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Abstract

In response to the changing world of GNSS, the International GNSS Service (IGS) has initiated the Multi-GNSS Experiment
(MGEX). As part of the MGEX project, initial precise orbit and clock products have been released for public use, which are the key
prerequisites for multi-GNSS precise point positioning (PPP). In particular, precise orbits and clocks at intervals of 5 min and 30 s
are presently available for the new emerging systems. This paper investigates the benefits of multi-GNSS for PPP. Firstly, orbit and clock
consistency tests (between different providers) were performed for GPS, GLONASS, Galileo and BeiDou. In general, the differences of
GPS are, respectively, 1.0–1.5 cm for orbit and 0.1 ns for clock. The consistency of GLONASS is worse than GPS by a factor of 2–3, i.e.
2–4 cm for orbit and 0.2 ns for clock. However, the corresponding differences of Galileo and BeiDou are significantly larger than those of
GPS and GLONASS, particularly for the BeiDou GEO satellites. Galileo as well as BeiDou IGSO/MEO products have a consistency of
0.1–0.2 m for orbit, and 0.2–0.3 ns for clock. As to BeiDou GEO satellites, the difference of their orbits reaches 3–4 m in along-track,
0.5–0.6 m in cross-track, and 0.2–0.3 m in the radial directions, together with an average RMS of 0.6 ns for clock. Furthermore, the
short-term stability of multi-GNSS clocks was analyzed by Allan deviation. Results show that clock stability of the onboard GNSS
is highly dependent on the satellites generations, operational lifetime, orbit types, and frequency standards. Finally, kinematic PPP tests
were conducted to investigate the contribution of multi-GNSS and higher rate clock corrections. As expected, the positioning accuracy as
well as convergence speed benefit from the fusion of multi-GNSS and higher rate of precise clock corrections. The multi-GNSS PPP
improves the positioning accuracy by 10–20%, 40–60%, and 60–80% relative to the GPS-, GLONASS-, and BeiDou-only PPP. The usage
of 30 s interval clock products decreases interpolation errors, and the positioning accuracy is improved by an average of 30–50% for the
all the cases except for the BeiDou-only PPP.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

GPS has demonstrated its usefulness and power in earth
science and engineering applications such as, earthquake
and tsunami warming (e.g. Larson et al., 2003; Bock
et al., 2004; Ohta et al., 2006; Wang et al., 2007), health
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monitoring of high rise buildings (e.g. Tamura et al., 2002;
Psimoulis et al., 2008; Yi et al., 2013), and trajectory esti-
mation for moving platforms (e.g. Han and Rizos, 2000;
Gagnon et al., 2005). Most of these studies utilize relative
kinematic positioning for achieving high positioning accu-
racy of a few millimeters to centimeters. Therefore, at least
one nearby reference station should be used for removing
most of the biases and recovering the integer nature of
ambiguities by double differencing. This will undoubtedly
increase the running cost and system complexity. More
importantly, the derived position or displacement greatly
depends on the movement of the reference station(s).
Increasingly, attention has been directed toward precise
point positioning (PPP) in the past few years (e.g. Geng
et al., 2010; Shi et al., 2010; Li et al., 2013; Lou et al.,
2014; Moschas et al., 2014; Yigit et al., 2014). A number
of PPP software packages such as BERNESE v5.0, APPS,
CSRS-PPP, GAPS, and Magic GNSS have been developed
by universities and research institutes (Guo, 2015). Since
PPP obtains the absolute position or displacement directly
in Earth-fixed terrestrial references frame with a single
receiver, it does not suffer from ground motions of nearby
reference stations. In principle, this technique can be used
with any global navigation satellite system (GNSS), e.g.
GPS, GLONASS, etc.

In addition to the legacy GPS and GLONASS, new
emerging systems, e.g. European Galileo, Chinese BeiDou
(or BDS), Japanese QZSS, and Indian IRNSS are being
built and will become operational in the near future.
Recently, the International GNSS Service (IGS) has initi-
ated the Multi-GNSS Experiment (MGEX) to enable an
early experimentation and familiarization with the emerg-
ing systems as well as to prepare a future, full-featured
multi-GNSS Service for the scientific community
(Montenbruck et al., 2014). As part of the MGEX project,
initial orbit and clock products for multi-GNSS, including
GPS, GLONASS, Galileo, BeiDou, and QZSS, has been
generated by several Analysis Centers (ACs). Owing to
the high altitude of GNSS satellites, orbits can be precisely
determined and predicted as well. Thus orbits do not have
to be updated very fast. However, satellite clock correc-
tions must be updated very frequently due to their short-
term variations (Montenbruck et al., 2005). Therefore, pre-
cise orbits are given at 5 min or 15 min intervals, while the
sampling rates of clock corrections are 30 s or 5 min. How-
ever, the consistency of these products is still a major con-
cern due to the different processing strategies applied by
various ACs. Moreover, the benefits of multi-GNSS
involved and higher rate products are not fully investigated
in the existing literature (Li et al., 2015; Lou et al., 2015).

