimeter level positioning accuracy using a single
receiver, becomes a powerful tool in geodetic and
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geodynamic applications (Ge et al., 2008). High precision
satellite orbit and clock products are two major corrections
required to conduct PPP. The IGS currently provides pre-
cise orbit and clock products for GPS and GLONASS, and
further inclusion of other constellations is planned (Dow
et al., 2009; Montenbruck et al., 2017). To satisfy the
increasing real-time demands, the IGS Real-Time Working
Group (RTWG) was established in 2001 (Agrotis et al.,
2014; Hadas and Bosy, 2014) and The IGS real-time service
(RTS) was officially launched on April 1, 2013 (Hadas and
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Bosy, 2014; Elsobeiey and Al-Harbi, 2016). With the avail-
able real-time satellite orbit and clock products, extensive
researches have been carried out on real-time PPP includ-
ing various applications, such as the offshore navigation,
precision agriculture and nature hazard monitoring (Gao
and Chen, 2004; Yang and Gao, 2017; Yang et al., 2017).

Several RTS products are currently available from IGS
to support real-time PPP (Hadas and Bosy, 2014; Elsobeiey
and Al-Harbi, 2016; Kazmierski et al., 2017). Positioning
performances are different when different RTS products
are applied (Krzan, 2015; Elsobeiey and Al-Harbi, 2016).
Generally speaking, availability and accuracy are two main
major concerns on RTS products as they are affecting posi-
tioning accuracy, which will be investigated in detail in this
paper.

When it comes to availability to be discussed in this
paper, there are two requirements for the RTS products
with respect to availability at specific epoch. The first
requirement is that the RTS products can be received at
that epoch, which is investigated by most researchers.
For example, the availability of IGS01 and IGS03 is 92%
over one week (Hadas and Bosy, 2014). The other require-
ment is that latency is smaller than a specific threshold such
as 90s, which is rarely discussed in previous papers.

In other words, the latency is also considered as part of
the availability in this paper. To investigate accuracy of
RTS products, daily comparisons of clock products
(Elsobeiey and Al-Harbi, 2016) are carried out by BKG
and accuracy of orbit and clock products from RTS
streams, namely IGS01 and IGS03 (Hadas and Bosy,
2014), CLK01, CLK81, CLK92, GFZC2 and GFZD2
(Lu et al., 2017) are assessed separately. Since positioning
accuracy are affected by the combined effects of satellite
orbit and clock products and common errors of radial orbit
and clock for all satellites can be absorbed into receiver
clock offset (Hauschild and Montenbruck, 2009), combined
effects of RTS orbit and clock products should be
considered.

Due to the latency or potential outage, the accuracy of
RTS products will degrade over time (Hadas and Bosy,
2014). Thus, the degradation of RTS products will be
investigated apart from the nominal accuracy. The degra-
dation of orbit IGS01 and IGS03 is compared with IGS
final products in various lengths of delay, from 5 s to 10
min (Hadas and Bosy, 2014). Although the evaluation on
some RTS products were conducted by researchers
(Hadas and Bosy, 2014; Krzan, 2015; Elsobeiey and Al-
Harbi, 2016), the work was mainly limited to special IGS
products, namely the IGS01/IGC01, IGS02 and IGS03.
So far there are very limited discussions on the evaluation
of many other real-time products available from IGS real-
time Analysis Centers (ACs) systematically. Meanwhile, it
is very difficult for real-time PPP users to select a suitable
RTS product without a good understanding of the avail-
ability and accuracy as well as the positioning performance
of different RTS products.
To solve the above problems, this paper will evaluate
and analyze the availability and accuracy of RTS products
from different ACs, which include nine products listed in
Table 1. Because multi-GNSS products are not provided
by all RTSs, only GPS products are analyzed. The RTS
products are firstly described in Section 1. Then availability
of RTS products is discussed in Section 2. In Section 3, the
evaluation of RTS products is first carried out by compar-
ing to the IGS final products and the PPP based position-
ing is then conducted to further assess the quality of the
RTS products. Conclusions and discussions are included
in Section 4.

1. IGS real-time service products

There are several RTS products can be real-time
received via the Internet from IGS and nine RTS products
will be investigated in this paper, namely IGS01, IGS03,
CLK01, CLK15, CLK22, CLK52, CLK70, CLK81 and
CLK90, as listed in Table 1. IGS01 and IGS03 are two
combined RTS products mostly used by real-time PPP
users, which are firstly generated by individual real-time
ACs and combined by European Space Agency’s Space
Operations Centre (ESA/ESOC) and BKG correspond-
ingly. RTS products generated by individual real-time
ACs, such as CLK01, CLK15, CLK22, CLK52, CLK70,
CLK81 and CLK90, are broadcasted to real-time users
directly.

