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Abstract

Over the past five years, the International GNSS Service (IGS) has made continuous efforts to extend its service from GPS and GLO-
NASS to the variety of newly established global and regional navigation satellite systems. This report summarizes the achievements and
progress made in this period by the IGS Multi-GNSS Experiment (MGEX). The status and tracking capabilities of the IGS monitoring
station network are presented and the multi-GNSS products derived from this resource are discussed. The achieved performance is
assessed and related to the current level of space segment and user equipment characterization. While the performance of orbit and clock
products for BeiDou, Galileo, and QZSS still lags behind the legacy GPS and GLONASS products, continued progress has been made
since launch of the MGEX project and already enables use of the new constellations for precise point positioning, atmospheric research
and other applications. Directions for further research are identified to fully integrate the new constellations into routine GNSS
processing. Furthermore, the active support of GNSS providers is encouraged to assist the scientific community in the generation of fully
competitive products for the new constellations.
© 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The International GNSS Service (IGS; Dow et al., 2009;
Johnston et al., 2017) is a volunteer association formed by
numerous universities, research institutions, as well as
geodetic and space agencies around the globe, which work
together to provide highest-quality GNSS data and prod-
ucts on a freely accessible basis for scientific advancement
and public benefit. Over the twenty years of its existence,
the IGS has continuously advanced the quality of GPS,
and later GLONASS, orbit and clock products, thus
enabling cutting-edge research and  engineering
applications.

While one or two global navigation systems may well be
considered sufficient for common users, a growing interest
in the build-up of independent national positioning, navi-
gation, and timing (PNT) capabilities has triggered a race
for new global and regional navigation satellite systems
(GNSSs/RNSSs) at the turn of the millennium. The
launches of the first Galileo In-Orbit Validation Element
(GIOVE) satellite in 2005 and the first test satellite of the
Chinese BeiDou-2 constellation (Compass-M1) in 2007
marked the start of a new era in satellite navigation.

Even though remarkable scientific progress has been
made (and continues to be made) with legacy GPS and
GLONASS observations, the ongoing modernization and
the build-up of new constellations offers exciting prospects
for further improvement:

e The larger number of satellites and signals-in-space ben-
efits positioning through a reduced dilution of precision
(DOP) and offers an improved sky coverage for atmo-
spheric remote sensing from ground (Li et al., 2015a)
and space (Harnisch et al., 2013). It also helps to
improve the reliability and convergence time for precise
point positioning applications (PPP; Tegedor et al.,
2014; Li et al., 2015b,c; Ge et al., 2016).

e The availability of unencrypted signals on at least two
frequencies and the advanced signal structure of the
new GNSSs (Betz, 2016) enables improved tracking per-
formance in terms of precision and robustness with an
overall benefit for the availability of measurements. This
is of great interest for tracking under severe scintillation
but likewise for spaceborne radio occultation (Anthes,
2011) and reflectometry observations (Foti et al., 2015)
that are collected at extremely low signal power levels.
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e The transmission of triple-frequency signals enables new
concepts for signal quality assessment (Simsky, 2006) as
well as integer ambiguity resolution in relative naviga-
tion and PPP (Teunissen et al., 2002; Ji et al., 2007;
Wang and Rothacher, 2013; Tang et al., 2014).

e High-quality clocks onboard the new generations of
GNSS satellites enable more accurate inter- and extrap-
olation of clock offsets with benefits for GNSS radio
occultation and real-time PPP (Montenbruck et al.,
2012a; Hauschild et al., 2013; Griggs et al., 2015).

e With respect to Earth rotation monitoring and the real-
ization of the global terrestrial reference system, the use
of different orbital planes, altitudes and orbital periods
of new GNSSs offers an improved diversity. In particu-
lar, the non-daily repeat orbits of GLONASS, BeiDou
and Galileo may help to reveal systematic effects caused
by the 2:1 commensurability of the GPS orbital period
and the Earth’s rotation (Meindl et al., 2011, 2013;
Lutz et al., 2016).