Therefore, this paper focus on the contribution of
MGEX from the perspective of precise orbit and clock
products. Firstly, the development of MGEX including
the on-orbit satellites, ground network, and precise orbit
and clock products are briefly reviewed. Thereafter, orbit
and clock agreement tests are performed for GPS, GLO-
NASS, Galileo, and BeiDou, which give us an objective
impression of their consistency. Furthermore, Allan devia-
tion is used for short-term clock stability analysis. Finally,
the benefits of multi-GNSS and higher rate clock correc-
tions are investigated from the perspective of PPP.

2. Overview of the MGEX

This section provides an overview of the MGEX from
the aspects of multi-GNSS satellites, MGEX network,
and precise orbit and clock products.

2.1. Current status of multi-GNSS and MGEX network

Table 1 summarizes the current status of multi-GNSS
including satellite type, transmitted signals, and available
satellite number. As part of the modernization of GPS
there are currently 12 Block-IIF satellites transmitting the
new L5 signal in addition to L1 and L2 signals (http://
www.navcen.uscg.gov). As the second global navigation
system, GLONASS has re-achieved full operational status
by the end of 2011 (https://www.glonass-iac.ru). By the end
of 2012, a total of 16 BeiDou satellites (including 6 GEOs,
5 IGSOs, and 5 MEOs) had been launched and deployed in
orbit, transmitting signals in three frequency bands (B1, B2
and B3). The 17th BeiDou satellite, which is a new-
generation satellite was launched into space on 30 March
2015 (http://www.beidou.gov.cn). The new launch marked
a beginning of an expansion of the BeiDou from regional
to global coverage. As of April 2016, Europe has launched
4 IOV and 4 FOC Galileo satellites (http://www.gsc-
europa.eu). The Galileo satellites transmit signals in a total
of four frequencies (E1, E5a, E5b, and E6). For superior
noise and multipath performance, Galileo enables tracking
of the Alternative Binary Offset Carrier (AltBOC) signal in
the combined E5a + E5b (E5ab) band. For the Japan
QZSS, only a single IGSO satellite has been launched so
far (http://global.jaxa.jp). Aside from a high level of com-
patibility with GPS, QZSS has introduced new signals such
as the L1C signal and the LEX (L-band Experiment) signal
in the L6 band. IRNSS would have 7 satellites, out of
which 6 are already placed in orbit (http://www.isro.org).
Other than existing global and regional systems, IRNSS
uses only one signal frequency (L5, 1176.45 MHz) in the
common L-band, while an S-band frequency
(2492.028 MHz) has been selected for the second signal
(Thoelert et al., 2014).

In response to the upcoming new signals and systems,
the MGEX has been set-up by the IGS to track, collate
and analyze all available GNSS signals of interest. Cur-
rently about 27 contributing agencies from 16 countries
are involved in this project (http://igs.org/mgex). As a
backbone of the MGEX project, a new network of multi-
GNSS monitoring stations has been deployed in parallel
to the legacy IGS network for GPS and GLONASS since
2012. Currently, it comprises over 120 stations around
the world, some of them enable real-time data access in
addition to off-line archival data. Fig. 1 shows an overview
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Table 1
Deployment status of the current multi-GNSS (by April 2016).

Systems Types Signals Sat. Num.

GPS IIR-A/B L1 C/A, L1/L2, P(Y) 12
IIR-M +L2 C 7
IIF +L5 12

GLONASS M L1/L2 C/A+P 24
K +L3 2

BeiDou GEO B1, B2, B3 5
IGSO B1, B2, B3 8
MEO B1, B2, B3 7

Galileo IOV E1, (E6), E5a/b/ab 4
FOC E1, (E6), E5a/b/ab 6

QZSS IGSO L1 C/A, L1C, L1-SAIF
L2 C, L5, L6/LEX

1

IRNSS IGSO L5, S 6
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Fig. 1. Distribution of the MGEX stations and their supported new
constellations.
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of the build-up MGEX stations and their supported new
constellations. As a minimum, all MGEX stations support
tracking of GPS as well as at least one of the new Galileo,
BeiDou or QZSS constellations. Meanwhile, most of the
MGEX stations support also GLONASS.
Table 2
Overview of the MGEX Analysis Centers and Products (by October 2015).

