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Abstract: State of the art Precise Point Positioning (PPP)
is currently based on dual-frequency processing of GPS
and Glonass navigation systems. The International GNSS
Service (IGS) is routinely providing the most accurate or-
bit and clock products for these constellations, allowing
point positioning at centimeter-level accuracy. At the same
time, the GNSS landscape is evolving rapidly, with the
deployment of new constellations, such as Galileo and
BeiDou. The BeiDou constellation currently consists of
14 operational satellites, and the 4 Galileo In-Orbit Vali-
dation (IOV) satellites are transmitting initial Galileo sig-
nals. This paper focuses on the integration of Galileo and
BeiDou in PPP, together with GPS and Glonass. Satellite
orbits and clocks for all constellations are generated us-
ing a network adjustment with observation data collected
by the IGS Multi-GNSS Experiment (MGEX), as well as
from Fugro proprietary reference station network. The or-
bit processing strategy is described, and orbit accuracy for
Galileo and BeiDou is assessed via orbit overlaps, for dif-
ferent arc lengths. Kinematic post-processed multi-GNSS
positioning results are presented. The bene�ts of multi-
constellation PPP are discussed in terms of enhanced
availability and positioning accuracy.
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1 Introduction
The Precise Point Positioning (PPP) technique (Zum-
berge et al. (1997)) has become increasingly signi�cant
in high-precision positioning applications during recent
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years (Kanzaki et al. (2011); Geng et al. (2010)), as it allows
the estimation of accurate receiver coordinates, without
the need of a nearby reference station. PPP has other in-
teresting applications, such as time-transfer (Defraigne et
al. (2008)), ionospheric (Leandro et al. (2007)) and tropo-
spheric characterization (Kjørsvik et al. (2006)), or biases
calibration (Leandro et al. (2010)).

The International GNSS Service (IGS) is routinely gen-
erating the most accurate orbit and clock estimates, for
GPS and Glonass satellites, by means of a dense global
network and several contributing analysis centers (Dow et
al. (2009)). Making use of these products and precise ob-
servation modeling (Kouba and Héroux (2010)), static ab-
solute positioning can be achieved at centimeter level ac-
curacy in post-processing. Sub-decimeter level accuracy
can be achieved in kinematic applications (Hesselbarth
(2011)). Real-time users can also access orbit and clock cor-
rections via RTCM streams, enabling decimeter-level accu-
racy in real-time (Caissy et al. (2012)). In addition, there are
several commercial PPP services making use of GPS and
Glonass, such as Fugro’s G2 (Melgard et al. (2009)) or Trim-
ble’s RTX (Leandro et al. (2011)), which also supports the
Japanese QZSS (Quasi-Zenith Satellite System).

The current development of BeiDou and Galileo con-
stellations o�ers new prospects for precise navigation,
when combined with traditional GPS and Glonass PPP,
thanks to the increased number of satellites available. At
the time of writing, the BeiDou constellation consists of
5 Geostationary Orbit (GEO), 5 Inclined Geosynchronous
Orbit (IGSO) and 4 Medium-Earth Orbit (MEO) satellites,
providing regional coverage around China for continuous
positioning. The constellation deployment is expected to
resume in 2014, with the further development of the MEO
constellation, in order to achieve global coverage before
the end of this decade. The Galileo constellation is cur-
rently composed of 4 initial In-Orbit-Validation (IOV) satel-
lites. The Full Operational Capability (FOC) phase is ex-
pected to start also in 2014 with the launch of the �rst op-
erational satellites.

This article focuses on the contribution of Galileo and
BeiDou to PPP. A prerequisite is the generation of precise
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satellite orbits and clocks for the new constellations. This
is done using a network least-squares adjustment, making
use of observation data from the IGS Multi-GNSS Experi-
ment (MGEX), aswell as fromFugro’s proprietary network,
which has beenmade available for this study. The network
and the observables available are described in section 2.

Ionosphere-free observation equations for multi-
GNSS PPP are presented in section 3, where constellation-
dependent intersystem biases are introduced, for Galileo
and BeiDou. The processing strategy for orbit and clock
estimation is presented in section 4, together with an as-
sessment of the orbit accuracy. The estimated intersystem
biases are presented in section 5. Kinematic multi-GNSS
positioning results are presented in section 6, where the
bene�ts of adding Galileo and BeiDou to PPP are dis-
cussed. Conclusions are summarized in section 7.