More specifically, IGS01 is a single-epoch combined
product with update rate at 5 s for both orbit and clock,
which is produced using software developed by ESA/
ESOC (Rülke and Agrotis, 2016). The satellite clock prod-
ucts of IGS03 is a Kalman filter combined product using
BNC developed by BKG, in which three kinds of parame-
ters, AC special offset, satellite and satellite and AC special
offset and actual satellite clock correction, are estimated in
Kalman filter. AC special offset is assumed to be static
parameters while satellite and AC specific offset and satel-
lite clock correction are stochastic parameters with appro-
priate white noise in processing (Mervart and Weber,
2011). Meanwhile, the orbit products of IGS03 is extracted
from one of incoming individual RTS products while the
orbit and clock update rates are 60 and 10 s respectively.

The other seven RTS products are generated by individ-
ual ACs with different software. IGS Ultra Rapid (Griffiths
and Ray, 2009; Choi et al., 2013), CODE Ultra Rapid
(Dach et al., 2009) or Internal Ultra Rapid orbit products
are adopted as a priori information by ACs. When clock
corrections are estimated, orbit is often fixed. However,
For CLK90, orbit corrections are estimated with clock cor-
rections simultaneously. Latencies of individual ACs prod-
ucts are less than 10 s (Agrotis et al., 2010; Laurichesse
et al., 2013; Rülke et al., 2016). All above mentioned
RTS products can be real-time received via Networked
Transport of RTCM via Internet Protocol (NTRIP)
(Weber et al., 2005) after registration.
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2. Evaluation and analysis of RTS product on availability

The availability of RTS products is discussed with a new
perspective in this section. When it comes to the definition
of availability, there are two basic requirements for the
RTS products to be considered as available at a specific
epoch. The first one is that the RTS products can be
real-time received at that epoch through internet or com-
munication satellite. The availability can’t be confirmed
with only the first requirement because the latency of
RTS products also needs to be considered at the same time,
which is usually missed by the other researchers. The sec-
ond requirement is that the latency of the received RTS
products is smaller than a specific threshold, such as 90 s
in this experiment. Thus, the availability can vary with dif-
ferent thresholds of latency. In other words, the latency is
actually considered as part of the availability. The RTS
products can be only considered as available for that epoch
once both requirements can be met.

More specifically, the availability of RTS products is
investigated in two different levels. The first level denotes
epoch availability, indicating whether RTS products are
received for the epoch, which is mostly discussed by previ-
ous researchers. But very few investigations have been car-
ried out about the second level, i.e. satellite availability (the
available satellite number at each epoch). The satellite
availability is very important for positioning applications
which determines the positioning geometry.

Nine RTS products are analyzed which were collected
through the Internet in Calgary, Canada from June 15,
2017 (Day of Year (DOY) 166) to Jun 21, 2017 (DOY
172). The epoch availability results are shown in Fig. 1.
As we can see that the daily epoch availabilities of all
RTS products are very high, which can reach more than
90%. For different RTS products, the epoch availability
can be quite different. For example, the availability differ-
ences between CLK70 and other RTS products on DOY
170 of 2017 are more than 5%. Meanwhile the daily epoch
availability of a RTS product can also change significantly.
For example, the CLK70 shows the largest fluctuation in
its daily epoch availability.

For the satellite availability, the results are shown in
Fig. 2. We can see that the satellite availability of the nine
RTS products is very high where even the minimum daily
average number of available satellites is more than 29.
The average number of available satellites ranges from 29
to 31 during the period. Similarly, the satellite availability
of different RTS products is not the same which varies with
time for a RTS product.

To investigate the latency of RTS products, the RTS
products are collected on June 21, 2017 (DOY 172). The
statistic results for the whole day are shown as the follow-
ing Fig. 3. We can see that, the IGS01 and IGS03 have
latency at 28 s and 26 s, respectively, which are much larger
than the other seven RTS products due to time taken to
combine individual products. Among all nine RTS prod-
ucts, the CLK22 has the shortest latency at 3 s. The latency
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of CLK01, CLK15, CLK52, CLK81 and CLK90 are
between 5 s and 11 s. CLK70 gets the longest latency apart
from IGS01 and IGS03 and the value is 13 s. Meanwhile,
the standard deviation of the latency over one day for each
RTS product is also calculated and shown in a red line in
Fig. 3. The smallest standard deviation is 0.5 s for
CLK01, CLK81 and CLK90 and the largest one is 4.5 s
for IGS01.

3. Evaluation and analysis of RTS products on accuracy

Actually, the true accuracy of RTS products can be
divided into two aspects, namely the nominal accuracy of
the RTS products and the accuracy degradation over time.
For the first part, the nominal accuracy is analyzed in an
ideal situation without considering the latency and poten-
tial outage, which is not uncommon as shown in previous
discussions. The IGS final products can be used as the ref-
erence for the computation of the nominal accuracy. In
fact, all RTS products will experience latency and potential
outage, so the accuracy degradation over time need to be
investigated in the second part. Lately the PPP experiments
will be carried out to check the accuracy of RTS products
in position domain. The experiment data are the RTS
products received on June 21, 2017 (DOY 172).