Institution Prefix Orbit Clock Constellations*

CNES/CLS grm 15 min 30 s GRE
CODE com 15 min 5 min GRECJ
GFZ gbm 15/5 min 5 min/30 s GRECJ
TUM tum 5 min 5 min EJ
WU wum 15 min 5 min GRECJ
JAXA qzf 5 min 5 min GJ

* G, R, E, C and J, are, respectively, the abbreviations of GPS, GLO-
NASS, Galileo, BeiDou and QZSS. The same abbreviations are used in
the following contexts.
2.2. Current status of MGEX products

Based on the MGEX network, observation data and
broadcast ephemerides are routinely collected and dis-
tributed. To support all required constellations and obser-
vation types, the Receiver Independent Exchange Format 3
(RINEX 3) has been adopted consistently as the primary
data format throughout the MGEX project. Daily RINEX
observation and navigation files are archived and dis-
tributed by Data Centers such as the Crustal Dynamics
Data Information System (CDDIS, ftp://cddis.gsfc.nasa.
gov/pub/gps/data/campaign/mgex), the French Institut
Géographique National (IGN, ftp://igs.ign.fr/pub/igs/
data/campaign/mgex) and Bundesamt für Kartographie
und Geodäsie (BKG, ftp://igs.bkg.bund.de/MGEX). The
archives provide daily RINEX files at 30-s sampling rate
as well as hourly high-rate (1 Hz) files for the selected
stations. In addition to the off-line data, a subset of stations
also provides real-time data streams in RTCM 3-MSM for-
mat with multi-GNSS observations which are publicly
available at the MGEX NTRIP caster of BKG (http://
mgex.igs-ip.net/home).

Initial orbit and clock products for the new (BeiDou,
Galileo, QZSS) and legacy (GPS, GLONASS) systems
are computed based on observations of the MGEX net-
work and, optionally, other proprietary stations. Up to
six MGEX Analysis Centers (ACs) are presently contribut-
ing dedicated multi-GNSS products for MGEX.

(1) Centre National d’Etudes Spatiales (CNES) and Col-
lecte Localisation Satellites (CLS), France.

(2) Center for Orbit Determination in Europe (CODE),
Switzerland.

(3) Deutsches GeoForschungsZentrum (GFZ),
Germany.

(4) Technische Universität München (TUM), Germany.
(5) Wuhan University (WU), China.
(6) Japan Aerospace Exploration Agency (JAXA),

Japan.

Table 2 shows an overview of the precise orbit and clock
products provided by various ACs, including the agency
code, prefix, orbit and clock intervals, and involved con-
stellations. These products are publicly available for inter-
ested users at the MGEX product archive maintained by
the CDDIS as well as mirror sites hosted by IGN and
ENSG (École Nationale des Sciences Géographiques,
ftp://igs.ensg.eu/pub/igs/products/mgex). The products
are stored in weekly directories (identified by the 4-digit
GPS week) and identified by a two letter acronym for the
contributing agency, followed by the letter ‘‘m” (for
MGEX) in the file name in general. It is noted that the
intervals of orbit and clock products are mostly 15 min
and 5 min, respectively. Recently, some ACs start releasing
higher rate orbit and clock products, i.e. 5 min interval
orbits and 30 s interval clocks.
3. Orbit and clock differences

In this section, precise GNSS (i.e. GPS, GLONASS,
Galileo, and BeiDou) satellite orbit and clock products
from January 1 to April 10, 2015 (day of year 1–100)
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Fig. 3. GLONASS orbit differences w.r.t. GFZ. The horizontal axes
represent day of year 2015, and the vertical axes represent the RMS of
orbit differences in along-, cross-track, and radial directions.
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provide by CNES, CODE, GFZ, and WU, were used for
comparison. In the interest of brevity, ‘‘CODE”, ‘‘GFZ”,
‘‘CNES”, and ‘‘WU” denotes orbit/clock products from
CODE, GFZ, CNES, and WU, respectively, throughout
the rest of this article. GFZ is selected as reference due to
its good integrity and continuity. Satellite orbits were com-
pared at 15 min intervals in the along-track, cross-track
and radial directions. Satellite clocks were first compared
at 5 min intervals, and then aligned to the same reference
by satellite differencing to remove systematic biases intro-
duced by different ACs.