2 Tracking data
For GPS andGlonass, the International GNSS Service (IGS)
has been providing observation data for scienti�c pur-
poses during the last twenty years. With the development
of new navigation systems, IGS started in 2011 the Multi-
GNSS Experiment (MGEX) (Rizos et al. (2013)), aiming at
upgrading the current stationnetwork to support new con-
stellations. Most of the stations in the MGEX campaign are
Galileo-capable, and a subset of them are also tracking
BeiDou. The network also observes the Japanese QZSS sys-
tem, but this systemhas not been included in this study, as
the contribution to PPP is still relatively small, with only
one satellite (QZSS-1) available at themoment. At the same
time, Fugro is operating aworldwide reference station net-
work for supporting its commercial positioning services,
mainly for maritime applications. A subset of the stations

Fig. 1. Geographical distribution of MGEX and Fugro stations, indi-
cating tracking capability for Galileo and Beidou (August 2013).

in the network has been upgraded to Galileo and BeiDou
capability.

Amap of the stations available in both networks is de-
picted in Fig. 1. It can be observed that, although there is a
concentration of stations in Europe, the network still pro-
vides a fairly good global coverage. Particularly relevant
are the stations located in Asia-Paci�c area, for the track-
ing of BeiDou IGSO and GEO satellites.

Regarding the frequency plan for the new con-
stellations, BeiDou is broadcasting signals in three
carrier frequencies: 1589.74 MHz (B1), 1207.14 MHz
(B2) and 1268.52 MHz (B3) (Grelier (2007)), whereas
Galileo is transmitting open signals in E1 (1575.42 MHz),
E5a (1176.45 MHz), E5b (1207.14 MHz) and E5a+b
(1195.795 MHz) (European Commision (2010)), in addi-
tion to the future commercial service in the E6 carrier
(1278.75 MHz). It is to be noted that BeiDou and Galileo
are sharing the B2/E5b carrier, while Galileo and GPS are
sharing both L1/E1 and L5/E5a carriers. This opens the
door to interoperability applications, which are out of the
scope of this study. The reader is referred to Melgard et al.
(2013) for a study on interoperability of GPS and Galileo
using E1/E5a in PPP.

All the Fugro stations, equipped with Trimble NETR9
receivers, are providing Galileo and BeiDou data in all
frequencies. However, it has been found that, for MGEX
stations, the signals availability depends on the receiver
model, the �rmware installed in each receiver and/or the
way of generating Rinex3 �les from raw data. Table 1 sum-
marizes the number of stations per receiver type in the net-
work, and the availability of Galileo and BeiDou tracking
for each receiver type.

For instance, the majority of Javad G3T Delta receivers
are tracking Galileo only on E1 and E5a frequencies. Ac-
tually only one Javad receiver (WTZZ, Wetzell, Germany),
which is equipped with the most modern receiver board
and �rmware, is also tracking E5b and E5a+b signals, as
well as BeiDou B1 and B2 signals.

Septentrio receivers are generally not able to track the
BeiDou B3 signals, due to a limitation in the current re-
ceiver �rmware. Some other stations equipped with Trim-
ble NETR9 receivers are not providing any Galileo or Bei-
Dou measurements, probably due to the way these re-
ceivers are con�gured by the station operators.

In order tomaximizedata availabilitywith the existing
observations, Galileo E1 and E5a, as well as BeiDou B1 and
B2 signals have been selected for the subsequent analysis.
The observables are processed using the ionosphere-free
linear combination, whose observation equations are de-
tailed in the next section.
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Table 1. Receiver type distribution in the MGEX network as per August 15th, 2013. Number of stations tracking each Galileo and BeiDou fre-
quency are shown.