3.1. Analysis of the nominal accuracy

As the orbit reference centers for the nine RTS products
are different, the IGS antenna file is used for applying the
satellite phase center offset (Schmid et al., 2016) for prod-
ucts with APC referred center, such as IGS01, IGS03,
CLK22 and CLK70. The RTS orbit products are defined
in the International Terrestrial Reference Frame 2014
(ITRF2014) (Altamimi et al., 2016). The IGS final products
are used as the reference for the comparisons and Root-
Mean-Square Error (RMSE) of every satellite in three
components is calculated for each RTS product on June
21, 2017 (DOY 172). The mean RMSE values of satellites
are shown as following Fig. 4.
Fig. 1. Epoch availability of nine RTS products from DOY 166 to DOY
172 of 2017.
As we can see that the average 3D orbit (RMSE) for all
satellites over one day for nine RTS products range from
3.8 cm to 7.5 cm. For CLK01, CLK15, CLK52 and
CLK90, the RMSE are around 4 cm. The accuracy is less
than 2 cm in radial component for all products except
IGS01 and CLK22, which affect the positioning mostly
due to the radial direction is closest to the line of sight
direction.

RMSE values of satellites in radial, along-track and
across-track directions are shown in Fig. 5. As we can see
that, the orbit of different satellites from the same RTS
products share similar accuracy. For CLK01, CLK15,
CLK52 and CLK90, RMSE of most satellites in all three
directions are less than 5 cm. The satellite orbit errors in
radial direction for IGS01 and CLK22 are much larger
than the other RTS products. For IGS03, CLK70 and
CLK81, the satellite orbit errors in the along-track and
across-track directions are much larger than the other
RTS products.

In order to assess the accuracy of satellite clock prod-
ucts, the RTS products on June 21, 2017 (DOY 172) are
collected. We downloaded the IGS final clock products
with 30 s interval and the update rates of RTS products
are 5 s or 10 s. In this experiment, comparison interval with
30 s is applied to avoid the effect of the interpolation.
Double-difference will be carried out for the comparison
and the equation (Chen et al., 2017) can be written as,

DCLKðkÞ ji ¼ CLKðkÞ ji � CLKðkÞ jfinal
rDCLKðkÞ ji ¼ DCLKðkÞ ji � DðkÞi

ð1Þ

where superscript j denotes the satellite and subscript i
denotes the RTS product. k here means the epoch and

CLKðtÞ ji is satellite clock bias of RTS product and

CLKðtÞ jfinal is clock bias of IGS final product. DCLKðkÞ ji is

the single difference between the RTS products and IGS

final products; and rDCLKðkÞ ji are double-differenced
results by removing the common offset for all satellites
between RTS products and IGS final products. DðkÞi here
Fig. 2. Satellite availability of nine RTS products from DOY 166 to DOY
172 of 2017.



Fig. 3. Latencies of nine RTS products on DOY 172.
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denotes the common offset between RTS product and IGS
final product at this epoch, which can be calculated by

DðkÞi ¼
1

N

XN
j¼1

DCLKðkÞ ji ; j ¼ 1; � � �N :

where N is common satellites number.
The mean Standard Deviations of Errors (STDE) of all

satellites for RTS clock products are shown in Fig. 6. As we
can see, the STDE of nine RTS products are in range of
1.9 cm–5.6 cm. The largest STDE is from CLK22 and
smallest one is form CLK90. Mean STDE of IGS03 is
slightly larger than CLK90 and a little smaller than
CLK52. The mean STDE of CLK01, CLK15, CLK70
and CLK81 are between 4 cm and 5 cm. More detailed
STDE values for each satellite are shown in Fig. 7. The
STDE of satellites from same RTS products are similar.
For CLK90 and IGS03, STDE of most satellites are less
than 3 cm, which are the best two and followed by
CLK52. The STDE of some satellites such as PRN24
and PRN26 from CLK22 are more than 10 cm.

The Signal In Space Range Error (SISRE) has often
been used to gain a coarse estimate of the expected posi-
tioning accuracy (Warren and Raquet, 2003; Hauschild
Fig. 4. Mean RMSE of satellite orbit of nine RTS products on DOY 172,
2017.
and Montenbruck, 2009; Heng, 2012; Montenbruck
et al., 2014). In this paper, we use the modified SISRE to
avoid radial orbit errors or clock errors, which are com-
mon to all satellites. In a navigation solution, these com-
mon errors would be absorbed into the user clock
correction and do not affect the position (Hauschild and
Montenbruck, 2009). The modified SISRE is calculated by

SISREmodified ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½rmsðDeRC � DeRCÞ�2 þ w2