Results of the GPS, GLONASS and Galileo orbit com-
parison in along-, cross-track, and radial directions are
shown in Figs. 2–4. The mean values and standard devia-
tions of each AC are given as well in Figs. 2–4, and the sta-
tistical RMS values of orbit differences are summarized in
Table 3. In general, the orbit differences of GPS are about
1.0–1.5 cm in all the three components, showing good
agreements. The consistency of GLONASS orbits is worse
than GPS by a factor of 2–3. The RMS of GLONASS orbit
differences are about 3.0–4.0, 2.5–3.0, and 1.5 cm in along-,
cross-track, and radial component. However, Galileo orbit
differences are significantly larger than those of GPS and
GLONASS. The RMS reaches 10–20 cm among different
ACs, and the values of CNES are slightly larger than the
other ones. The large differences can be attributed to the
insufficient and different orbit models applied by various
ACs (Steigenberger et al., 2015).

Differently, BeiDou orbit agreements are assessed by
individual satellite rather than averaging all satellites owing
to the different characteristics among GEO, IGSO and
MEO constellations. The resulting orbital differences in
the along-track, cross-track, radial components are shown
in Fig. 5. It should be noted that, BeiDou GEO satellites
are excluded in the CODE products, and thus only IGSO
and MEO satellite orbits are presented herein. As shown
in Fig. 5, MEO orbits show the best quality while the
GEO orbits shows the worst quality. This is reasonable
since the geometry change of GEO satellites is much smal-
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Fig. 2. GPS orbit differences w.r.t. GFZ. The horizontal axes represent
day of year 2015, and the vertical axes represent the RMS of orbit
differences in along-, cross-track, and radial directions.
ler than that of the IGSO and MEO satellites. For a speci-
fic satellite, orbit differences in the along-track component
are significantly larger than the other two components, par-
ticularly for the GEO satellites. The RMS of BeiDou GEO
orbits reaches 3–4 m in the along-track, 0.5–0.6 m in the
cross-track, and 0.2–0.3 m in the radial directions. As to
the IGSO/MEO satellites, orbit from different ACs agree
well with each other at the level of 0.1–0.2 m in three
directions.

Results of clock comparison are shown in Figs. 6 and 7
and the constellation-averaged RMS values are listed in
Table 4. It is worth mentioning that the clock differences
have been aligned to the same references (by satellite differ-
encing) to remove systematic biases introduced by ACs.
Generally, the GPS satellite clock products agree well with
each other within a consistency of 0.1 ns, with a few excep-
tions. For GLONASS and Galileo, the RMS of clock dif-
ferences are about 0.2, and 0.3 ns, respectively. As to
BeiDou, similar feature as depicted in orbit comparison
occurs again, i.e. the worse agreement for GEOs and the
best agreement for MEOs. This is reasonable since the
orbit errors have been partially absorbed by the estimated
satellite clocks. As a consequence, it leads to an average



Table 3
RMS values of GPS, GLONASS and Galileo orbit comparisons w.r.t. GFZ (Units: cm).

GPS GLONASS Galileo

Along Cross Radial Along Cross Radial Along Cross Radial

CODE 1.5 1.1 0.9 3.3 2.5 1.6 15.3 11.2 9.5
CNES 1.5 1.2 1.2 4.7 3.1 1.3 18.5 14.1 7.4
WU 1.2 1.0 0.8 3.2 2.5 1.4 15.8 9.6 7.1
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Table 4
RMS values of multi-GNSS clocks w.r.t. GFZ (units: ns).

RMS CODE CNES WU

GPS 0.086 0.073 0.068
GLONASS 0.182 0.196 0.181
Galileo 0.198 0.332 0.191

BDS GEO N/A N/A 0.571
IGSO 0.249 N/A 0.267
MEO 0.258 N/A 0.166
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RMS of 0.6, 0.3, and 0.2 ns for the GEO, IGSO, and MEO
clocks.
4. Clock stability analysis

To assess the stability of multi-GNSS on board clocks,
the two-sample Allan deviation (Allan, 1966; Hesselbarth
and Wanninger, 2008) was used to visualize graphically
the random characteristics of the multi-GNSS clock behav-
ior. The same data as mentioned in Section 3 were used
herein. Firstly, Allan deviations of all available GNSS
clocks were calculated. Then the median Allan deviations
throughout the analysis period were graphically shown
according to different GNSS systems, satellite generations,
operational lifetime, orbit types, and clock types.
Figs. 8–10 show the median Allan deviations of GPS,
GLONASS, Galileo and BeiDou satellite clocks computed
from CODE. In addition, the median Allan deviations of
QZSS are plotted together withGPS IIF satellites, since they
are based upon the same atomic frequency standard.