Receiver Brand Model Number of stations
Galileo BeiDou

E1 E5a E5b E5a+b B1 B2 B3

Javad
Delta G2T 3 3 3 0 0 0 0 0
Delta G3T 23 23 23 1 1 1 1 0

Leica
GR10 4 4 4 4 4 0 0 0
GR25 4 4 4 1 1 0 0 0

GRX1200 5 5 5 5 5 0 0 0
Novatel OEM6 1 1 1 0 0 0 0 0

Septentrio

AsteRx3 1 1 1 1 1 1 1 0
PolaRx4 6 6 6 6 6 6 6 0

PolaRx4TR 2 2 2 2 2 1 1 0
PolaRxS 1 1 1 1 1 1 1 0

Trimble NETR9 26 22 22 22 22 17 17 17
TOTAL 76 72 72 43 43 27 27 17

3 Observations equations
For this study, the GPS observation equations proposed
in Collins et al. (2008) have been extended for accommo-
dating multi-GNSS observations, adding inter-systembias
parameters betweendi�erent constellations. The resulting
ionosphere-free observations equations, for each GNSS,
for pseudorange P and carrier-phase L, between station i
and satellite j, are:

Pj,GPSi = ρji + ν
jΓi + c

(
δti − δtj

)
+ εPi (1)

Lj,GPSi = ρji + ν
jΓi + c

(
δti − δtj

)
+ aji + εLi (2)

Pj,GLOi = ρji + ν
jΓi + c

(
δti − δtj + ISBj,GLOi

)
+ εjPi (3)

Lj,GLOi = ρji + ν
jΓi + c

(
δti − δtj + ISBj,GLOi

)
+ aji + ε

j
Li (4)

Pj,GALi = ρji + ν
jΓi + c

(
δti − δtj + ISBGALi

)
+ εjPi (5)

Lj,GALi = ρji + ν
jΓi + c

(
δti − δtj + ISBGALi

)
+ ai j + εjLi (6)

Pj,BEIi = ρji + ν
jΓi + c

(
δti − δtj + ISBBEIi

)
+ εjPi (7)

Lj,BEIi = ρji + ν
jΓi + c

(
δti − δtj + ISBBEIi

)
+ aji + ε

j
Li (8)

where:

– ρji is the geometric distance between station and satel-
lite, assuming relevant corrections, such as antenna
phase center corrections or phase wind-up, have been
already accounted for.

– νjΓi is the wet tropospheric delay between station and
satellite, where Γi is the tropospheric zenith delay
and νj is the associated elevation-dependingmapping
function. The dry component of the tropospheric de-
lay is removed from the observations using an a-priori
model.

– δti and δtj are the epoch-wise receiver and satellite
clock o�sets, respectively. Following this notation, it
has been assumed that there is a single receiver clock
common to all observables fromdi�erentGNSS.GNSS-
di�erences are accounted for in the intersystem-bias
terms.

– c is the speed of light.
– ISBj,GLOi is the GPS-Glonass intersystem-bias term. It

is to be noted that this bias depends on each station
i and satellite j, due to the Frequency Division Multi-
ple Access (FDMA) scheme implemented by Glonass,
which induces receiver- and satellite-dependent inter-
channel biases. As shown in Reussner andWanninger
(2011), each frequency (satellite) encounters a slightly
di�erence delay in the receiver.

– ISBGALi and ISBBEIi are the GPS-Galileo and GPS-
BeiDou intersystem-biases, respectively. Contrary to
Glonass, it is to be noted that these are satellite-
independent, as Galileo and BeiDou have adopted
the Code Division Multiple Access (CDMA) scheme,
meaning that all satellites from the same constella-
tion use the same carrier-frequency. Signi�cant bi-
ases appear though depending on the receiver model,
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but might depend also on the digital signal process-
ing (�rmware) happening inside the receiver. It needs
to be mentioned that the new generation of Glonass
satellites (Glonass-K) is expected to implement CDMA
as well.

– aji is the ambiguity term between station and satellite,
associated to the carrier-phasemeasurements. For the
ionosphere-free linear combination, this term is in
general not integer, due to non-integer nature of the
combination coe�cients, and the presence of satel-
lite and receiver hardware delays (Laurichesse et al.
(2009)).

– εjPi and ε
j
Li are unmodelled e�ects, such as thermal

noise and multipath, for pseudorange and carrier-
phase, respectively. It is to be noted that, for GNSS
measurements, εjLi � εjPi .