A;CðA2 þ C2Þ
q

ð2Þ
where SISREmodified is the modified SISRE; rms means the
root-mean-square. DeRC is combined radial orbit and clock

error, and DeRC is the mean of DeRC. w2
A;C is weight factor

and for GPS the value is 1/49. A ¼ rmsDrA and
C ¼ rmsDrC. DrA and DrC are orbit errors in the along-
track and cross-track directions. RTS products received
on June 21, 2017 (DOY 172) are used here. Modified
SISRE of all nine RTS products are presented in Fig. 8.
As we can see, the average modified SISRE of all satellites
for all nine RTS products are smaller than 6 cm. The lar-
gest mean SISRE of nine products is 5.5 cm for CLK22
and the smallest is 1.3 cm for CLK90. The second and third
smallest mean SISRE are from CLK52 and IGS03. The
standard deviation of each product is also calculated and
shown as the red line, for all products is less than 2.2 cm.
CLK90 get the smallest standard deviation, which is
0.9 cm.

3.2. Analysis of accuracy degradation over time

In order to investigate the true accuracy of the RTS
products, the analysis of accuracy degradation over time
need to be carried out due to the combined effect of latency
and potential outage.

As we know that RTS products include the corrections
and correction rates for the broadcast ephemeris and the
accuracy depends on the difference between the reference
time and the applied time. The accuracy will degrade with
the increase of the time difference, so the RTS products are
usually updated with very high update rates such as 5 s or
10 s. The analysis of degradation of the RTS products over
time are carried out in terms of orbit and clock separately.

In order to show the satellite orbit degradation over
time for all nine RTS products, the contribution of the
satellite orbit to SISRE is calculated as the following
equation,

SISREðorbÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2

RR
2 þ w2

A;CðA2 þ C2Þ
q

ð3Þ

where w2
R and w2

A;C are weight factors and for GPS values

are 0.982 and 1/49. R, A and C are orbit RMSE in the
radial, along-track and cross-track directions; SISREðorbÞ
is the contribution of orbit to SISRE.

RTS products on June 21, 2017 (DOY 172) are adopted
in the experiment. IGS final products are used as reference
and the interval of the comparison is 30 s. Results show
that all satellites are similar behaviors for the degradation.



Fig. 5. Orbit RMSE of satellites of nine RTS orbit products on DOY 172, 2017.

Fig. 6. Mean STDE of satellite clocks of nine RTS products on DOY 172,
2017.
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PRN01, PRN05, PRN08 and PRN19 are selected to repre-
sent the whole constellation and the satellite orbit degrada-
tion over time of the nine RTS products are shown in
Fig. 9. As we can see, the orbit degradation of all nine
RTS products show linear trend over 10 min and the degra-
dation for most RTS products are less than 10 cm over 10
min.

The more detailed statistics of the orbit degradation are
given in the following Table 2. The degradation over 1 min
can be considered as the degradation rate if we assume
degradation is with linear mode. As we can see that the
maximum degradation are 0.7 cm and 1.1 cm in one minute
for PRN01 and PRN05. For PRN19 and PRN08, the max-
imum orbit degradation is 0.4 cm in one minute. When it
comes to the comparison of different RTS products, we
can see that CLK22 and CLK81 have the minimum degra-
dation while CLK90 gets the maximum degradation. The
main reason for the different performance is due to the dif-
ferent satellite orbit correction rates in different RTS prod-
ucts. Since the satellite orbit degrades quite slow, so the
update rate of the orbit part in RTS products are normally
slower than the clock part.

According to the block-type and clock type, the current
GPS satellite clocks can be divided into 4 groups as Table 3
(Langley, 2017).

To investigate the degradation of clock products over
time, IGS final products can be used for reference and
RTS clock products with various lengths of delay can be
compared, from 5 s to 10 min (Hadas and Bosy, 2014).
The degradation of clock products can be expressed as
following,

deðtÞ ¼ eðtÞ � eðt0Þ ð4Þ
where deðtÞ is the degradation at epoch t compared with the
epoch t0, eðtÞ and eðt0Þ are the clock difference of RTS



Fig. 7. STDE of satellites clocks of nine RTS products on DOY 172, 201.

Fig. 8. Mean modified SISRE of RTS products on DOY 172.
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products compared with IGS final clock products at epoch
t and t0, which can be computed as,

eðtÞ ¼ CLKðtÞ � CLKðtÞfinal
eðt0Þ ¼ CLKðt0Þ � CLKðt0Þfinal

ð5Þ

where t0 is the reference epoch of RTS product.
The degradation of different satellite clocks is presented
in Fig. 10. As we can see that the satellite clock degradation
for different types are quite different. The Rubidium (Rb)
clocks on board of GPS IIF satellites have the smallest
degradation rate less than 3 cm over 10 min and the
Cesium (Cs) clocks on board of GPS IIF have the largest
degradation rate larger than 10 cm over 10 min. The main
reason is different stability of different types of satellite
clocks (Yang et al., 2017).

For the satellite clock, the degradation of different RTS
products are exactly the same due to the RTS corrections
for clock drift and clock drift rate are all set as zero cur-
rently. Thus, the satellite clock degradation indicates the
discrepancy between the satellite clock drift broadcast
ephemeris and the actual satellite clock drift in the IGS
final products.