As shown in Fig. 8, the Allan deviations for GPS are
grouped according to the satellite generations (Block
types). Nowadays, the majority of GPS satellites consists
of Block IIR (-M) and Block IIF satellites operated on
Rubidium atomic frequency standard (RAFS). During
the test period, only two satellites (G10 and G24) were
operated on Cesium atomic frequency standard (CAFS).
In general, the RAFS clock is superior to the CAFS clock
in terms of stability, and the old Block IIA satellites (G04,
G10, and G32) have the highest Allan deviations, whereas
the new Block IIF satellites have the lowest Allan devia-
tions. However, the Block IIR and Block II-M RAFS
clocks show similar performance between individual satel-
lites and have very close Allan deviations. For integration
times up to 1000 and 10,000 s, the median Allan deviations
are about 1 � 10�13 and 3 � 10�14, respectively, for both
Block IIR and Block IIR-M RAFS clocks. As expected,
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GPS Block IIF RAFS clocks have a significant better per-
formance, and the QZS-1 (J01) shows a comparable perfor-
mance to GPS IIF RAFS clocks particularly when the
integration time increases over 1000 s. Rather than the
other generations, the Block IIF RAFS clocks exhibit
similar performance over the entire range of integration
intervals, which reach an median Allan deviation of
2–3 � 10�14.
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The plots in Fig. 9 depict the median Allan deviations of
GLONASS satellites which are grouped according to the
operational lifetime. The current operational GLONASS
consists of GLONASS-M satellites with CAFS clocks,
exclusively. The newest spacecraft is approximately 1 year
old (R21) and the oldest one has an operational lifetime
of over 9 years (R17). An overall trend for GLONASS is
that the older a CAFS clock, the larger is its Allan devia-
tion. It is noted that the newest R21 shows the best perfor-
mance, while the oldest R17 shows the worst stability with
an Allan deviation about 1 � 10�12 during the intervals of
[1000,10,000] s. Averaging all satellites from the first three
groups, the averaged median Allan deviations are
2 � 10�13 and 1 � 10�13 at integrating intervals of 1000
and 10,000 s, respectively. Such a stability is comparable
to the GPS Block IIA RAFS clocks.

Fig. 10 shows the median Allan deviations of BeiDou
and Galileo satellites according to the orbit types and clock
types. It is reported that the BeiDou satellites clocks are of
type RAFS (Hauschild et al., 2013). Two Galileo IOVs
(E11 and E19) together with the two recently launched
FOCs (E18 and E14) were controlled by Passive Hydrogen
Maser (PHM), while the other one Galileo IOV (E12) satel-
lite was operated upon RAFS during the time period con-
sidered here. The plots of BeiDou clock Allan deviations
show that the median Allan deviations of BeiDou GEO
and IGSO clocks are on the same level, which achieve
approximately 1 � 10�13 at the intervals of 1000–10,000 s.
As to the MEO clocks, they have smaller Allan deviations
particularly for longer intervals. It is noted that the stabil-
ity of current BeiDou clocks is overall superior to that of
GLONASS, and the performance of BeiDou MEO clocks
is competitive to the GPS Block IIR (-M) RAFS clocks.
Moreover, it is interesting to find that the median Allan
deviations of BeiDou clocks are even smaller than those
of GPS Block IIR (-M) clocks when the integrating interval
is shorter than 1000 s. This indicates that BeiDou clocks
should have a better performance of short-term stability
compared to GPS Block IIR (-M) clocks. It is also interest-
ing to note that both BeiDou GEO and IGSO clocks show
similar performance over integrating intervals. On the con-
trary, the BeiDou MEO clocks exhibit clear differences
when the integrating interval is increased from 1000 to
10,000 s. The bottom right plot in Fig. 10 depicts the clock
stability of Galileo clocks. Obviously, Galileo PHM clocks
have a better performance than RAFS clocks. The two
FOC PHM clocks show similar performance as the two
IOV PHM clocks. The median Allan deviation of Galileo
PHM clocks reaches 2–3 � 10�14. Such a stability is com-
parable to the new launched GPS Block IIF RAFS clocks.
Therefore, the GPS Block IIF RAFS clocks (which are also
used by QZSS) as well as Galileo PHM clocks can be
regarded as the most stable clocks current on orbit.