4 Orbit and clock estimation

4.1 Processing strategy

For estimation of orbit and clocks, NAPEOS (Springer and
Dow (2009)) software package has been used. The soft-
ware has been extended to process BeiDou, on top of the
existing capabilities for GPS, Glonass andGalileo. The pro-
cessing strategy, depicted in Fig. 2, will be described next.

In order to obtain an a-priori orbit, broadcast
ephemeris can be used for GPS and Glonass. For Galileo,
test ephemeris started in March 2013, but satellites are
still unhealthy meaning that this data might not always
be reliable. For BeiDou, MGEX stations are at the moment
not providing any ephemeris. For these reasons, Two Line
Elements (TLEs) are used, for both Galileo and BeiDou, in
order to obtain an a-priori orbit initialization. The accu-
racy of this a-priori orbit is at sub-kilometer level. TLEs can
be downloaded from www.space-track.org, which also in-
cludes the format description. In a �rst processing step,
a least-squares estimation using only pseudorange obser-
vations is performed, in order to improve the TLE-derived
orbits and to obtain a-priori satellite clocks for Galileo and
BeiDou. After this step, the orbit accuracy is aroundmeter-
level, similar to what is obtained for GPS and Glonass via
broadcast ephemerides.

In a second step, both pseudorange and carrier-phase
observations are used, in order to bene�t from the preci-
sion of the carrier-phasemeasurements. Estimated param-
eters are the satellite state vectors, solar radiation pressure
parameters, wet tropospheric delays, satellite and station

Fig. 2. Processing strategy for generation of orbit and clocks, in-
cluding Galileo and BeiDou.

clocks, intersystem-bias terms and carrier-phase ambigui-
ties.

Finally, in order to obtain suitable clocks for PPP at
30 seconds sampling, a �nal clock densi�cation process
is performed. In this �nal step, only station and satellite
clocks are estimated. All other parameters are kept �xed
to the previous estimates.

4.2 Modeling for Galileo and BeiDou

A summary of the models being used for all constellations
is presented inTable 2. Being relatively newconstellations,
BeiDou and Galileo have a number of modeling limita-
tions compared to more mature systems, such as GPS and
Glonass. The impact of these limitations will be addressed
in the current section.

GPS and Glonass precise antenna phase center correc-
tions (Schmid et al. (2007)) have been made available as
part of the IGS activities via the Antenna Exchange (AN-
TEX) format, both for transmitting and receiving antennas.
These precise corrections are not available yet for either
Galileo or BeiDou. For satellite antennas, theMGEXproject
has released approximate values for the distance between
the satellite center of mass and the antenna phase center.
These are [0.2, 0, 0.6] m for Galileo and [0.6, 0, 1.1] m for
BeiDou, XYZ in the satellite body-�xed reference frame. It
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Table 2. Summary of models used for multi-GNSS processing.

GPS Glonass Galileo BeiDou
Observation sampling 30 seconds

Elevation cut-o� 10 degrees
Signal selection L1/L2 E1/E5a B1/B2

Antenna phase-center corrections IGS Antex �le A-priori values
Tropospheric modeling GPT/GMF Boehm et al. (2007)
Ionospheric modeling First order removed by linear combination

Solar Radiation Pressure CODE Empirical Model with 5 parameters

is expected that these values have an uncertainty around
decimeter level. Nadir- or azimuth-dependent corrections
are not available for these constellations so far.

On the receiving antennas, the phase center o�set and
azimuth- and elevation-dependent variations for Galileo
and BeiDou frequencies are expected to be slightly di�er-
ent (up to few centimeters) to the ones used for GPS, due
to the di�erent frequencies used by Galileo and BeiDou.
At the time of writing, there are no publicly available cali-
brations for the antennas used in MGEX stations. For this
study, GPS calibrations have beenused for Galileo andBei-
Dou, which introduces an additional uncertainty below
decimeter level.

Satellite attitude modeling is not fully known for the
new constellations. Under nominal attitude, yaw-steering
mode has been assumed for Galileo and BeiDou, in the
same way as for GPS (Kouba (2008)). The behavior of the
new satellites under eclipse seasons remains a topic for
further research. A mismodelling of the satellite attitude
in GNSS impacts the wind-up correction in carrier-phase
measurements (Wu et al. (1993)), due to the relative orien-
tation between transmitting and receiving antennas.