3.3. Analysis in position domain with PPP

PPP will be carried out in this section to evaluate the
RTS products in position domain. GNSS observation data
of 26 globally distributed IGS stations on June 21, 2017
(DOY 172) are collected and the distribution of the stations
is shown as following Fig. 11.



Fig. 9. Orbit degradation of satellite PRN01, PRN05, PRN08 and PRN19 over 10 min.

Table 2
Degradation of satellite orbit for PRN01, PRN05, PRN19 and PRN08 in
1 min (unit: cm).

Product G01 G05 G19 G08

IGS01 0.2 0.1 0.3 0.3
IGS03 0.4 0.1 0.1 0.1
CLK01 0.7 0.4 0.1 0.4
CLK15 0.1 0.1 0.4 0.2
CLK22 0.1 0.1 0.1 0.1
CLK52 0.5 0.7 0.2 0.4
CLK70 0.7 0.6 0.1 0.3
CLK81 0.1 0.1 0.1 0.1
CLK90 0.4 1.1 0.3 0.3
Min 0.1 0.1 0.1 0.1
Max 0.7 1.1 0.4 0.4

Table 3
Block-type, PRN and clock type of GPS.

Group Block-type Clock

1 IIR Rb
2 IIR-M Rb
3 IIF Rb
4 IIF Cs

Fig. 10. Satellite clock degradation o
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RTKLIB (Takasu et al., 2007) is used in the PPP exper-
iment. The detailed kinematic PPP settings is listed as
Table 4 and the ionosphere free combination is used.

Coordinates of the IGS stations are downloaded from
Scripps Orbit and Permanent Array Center (SOPAC) and
used as the reference.

The daily mean RMSE of all stations are presented in
Fig. 12. The maximum PPP RMSE of nine products are
6.6 cm in north direction, 11.8 cm in east direction and
15 cm in vertical direction. Among all nine RTS products,
CLK90 has the best performance followed by IGS03. The
PPP RMSE with CLK15 and CLK22 are largest two while
the IGS01, CLK01, CLK52, CLK70 and CLK81 have sim-
ilar performance. Mean RMSE in three components are
3.2 cm, 6.6 cm and 8.5 cm for CLK90.
type Satellite PRN

16, 28, 20, 19, 2, 21, 11, 22, 18, 14, 23, 13
31, 7, 12, 29, 17, 5, 15
30, 25, 26, 27, 1, 6, 3, 10, 9, 32
24, 8

ver time of nine RTS products.



Fig. 11. 26 globally distributed IGS stations for PPP experiment.

Table 4
Kinematic PPP settings.

Options Settings

Constellation GPS satellites
Combination mode Ionosphere-free phase and code

combinations
Positioning mode Kinematic
Frequencies L1, L2
Sampling rate 1 s
Elevation mask 7�
Tropospheric zenith hydrostatic

delay
GPT model (Boehm et al., 2007)

Tropospheric zenith wet delay Initial model + estimated (random
walk process)

Tropospheric mapping function GMF (Boehm et al., 2006)
Phase wind-up Corrected
Sagnac effect, relativistic effect IS-GPS-200 (GPS ICD, 2010)
Satellite/receiver phase center

correction
Corrected with IGS absolute
correction model

Receive clock IERS conventions (Petit and Luzum,
2010)

Station coordinates Estimated

Fig. 12. Mean STDE of kinematic PPP errors of 26 globally distributed
IGS stations.
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Kinematic PPP RMSE of 26 IGS stations are shown in
Fig. 13. As we can see, the RMSE for all stations using
CLK90 are smallest among all nine RTS products and
the IGS03 get similar performance. The RMSE of the hor-
izontal directions of most stations using CLK15 are larger
than 10 cm.

Convergence time is an important factor for PPP. Statis-
tics of convergence time with 26 stations are calculated and
shown in Table 5. As we can see, for the nine RTS prod-
ucts, the maximum convergence time is in range of 450
min to 607 min and the minimum convergence time is in
range of 4 min to 15 min. The mean convergence time of
26 stations ranges from 101.1 min to 131.0 min. Mean-
while, the median ranges from 47 min to 65 min. Although
there are slight differences among the nine RTS products,
convergence time of PPP with the nine RTS products is
similar.
To investigate positioning accuracies of short observa-
tion durations, PPP experiments, restarted every 1 h, are
carried out. Accuracies of the last 5 min in each 1 h are cal-
culated and shown in Table 6. As we can see, accuracies in
north component is in range of 8 cm–12 cm, north is in
range of 18 cm–27 cm and Up is in range of 16 cm–22
cm. CLK90 gets the best performance among the nine
RTS products.