5. Performance of precise point positioning

5.1. Data and processing strategy

To investigate the contribution of multi-GNSS and
higher rate precise orbit and clock products, five Asia-
pacific regional distributed MGEX stations were adopted
for kinematic PPP tests using the updated TriP software
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developed by Wuhan University (Zhang et al., 2006).
Table 5 lists the basic information of the MGEX stations,
including the approximate location, the types of receiver
and antenna, and the recorded signals. Multi-GNSS data
recorded at 30 s intervals on these stations were processed.
We conducted the PPP tests using the GPS-only (G),
GLONASS-only (R), BeiDou-only (C), and all the four
systems combined (GREC, i.e. GPS + GLONASS + Bei-
Dou + Galileo) observations, respectively.

Table 6 summarizes the detailed processing strategy for
PPP. Precise orbit and clock products provided by CODE,
GFZ, CNES and WU were used to remove satellite orbit
and clock errors. Dual-frequency ionosphere-free carrier
phases as well as pseudoranges were used to form the basic
observation equations. Tropospheric delays of the dry
component were corrected by Saastamoinen model, while
the zenith wet tropospheric delays were estimated as ran-
dom walk process. Antenna phase center offsets (PCOs)
and phase center variations (PCVs) were corrected by the
IGS08 absolute antenna model for GPS and GLONASS.
For Galileo and BeiDou, the conventional satellite PCO
values as recommended by MGEX (Rizos et al., 2013) were
applied for satellite antenna PCO correction, whereas the
PCOs and PCVs at the receiver ends were corrected by
Table 5
Basic information of the tracking stations from MGEX.

Site ID Country Longitude Latitude

CUT0 Australia 115.89 �32.00
XMIS Australia 105.69 �10.45
NNOR Australia 116.19 �31.05
GMSD Japan 131.02 30.56
JFNG China 114.49 30.52

Table 6
PPP processing strategy.

Items Models

Involved solution GPS-only PPP; GLONASS-only PPP; BeiD
Estimator (engine) Kalman filter, TriP software (Zhang et al.,
Observations GPS/GLONASS: L1/L2; Galileo: E1/E5a;
Sampling rate 30 s
Elevation cutoff 7�
Weighting scheme Elevation dependent weight; 3 mm and 3 m
Ionospheric delay Eliminated by Ionosphere-free combination
Tropospheric delay Dry component: corrected with GPT mode

GMF mapping function
Relativistic Effect Applied
Station displacement Corrected by IERS Convention 2010, inclu
Satellite antenna phase center

offset
GPS/GLONASS: IGS08 antex file; Galileo
et al., 2013)

Receiver antenna phase center
offset

Corrected by PCO values for GPS

Phase-windup effect Corrected (Wu et al., 1993)
Receiver clock Estimated, white noise process
ISBs/IFBs Estimated, constant over time (GREC-com
Station coordinate Estimated, white noise process for kinemat
Phase ambiguities Estimated, constant for each arc; float valu
GPS values. Coordinates as well as receiver clock biases
were estimated epoch-wise as white noises. The carrier-
phase ambiguities were estimated as constants for each
continuous arc. In addition, inter-system biases (ISBs)
and inter-frequency biases (IFBs) must be carefully consid-
ered in a combined processing of multi-GNSS observations
(Li et al., 2015). Except for GPS, ISB/IFB parameters were
introduced for each system and each GLONASS fre-
quency, and they were estimated as constants over time.
The positioning results were compared with the IGS
weekly solutions (SINEX file). In general, the reference
coordinates have an accuracy of few millimeters.

5.2. Results and discussions

5.2.1. PPP with different products: benefits of multi-GNSS
To avoid (or reduce) the interpolation error of satellite

clocks, firstly the 5-min sampling interval GNSS data were
processed in kinematic PPP mode. Figs. 11 and 12 show,
respectively, the kinematic PPP results with different orbit
and clock products for CUT0 and XMIS (DOY
069/2015). Table 7 summarizes the averaged RMS of kine-
matic positioning error based on the whole solutions. In
general, the GREC PPP shows the best performance,
Receiver type Antenna type Systems

TRIMBLE NETR9 TRM59800.00 GRECJ
TRIMBLE NETR9 TRM59800.00 GRECJ
SEPT POLARX4 SEPCHOKE_MC GRECJ
TRIMBLE NETR9 TRM59800.00 GRECJ
TRIMBLE NETR9 TRM59800.00 GREC

ou-only PPP; GREC-combined PPP
2006)
BeiDou: B1/B2

for raw phase and code, respectively
(s)
l (Boehm et al., 2007) wet component: estimated as random-walk process,

ding Solid Earth tide and ocean tide loading (Petit and Luzum, 2010)
/BeiDou: corrected with conventional PCO values from MGEX (Rizos

bined PPP only)
ic PPP
e
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Table 7
Averaged RMS of kinematic PPP and the corresponding improvement
(unit: m).