In order to limit the impact of this uncertainty in PPP,
the very same models have been applied in the orbit ad-
justment and in the precise point positioning estimation.

4.3 Orbit quality

For the orbit estimation, two di�erent sets of daily solu-
tions have been generated, in order to assess the impact
of the orbit arc length on the orbit accuracy. The �rst solu-
tion is based on 24 hours arcs, while the second is based of
72 hours, where the central 24 hours are extracted as daily
solutions.

In order to estimate the orbit quality for GPS and
Glonass, a comparison with IGS Final products has been
performed. For the 3-day arc orbits, the monthly RMS is
1.7 cm for GPS, 3.9 cm for Glonass.

Regarding BeiDou and Galileo satellites, the orbit
precision can be assessed measuring orbit di�erences
between consecutive solutions at day boundaries. The
monthly RMS values obtained for these day boundary dif-
ferences, for both 1-day and 3-days arc solutions, for each
Galileo and BeiDou satellite, are shown in Table 3. Sample
GPS and Glonass satellites have been included for refer-
ence.

It can be observed that 3-day orbit solution improves
signi�cantly the orbit precision with respect to the 1-day
solution, thanks to the better observability of the orbit
dynamics over longer data arcs. Additionally, GEO orbit
precision is typically lower than MEO and IGSO orbits,
mainly on the along-track component. This could be ex-
plained by the fact that there is no geometry variation
between the GEO satellites and the reference station net-
work, which weakens the orbit estimation. Nevertheless,
sub-decimeter level accuracy could still be achievedon the
radial and cross-track components.

It is also interesting to note that the 3-day orbit so-
lutions for IGSO satellites C07 and C10 are signi�cantly
worse than other IGSO satellites. The reason being that
these satellites were under Earth eclipse periods during
the �rst two weeks of August 2013. As mentioned ear-
lier, precise attitude modeling for these satellites needs to
be studied in order to obtain accurate orbits also during
eclipse seasons.

For Precise Point Positioning, the 3-day orbit solu-
tion will be used, in order to achieve the highest possi-
ble accuracy. Additionally, the GEO satellites have been
deweighted with a factor of 3 in PPP with respect to IGSO
andMEO, in order to account for orbit uncertainty in these
satellites.

5 Intersystem biases
When processing multi-GNSS observations, intersystem-
biases need to be taken into account. For Glonass, these
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Table 3. Orbit day-boundary di�erences (RMS), during August 2013, for 24 and 72 hours orbit arcs. All units are centimeters.

Satellite Type PRN
1-day orbit arcs 3-day orbit arcs

Radial Along-track Cross-track Radial Along-track Cross-track

GPS
G01 4.5 4.6 2.7 0.6 0.5 0.5
G25 1.7 5.3 2.3 0.4 0.5 0.5

GLONASS
R02 3.1 7.7 4.4 0.3 1.1 1.3
R03 3.1 8.1 4.7 0.4 1.3 1.2

Galileo

E11 7.4 18.3 9.8 2.7 11.6 3.4
E12 6.0 15.0 9.5 3.5 8.7 2.3
E19 4.8 22.5 12.3 1.3 3.7 3.5
E20 4.2 19.2 9.3 1.2 3.7 3.5

BeiDou GEO

C01 16.2 87.3 15.2 2.0 24.2 3.9
C02 81.9 185.9 9.0 6.3 30.7 11.9
C03 45.8 121.0 19.3 10.4 38.7 5.1
C04 34.4 76.7 10.6 3.3 25.9 5.2
C05 50.1 113.7 15.3 5.3 30.7 9.1

BeiDou IGSO

C06 58.9 22.4 16.9 3.0 4.3 2.7
C07 24.7 22.1 24.3 15.4 60.5 11.8
C08 22.8 12.8 16.6 1.8 4.7 2.5
C09 17.0 10.9 10.2 1.0 2.2 1.8
C10 24.6 15.3 17.6 13.1 35.1 9.6

BeiDou MEO

C11 4.5 44.8 11.5 1.2 6.6 2.6
C12 4.2 54.3 10.6 1.4 7.3 2.8
C13 5.0 48.5 16.2 0.9 7.9 4.8
C14 5.2 50.2 17.7 0.9 8.2 5.2

biases have been extensively analyzed in the litera-
ture (Chuang et al. (2013); Wanninger (2012)), and this
study will mainly focus on Galileo and BeiDou. As de-
scribed in section 3, a single parameter per station and sys-
tem (either Galileo or BeiDou) is enough to account for in-
tersystembiases, as all satellites are using the same carrier
frequency.