To investigate performance of static PPP with RTS
products, static PPP experiments are carried out. Position-
ing results of AJAC, CHPI and GLPS are presented in
Figs. 14–16. As we can see, shapes of convergence curves
are also similar in PPP results when different RTS products
are applied. For station AJAC, the best performance is
CLK90 in accuracy aspect. For station CHPI, IGS01,
IGS03, CLK52, CLK70 and CLK90 are better. Mean-
while, for station GLPS, the best two RTS products are
CLK90 and IGS03. Convergence time is not consistent
for the same RTS products with different stations due to
different geometry. The static PPP results are quite similar
for the same station when adopting different RTS products
and CLK90 is the best in terms of convergence.



Fig. 13. Positioning accuracy of 26 globally distributed IGS stations on DOY 172 with nine RTS products.

Table 5
Statistics of convergencea time (unit: minute).

Products Maximum Minimum Mean Median

IGS01 473 9 123.1 52
IGS03 488 4 119.9 56
CLK01 493 5 120.9 51
CLK15 607 14 131.0 72
CLK22 457 5 101.1 47
CLK52 450 9 113.9 65
CLK70 456 4 102.7 55
CLK81 470 4 113.3 61
CLK90 477 6 113.4 51

a 25 cm for horizontal direction and 50 cm for vertical direction.

Table 6
Accuracies with one-hour resetting (unit: cm).

Products North East Up

IGS01 10 19 20
IGS03 8 18 18
CLK01 10 21 20
CLK15 12 27 22
CLK22 9 19 21
CLK52 8 18 18
CLK70 8 19 19
CLK81 8 18 19
CLK90 7 18 16
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4. Conclusions

In this paper, the nine RTS products, namely IGS01,
IGS03, CLK01, CLK15, CLK22, CLK52, CLK70,
CLK81 and CLK90, is investigated in terms of availability,
degradation over time and accuracy.

For the availability, the discussion is carried out in a
new way in terms of epoch availability and satellite avail-
ability, and the average epoch availability is more than
99.3% for all RTS products except CLK70 and the average
satellites number is greater 30 for all RTS product. Latency
is unavoidable for real-time products and is considered as
part of the availability in this paper. The results show the
longest latency is from IGS01 at 28 s and the shortest
latency is form CLK22 at 3 s.

The accuracy of RTS products are discussed on nominal
accuracy and accuracy over time. The latency and potential
outage are not considered in the nominal accuracy analysis.
RMSE of orbits ranges from 3.8 cm to 7.5 cm for different
RTS products. The mean STDE of clocks range from 1.9
cm to 5.6 cm. The modified SISRE for all products are
from 1.3 cm to 5.5 cm. The CLK90 has the smallest modi-
fied SISRE followed by CLK52 and IGS03. The accuracy
degradation of the orbit has the linear trend for all RTS
products and the satellite clock degradation is dependent
on the satellite clock types. The orbit degradation are 0.7



Fig. 14. Static PPP results of station AJAC.

Fig. 15. Static PPP results of station CHPI.

Fig. 16. Static PPP results of station GLPS.
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cm and 1.1 cm in one minute for PRN01 and PRN05. The
Rb clocks on board of GPS IIF satellites have the smallest
degradation rate of less than 3 cm over 10 min and the Cs
clocks on board of GPS IIF have the largest degradation
rate of more than 10 cm over 10 min.

For daily accuracies of kinematic PPP results of 26 glob-
ally distributed IGS stations, the CLK90 has the best per-
formance and mean RMSE in three components are 3.2
cm, 6.6 cm and 8.5 cm. And the second best positioning
results are using IGS03 products. There are no signification
differences in convergence time for different RTS products.
However, in short observation durations experiments,
CLK90 get the best accuracies with RMSE values 7 cm,
18 cm and 16 cm in three components.

For discussed above, all products have good perfor-
mance on availability and accuracy. The individual RTS
product CLK90 and combined product IGS03 prove to
have the best quality, which are recommended for real-
time PPP users.

References

Agrotis, L., Caissy, M., Ruelke, A., Fisher, S., 2014. Real-time service
technical report 2014. In: Dach, R.J.Y., (Ed.), IGS Technical Report
2014, pp. 171–178.

Agrotis, L., San, P.A., Dow, J., et al., 2010. ESOC’s RETINA system and
the generation of the IGS RT combination. In: IGS workshop 2010,
vol. 28. Newcastle Upon Tyne, UK.

Altamimi, Z., Rebischung, P., Métivier, L., Collilieux, X., 2016.
ITRF2014: a new release of the international terrestrial reference
frame modeling nonlinear station motions. J. Geophys. Res. Solid
Earth 121, 6109–6131. https://doi.org/10.1002/2016jb013098.

Bertiger, W., Desai, S.D., Haines, B., et al., 2010. Single receiver phase
ambiguity resolution with Gps data. J. Geod. 84, 327–337. https://doi.
org/10.1007/s00190-010-0371-9.