RMS (m) Improvement (%)

G R C GREC dG* dR* dC*

East 0.052 0.080 0.139 0.049 5.8 38.8 64.7
North 0.025 0.046 0.096 0.020 20.0 56.5 79.2
Up 0.065 0.107 0.170 0.053 18.5 50.5 68.8

* Improvement computation: dS = (S-GREC)/S, S refers to a specific
satellite system.
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whereas the BeiDou-only PPP shows the worst perfor-
mance. After a short period of convergence, solutions of
the GPS-only, GLONASS-only, and GREC-combined
PPP with different products agree well with each other.
For the GPS-only PPP, the positioning accuracy reaches
5, 3, and 6 cm in the east, north and up directions. The
positioning accuracy of GLONASS-only PPP is worse than
that of GPS-only PPP by a factor of about 1.5, i.e. 8, 5, and
10 cm in the east, north and up directions.

As to the BeiDou-only PPP, the positioning accuracy is
significantly worse than that of GPS- and GLONASS-only
PPP, particularly in up direction. Moreover, one may
notice that the solutions with CODE show the worst per-
formance in Figs. 11 and 12. As we have mentioned above,
all GEO satellites are excluded in CODE precise orbit and
clock products, and consequently it leads to bad solutions
in the case of insufficient number of BeiDou observations.
With the other products in which all BeiDou satellites are
included, an accuracy of 0.2–0.4 m is achieved for most
of the time. This demonstrates the important contribution
of the involved GEO satellites in the case of poor geometry
even though they are not as accurate as that of IGSOs and
MEOs. On the other hand, solutions of GFZ and WU,
which utilize GEOs, show significantly larger variations
and systematic biases than those of CODE. This feature
indicates that improper stochastic model among GEOs,
IGSOs, and MEOs may even deteriorate the positioning
accuracy, which needs further investigation. Compared
against the single-system PPP, the multi-GNSS PPP out-
performs any single-system based PPP in terms of position-
ing accuracy, reliability, and convergence time. The
improvement of positioning accuracy reaches approxi-
mately 10–20%, 40–60%, and 60–80% compared with the
GPS-, GLONASS-, and BeiDou-only PPP. However, it is
worth mentioning that for stations located in China such
as JFNG, it has sufficient number of BeiDou satellites,
and thus the performance of BDS-only PPP shown in
Fig. 13 is almost comparable to that of GPS and GLO-
NASS after convergence. Nevertheless, the current
BeiDou-only PPP is still restricted by the poor geometry,
inaccurate model as well as the limited accuracy of the
orbit and clock products available within the current study
(Montenbruck et al., 2013; Li et al., 2014).
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5.2.2. PPP with different clock intervals: benefits of higher

rate clock

Furthermore, data sets at 30-s sampling intervals were
processed to investigate the influences of interpolation
error of satellite clocks (DOY 130/2015). For simplicity,
GFZ and WU products, the clock intervals of which are
30 s and 5 min, respectively, were used for PPP tests.
Figs. 14 and 15 show the corresponding results for CUT0
Table 8
Averaged RMS of kinematic PPP with different sampling intervals and the co

Clock G/m R/m

East North Up East North Up

5 min 0.034 0.036 0.067 0.058 0.038 0.09
30 s 0.024 0.016 0.038 0.042 0.025 0.04
% 29.4 55.6 43.3 27.6 34.2 51.6
and XMIS, and the statistical positioning accuracies of
each case are summarized in Table 8.

As shown in Figs. 14 and 15, the performances of GPS-
only and GLONASS-only PPP with 5 min sampling inter-
val clocks are much worse than those of solutions with
30 s intervals, indicating that the positioning accuracies
are seriously affected by the interpolation error of satellite
clocks. According to Table 8, the RMS of positioning errors
reaches up to 3–4 cm horizontally and 6–7 cm vertically for
the GPS-only PPP with 5 min sampling clocks. For the
GLONASS-only PPP, the RMS of positioning errors are,
respectively, 5, 4, and 9 cm in the east, north and up direc-
tions when the 5 min interval clocks are used. As for the
BeiDou-only PPP, one may notice that the solutions with
different clock intervals are close to each other, which
means the positioning accuracies are not seriously degraded
by the interpolation error of satellite clocks. To our best
knowledge, the following two aspects may be accounted
for this phenomenon: on the one hand, the interpolation
errors are submerged by the un-modeled errors such as
satellite orbital and clock errors etc. In other words, errors
of the product itself (orbit and clock quality) rather than the
interpolation errors are the major error for the current Bei-
Dou positioning. One the other hand, as we have discussed
in Section 4, the short-term clock stability of the newly
launched BeiDou satellites is overall superior to that of
the aging GPS Block IIA (also IIR) and GLONASS satel-
lites. Consequently, the BeiDou satellite clock corrections
can be interpolated more accurately compared to the legacy
GPS and GLONASS. As to the GREC-combined PPP, the
impacts of satellite clock interpolation error are signifi-
cantly smaller than that of the GPS- and GLONASS-only
PPP. In other words, the multi-GNSS PPP is less sensitive
to the interpolation error compared to the single-system
PPP. Nevertheless, the interpolation error would be detri-
mental to the positioning accuracy even though all the four
constellations are integrated. As listed in Table 8, the posi-
tioning accuracy is improved by an average of 30–50% for
the all the cases except for the BeiDou-only PPP.