Additionally, in order to de�ne the clock datum, a
zero-mean condition has been applied to all intersystem-
biases in the orbit and clock estimation process, for each
constellation. This approach allows assessing relative dif-
ferences in intersystem-biases between di�erent receivers
in the network.

The daily intersystem biases for each constellation are
depicted in Fig. 3. Generally, a strong receiver-type depen-
dency can be observed, with all stations with the same
receiver model showing similar biases. An exception has
been found in receiver WTZZ (Javad Delta G3T), which
shows signi�cant di�erences with respect to other Javad
receivers. One possible explanation is that this receiver
has a di�erent architecture that allows it to track also Bei-
Dou. It is also to be noted that the BeiDou intersystem-
bias for WTZZ is di�erent by more than 100 ns compared
to Trimble or Septentrio receivers, meaning the e�ect is

signi�cant enough and cannot be ignored for precise ap-
plications. Additionally, it is noticeable that there are still
small remaining di�erences with stations equipped with
the same receiver type. This might be due to antenna-
or cable-induced delays, or thermal e�ects between hard-
ware installations at di�erent locations.

Fig. 3. Intersystem-bias estimates for several receivers in the MGEX
network, for Galileo (top) and BeiDou (bottom).
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Fig. 4.MGEX stations selected for multi-GNSS PPP.

6 Precise Point Positioning
assessment

For multi-constellation Precise Point Positioning, a new
kinematic PPP algorithm has been implemented in
NAPEOS, based on sequential least squares, following
the guidelines given in Kouba (2009), and the observation
equations described in section 3.

In order to assess the e�ect of multi-constellation
precise point positioning, some reference stations from
the MGEX network have been selected. These are KOUR
(Kourou, French Guyana), BRST (Brest, France), NNOR
(New Norcia, Australia) and JFNG (Jiufeng, China). The
station locations are indicated in Fig. 4.

All stations are trackingGPS,Glonass, Galileo andBei-
Dou MEO. In addition, JFNG and NNOR are also tracking
BeiDou IGSO and GEO satellites, thanks to their geograph-
ical location.

Figure 5 shows kinematic multi-GNSS PPP results for
station NNOR on August 26th, 2013. The 95% position error
quantiles are 1.74, 1.16 and 3.95 cm, in the East, North and
Up components, respectively, after removing the �rst two
hours of convergence period.

It is interesting to notice the high number of satellites
available for PPP when using all 4 constellations, result-
ing in a very stable geometry (Dilution of Precision-DOP).
In order to assess the bene�ts of multi-GNSS PPP, daily
kinematic PPP results have been obtained for the month
of August 2013, for all four stations, in di�erent con�g-
urations: GPS only, GPS+Glonass, GPS+Glonass+Galileo
and GPS+Glonass+Galileo+BeiDou. The monthly average
of the daily 95%position error percentile is summarized in
Fig. 6. As shown in previous studies (Hesselbarth (2011)),
the contribution of Glonass on top of GPS is quite signif-
icant in terms of kinematic positioning, thanks to the in-
creased number of satellites available and improved ge-
ometry. For example, the NNOR vertical error is reduced

Fig. 5. PPP Kinematic results for station NNOR on August 26th, 2013.

by 36.3% when adding Glonass on top of GPS. Galileo fur-
ther improves the vertical error by 3.5%, and the addi-
tional improvement with BeiDou is 6.7%. The contribution
ofGalileo on topofGPSandGlonass is relatively small, due
to the small number of satellites available, which is visible
from a station for limited hours per day. The contribution
of BeiDou is slightly more important, especially in JFNG
andNNOR, where IGSO and GEO also contribute to the po-
sitioning solution in those locations. Multi-constellation

Fig. 6.Multi-constellation kinematic positioning statistics for sev-
eral stations in MGEX.