Bisnath, S., Gao, Y., 2009. Current state of precise point positioning and
future prospects and limitations. In: Sideris, M.G. (Ed.), Observing
our Changing Earth. International Association of Geodesy Symposia,
vol. 133. Springer, Berlin, Heidelberg.

Boehm, J., Heinkelmann, R., Schuh, H., 2007. Short note: a global model
of pressure and temperature for geodetic applications. J. Geod. 81,
679–683. https://doi.org/10.1007/s00190-007-0135-3.

Boehm, J., Niell, A., Tregoning, P., Schuh, H., 2006. Global mapping
function (GMF): a new empirical mapping function based on
numerical weather model data. Geophys. Res. Lett. 33, L07304.
https://doi.org/10.1029/2005gl025546.

Chen, L., Song, W., Yi, W., et al., 2017. Research on a method of real-
time combination of precise GPS clock corrections. GPS Solut. 21,
187–195. https://doi.org/10.1007/s10291-016-0515-3.

Choi, K.K., Ray, J., Griffiths, J., Bae, T.-S., 2013. Evaluation of GPS
orbit prediction strategies for the IGS Ultra-rapid products. GPS
Solut. 17, 403–412. https://doi.org/10.1007/s10291-012-0288-2.

Dach, R., Brockmann, E., Schaer, S., et al., 2009. GNSS processing at
CODE: status report. J. Geod. 83, 353–365. https://doi.org/10.1007/
s00190-008-0281-2.

Dow, J.M., Neilan, R.E., Rizos, C., 2009. The international Gnss service
in a changing landscape of global navigation satellite systems. J. Geod.
83, 191–198. https://doi.org/10.1007/s00190-008-0300-3.

Elsobeiey, M., Al-Harbi, S., 2016. Performance of real-time precise point
positioning using IGS real-time service. GPS Solut. 20, 565–571.
https://doi.org/10.1007/s10291-015-0467-z.

Gao, Y., Chen, K., 2004. Performance analysis of precise point position-
ing using real-time orbit and clock products. J. Glob. Position Syst. 3,
95–100. https://doi.org/10.5081/jgps.3.1.95.
Ge, M., Gendt, G., Rothacher, M., et al., 2008. Resolution of GPS carrier-
phase ambiguities in Precise Point Positioning (PPP) with daily
observations. J. Geod. 82, 389–399. https://doi.org/10.1007/s00190-
007-0187-4.

GPS ICD, 2010. Navstar GPS Space Segment/Navigation User Interfaces
Interface Specification IS-GPS-200, Revision E.

Griffiths, J., Ray, J.R., 2009. On the precision and accuracy of IGS orbits.
J. Geod. 83, 277–287. https://doi.org/10.1007/s00190-008-0237-6.

Hadas, T., Bosy, J., 2014. IGS RTS precise orbits and clocks verification
and quality degradation over time. GPS Solut. 19, 93–105. https://doi.
org/10.1007/s10291-014-0369-5.

Hauschild, A., Montenbruck, O., 2009. Kalman-filter-based GPS clock
estimation for near real-time positioning. GPS Solut. 13, 173–182.
https://doi.org/10.1007/s10291-008-0110-3.

Heng, L., 2012. Safe Satellite Navigation with Multiple Constellations:
Global Monitoring of GPS and GLONASS Signal-in-space Anoma-
lies. Stanford University.

Kazmierski, K., Sośnica, K., Hadas, T., 2017. Quality assessment of multi-
GNSS orbits and clocks for real-time precise point positioning. GPS
Solut. 22, 11. https://doi.org/10.1007/s10291-017-0678-6.

Kouba, J., Héroux, P., 2001. Precise point positioning using IGS orbit and
clock products. GPS Solut. 5, 12–28. https://doi.org/10.1007/
PL00012883.

Krzan, G., 2015. GPS/GLONASS precise point positioning with IGS
Real-time service product. Acta Geodyn. Geomater. 13, 1–13. https://
doi.org/10.13168/AGG.2015.0047.

Langley, R.B., 2017. Navstar GPS Constellation Status.
Laurichesse, D., Cerri, L., Berthias, J.-P., Mercier, F., 2013. Real time

precise GPS constellation and clocks estimation by means of a Kalman
filter. In: Proceedings of ION-GNSS-2013. Institute of Navigation,
Nashville, TN, USA, pp. 1155–1163.

Lu, C., Chen, X., Liu, G., et al., 2017. Real-time tropospheric delays
retrieved from multi-GNSS observations and IGS real-time product
streams. Remote Sens. 9, 1317. https://doi.org/10.3390/rs9121317.

Mervart, L., Weber, G., 2011. Real-time combination of GNSS orbit and
clock correction streams using a Kalman filter approach. In: Proceed-
ings of the 24th International Technical Meeting of The Satellite
Division of the Institute of Navigation (IONGNSS 2011), pp. 707–711.

Montenbruck, O., Steigenberger, P., Hauschild, A., 2014. Broadcast
versus precise ephemerides: a multi-GNSS perspective. GPS Solut. 19,
321–333. https://doi.org/10.1007/s10291-014-0390-8.