To investigate the convergence speed, solutions of the
first two hours on CUT0 are shown in Fig. 16. Obviously,
the higher-rate clock corrections lead to shorter conver-
gence times for the GPS-, GLONASS-only PPP as well
as GREC combined PPP. However, the situations of
BeiDou-only PPP are different. This may be related to
not only clock corrections with different intervals but also
orbit differences between different ACs, which needs fur-
ther investigations.
rresponding improvement.

C/m GREC/m

East North Up East North Up

3 0.058 0.052 0.142 0.038 0.027 0.051
5 0.062 0.068 0.126 0.027 0.015 0.036

�6.9 �30.8 11.3 28.9 44.4 29.4
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Note that the above mentioned centimeter level of accu-
racy of PPP is calculated from several hours of data. But
within a short period of time, the standard deviations can
be much smaller. To confirm this, Fig. 17 shows the posi-
tioning results of CUT0 within 100 epochs after conver-
gence. It shows that the precision (standard deviation) is
about 3–5 mm in horizontal and 8 mm in vertical. This is
consistent with the statistic of Xu et al. (2013), suggesting
the great potential of high-rate GNSS PPP in seismic and
geophysical signal extraction.
6. Conclusions

Following the great success of GPS and GLONASS,
new satellite navigation systems such as Galileo, BeiDou
(or BDS), QZSS, and IRNSS are being built by Europe,
China, Japan, and India, respectively. In response to the
increasing satellites systems, several IGS analysis centers
are presently committed to providing dedicated multi-
GNSS products. Precise orbit products are formatted at
15 min or 5 min intervals, and the precise clock corrections
are provided at 5 min or 30 s intervals.

Due to the different processing strategies and software
used by different analysis centers, orbit and clock
differences among various analysis centers are inevitable.
For the legacy GPS and GLONASS, precise orbit and
clock products from different analysis centers agree well
with each other, owing to their relatively mature models
in orbit determination and clock estimation. However,
the corresponding differences of Galileo and BeiDou are
significantly larger than those of GPS and GLONASS, par-
ticularly for the BeiDou GEO satellites. This may be
related to the imperfect modeling problems (e.g. satellite
antenna phase center correction model, satellite attitude
mode, and solar radium pressure model, etc.) and poor
spatial geometry (i.e. fewer satellites and fewer ground
tracking stations) for the new emerging systems.

Allan deviation analysis shows that clock stability of
onboard GNSS is highly dependent on the satellites gener-
ations, operational lifetime, orbit types, and frequency
standards. In general, the new generations such as GPS
Block IIF (which is also used by QZSS) are superior to
the old ones (Block IIA, IIR, and IIR-M), and RAFS clock
is superior to CAFS clock. An overall trend for GLONASS
is that the older a CAFS clock, the larger is its Allan devi-
ation. The stability of current BeiDou clocks is superior to
that of GLONASS, and the performance of BeiDou MEO
clocks is competitive to the GPS Block IIR (-M) RAFS
clocks, particularly in short-term stability. Galileo PHM
clock has a better performance than RAFS clock, and
the former one is comparable to the GPS IIF RAFS clocks.

As expected, the fusion of multi-GNSS enhances PPP
performance. Compared against the single-system PPP,
the multi-GNSS PPP improves the positioning accuracy
by 10–20%, 40–60%, and 60–80% relative to the GPS-,
GLONASS-, and BeiDou-only PPP. The usage of 30 s
interval clock products decreases interpolation errors,
and the positioning accuracy is improved by an average
of 30–50% for the all the cases except for the BeiDou-
only PPP. Besides, the convergence speed benefit from
the multi-GNSS and higher rate clock products.
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