PPP is particularly suitable in situations with reduced sky
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visibility, where the increased number of satellites allows
to obtain a signi�cant higher availability and accuracy
compared to standalone GPS. In order to simulate this sce-
nario, the PPP engine has been run with several elevation
cut-o� angles from 0 (full sky visibility) to 35 (reduced sky
visibility) degrees. The results for station NNOR are de-
picted in Fig. 7, in terms of positioning accuracy and av-
erage dilution of precision. It can be observed how the ac-
curacy of the GPS-only solution degrades rapidlywith par-
tial sky visibility. The multi-GNSS solution behaves signif-
icantly better in this condition, in particular the one with
all four constellations, where sub-decimeter level accu-
racy can still be obtained even in the 35 degrees cut-o� sce-
nario, mainly thanks to the increased number of satellites
visible for BeiDou, on top of GPS, Glonass and Galileo. In
this case, Galileo improves the vertical accuracy by 12.6%,
and BeiDou brings an additional 33.1% improvement. Fig-

Fig. 7. Positioning statics and Dilution of Precision (DOP), for di�er-
ent stations and cut-o� angles, for station NNOR on August 26th,
2013.

ure 8 represents the position availability for stations JFNG
and NNOR with di�erent elevation cut-o� angles. Posi-
tion availability is here de�ned by the percentage of time
when 5 or more satellites are visible with a Geometric DOP
(GDOP) lower than 10.

The solution with all four systems is signi�cantly bet-
ter. It needs to be mentioned that these results correspond
to stations where BeiDou IGSO and GEO are available.
In other regions of the world, the improvement is cur-
rently not so signi�cant. A worldwide contribution will

be achieved when Galileo and BeiDou MEO constellations
will be fully deployed.

Regarding static PPP, it has been found that the addi-
tion of Galileo and BeiDou does not signi�cantly improve
the daily coordinate repeatability. The reason is that the
quality of 24 hours GPS-only PPP is already at centimeter
level, and the addition of new constellations does not im-
prove signi�cantly the accuracy. This was shown already
for the case of Glonass in Hesselbarth (2011).

Fig. 8. PPP availability for stations NNOR and JFNG on August 26th,
2013.

7 Summary and Conclusions
The GNSS landscape is evolving rapidly, with the addition
of emerging satellite systems on top of GPS andGlonass. In
this study, precise orbit estimation results have been pre-
sented for Galileo and BeiDou. The achieved orbit preci-
sion is generally at sub-decimeter level for Galileo andBei-
DouMEO and IGSO satellites. The orbit estimation for GEO
satellites is challenging due to the lack of geometry varia-
tionwith respect of the reference station network, and pre-
cision estimates are at few decimeter level. Satellite mod-
eling remains an area for further research, in terms of an-
tenna phase center corrections and precise attitude mod-
elling.

Signi�cant intersystem-biases di�erences have been
detected between di�erent receiver brands, which cannot
be neglected for precise applications. Extended observa-
tion equations have been presented to accommodate these
biases, both in network adjustment and PPP solutions.

Multi-GNSS PPP kinematic results show enhanced ac-
curacywhenusing all four satellite systems together. How-
ever, the accuracy improvement is relatively small com-
pared to the GPS+Glonass case under good sky visibil-
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ity. The improvement becomes more signi�cant under re-
duced sky visibility conditions, where the increased num-
ber of satellites allows obtaining signi�cantly higher ac-
curacy and availability for the position solution. This is
particularly visible in the Asia-Paci�c area where BeiDou
IGSOandGEOsatellites are available for positioning. It can
be expected that this level of performancewill be extended
worldwidewith the further deployment of Galileo and Bei-
Dou during this decade.

In this context, the data provided by the IGS MGEX
campaign is highly valuable for the scienti�c community
to get a better understanding of the newGNSS systems and
signals. This study would not have been possible without
such data. The authors are also grateful to Fugro for deliv-
ering the reference station data for scienti�c purposes.
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