Montenbruck, O., Steigenberger, P., Prange, L., et al., 2017. The multi-
GNSS experiment (MGEX) of the international GNSS service (IGS)–
achievements, prospects and challenges. Adv. Sp. Res. 59, 1671–1697.

Petit, G., Luzum, B., 2010. IERS conventions (2010) (No. IERS-TN-36).
BUREAU INTERNATIONAL DES POIDS ET MESURES
SEVRES (FRANCE).

Rülke, A., Agrotis, L., 2016. IGS technical report 2016: IGS Realtime
Service Technical Report 2016.

Rülke, A., Agrotis, L., Enderle, W., MacLeod, K., 2016. IGS real time
service – status, future tasks and limitations. In: IGS Workshop 2016,
Sydney, Australia.

Schmid, R., Dach, R., Collilieux, X., et al., 2016. Absolute IGS antenna
phase center model igs08. atx: status and potential improvements. J.
Geod. 90, 343–364.

Takasu, T., Kubo, N., Yasuda, A., 2007. Development, evaluation and
application of RTKLIB: a program library for RTK-GPS. In: GPS/
GNSS Symposium, pp. 213–218.

Warren, D.L.M., Raquet, J.F., 2003. Broadcast vs. precise GPS
ephemerides: a historical perspective. GPS Solut. 7, 151–156. https://
doi.org/10.1007/s10291-003-0065-3.

Weber, G., Dettmering, D., Gebhard, H., 2005. Networked transport of
RTCM via internet protocol (NTRIP). In: International Association
of Geodesy Symposia: A Window on the Future of Geodesy, pp. 60–
64.

Yang, H., Gao, Y., 2017. GPS satellite orbit prediction at user end for
real-time Ppp system. Sensors 17, 1981. https://doi.org/10.3390/
s17091981.

https://doi.org/10.1002/2016jb013098
https://doi.org/10.1007/s00190-010-0371-9
https://doi.org/10.1007/s00190-010-0371-9
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0025
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0025
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0025
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0025
https://doi.org/10.1007/s00190-007-0135-3
https://doi.org/10.1029/2005gl025546
https://doi.org/10.1007/s10291-016-0515-3
https://doi.org/10.1007/s10291-012-0288-2
https://doi.org/10.1007/s00190-008-0281-2
https://doi.org/10.1007/s00190-008-0281-2
https://doi.org/10.1007/s00190-008-0300-3
https://doi.org/10.1007/s10291-015-0467-z
https://doi.org/10.5081/jgps.3.1.95
https://doi.org/10.1007/s00190-007-0187-4
https://doi.org/10.1007/s00190-007-0187-4
https://doi.org/10.1007/s00190-008-0237-6
https://doi.org/10.1007/s10291-014-0369-5
https://doi.org/10.1007/s10291-014-0369-5
https://doi.org/10.1007/s10291-008-0110-3
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0095
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0095
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0095
https://doi.org/10.1007/s10291-017-0678-6
https://doi.org/10.1007/PL00012883
https://doi.org/10.1007/PL00012883
https://doi.org/10.13168/AGG.2015.0047
https://doi.org/10.13168/AGG.2015.0047
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0120
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0120
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0120
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0120
https://doi.org/10.3390/rs9121317
https://doi.org/10.1007/s10291-014-0390-8
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0140
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0140
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0140
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0160
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0160
http://refhub.elsevier.com/S0273-1177(18)30250-3/h0160
https://doi.org/10.1007/s10291-003-0065-3
https://doi.org/10.1007/s10291-003-0065-3
https://doi.org/10.3390/s17091981
https://doi.org/10.3390/s17091981


2954 L. Zhang et al. / Advances in Space Research 61 (2018) 2942–2954
Yang, H., Xu, C., Gao, Y., 2017. Analysis of GPS satellite clock
prediction performance with different update intervals and application
to real-time PPP. Surv. Rev. 1–10. https://doi.org/10.1080/
00396265.2017.1359473.
Zumberge, J.F., Heflin, M.B., Jefferson, D.C., et al., 1997. Precise point
positioning for the efficient and robust analysis of GPS data from large
networks. J. Geophys. Res. Solid Earth 102, 5005–5017. https://doi.
org/10.1029/96jb03860.

https://doi.org/10.1080/00396265.2017.1359473
https://doi.org/10.1080/00396265.2017.1359473
https://doi.org/10.1029/96jb03860
https://doi.org/10.1029/96jb03860

	Evaluation and analysis of real-time precise orbits and clocks �products from different IGS analysis centers
	0 Introduction
	1 IGS real-time service products
	2 Evaluation and analysis of RTS product on availability
	3 Evaluation and analysis of RTS products on accuracy
	3.1 Analysis of the nominal accuracy
	3.2 Analysis of accuracy degradation over time
	3.3 Analysis in position domain with PPP

	4 Conclusions
	References