The Cooperative Network for GIOVE Observations
(CONGO) built up since 2008 by various German partners
(Montenbruck et al., 2009, 2011) provided initial access to
new signals and satellites based on the first commercially
available multi-GNSS receivers. It enabled an initial char-
acterization and utilization of the modernized GPS and the
new Galileo system, and paved the way for a wider recog-
nition of the new constellations in the scientific community.
Following the successful examples of the International
GLONASS Experiment (IGEX; Willis et al., 1999) and
the International GLONASS Service Pilot Project
(IGLOS; Weber et al., 2005a), which were conducted to
demonstrate the interoperability of GPS and GLONASS
and to promote their joint use for scientific applications,
the IGS initiated the Multi-GNSS Experiment (MGEX)
through a call-for-participation' in mid 2011. The call rec-
ognized ‘“‘the availability of new additional GNSS signals
and new constellations on the horizon” and aimed at
preparing the IGS “for this next phase in the evolution
of the IGS to eventually generate products for all GNSS
available”. The coordination of MGEX-related activities
resides within the Multi-GNSS Working Group
(Montenbruck and Steigenberger, 2016), which comprises
representatives of MGEX data and analysis centers
(ACs) as well as selected experts on the subject.

With the build-up of a global and dense multi-GNSS
network, MGEX enabled an early familiarization with
the diversity of new signals and laid the foundation for a
systematic characterization of the new navigation satellite
systems. Precise orbit and clock products generated from
the observations of the MGEX network have found exten-
sive use in multi-GNSS positioning experiments and other
applications. Considering the maturity of the multi-GNSS
network and the products already provided by multiple

! ftp://igs.org/pub/resource/pubs/IGS%20M-GEX%20VFE pdf.

MGEX ACs, the IGS ultimately decided to change the sta-
tus of MGEX in early 2016. It is now conducted as the
“IGS Multi-GNSS Pilot Project” while retaining the well
established and widely accepted ‘‘trademark” MGEX.
Within the coming years, continued efforts will be made
to fully integrate all multi-GNSS activities into the regular
IGS service portfolio, to offer coherent and transparent
access to all existing satellite navigation systems, and to
enable their joint use in high-precision science and engi-
neering applications.

The article starts with an overview of new signals made
available in the course of GPS/GLONASS modernization
and presents the current deployment status of new regional
and global navigation systems (Section 2). Subsequently,
the evolution and status of the IGS multi-GNSS network
are presented in Section 3 along with an overview of the
data centers. Orbit and clock products of the new constel-
lations are discussed in Section 4. Aside from an assess-
ment of the achieved performance, specific problems of
the orbit, attitude, and measurement modeling are
addressed. Section 5 is devoted to signal- and system-
related biases, which represent a major conceptual and
practical challenge for high-precision multi-GNSS process-
ing. Relevant standards and conventions for multi-GNSS
product generation and applications are finally discussed
in Section 6, before presenting our summary and conclu-
sions (Section 7).

2. New signals and constellations
2.1. Overview

At the time of writing (October 2016), the GPS constel-
lation is made up of three different blocks of satellites
(Table 1). All of them transmit the legacy L1 C/A signal
and the encrypted P(Y) signals on L1/L2, which are most
widely used by present GPS users. In addition, the new civil
L2C signal and the aeronautical L5 signal are broadcast by
the more recent generations of Block IIR-M (L2C) and IIF
(L2C and L)) satellites. Both signals also carry a new civil
navigation message (CNAV) with enhanced content and
precision. Even though the availability of three civil signals
opens interesting perspectives for, e.g., ambiguity resolu-
tion in precise GPS applications, the full potential of
triple-frequency navigation is still difficult to realize due
to time-varying biases between the L1, L2, and L5 carriers
in the Block ITF satellites (Montenbruck et al., 2012b).
With a total of 19 L2C-capable satellites and 12 L5-
capable satellites, an open dual-frequency service cannot
be assured, yet, but availability of a 24-satellite constella-
tion is expected by 2018 and 2024, respectively, after
launching an adequate number of GPS III satellites
(DOT, 2015). Block IIA satellites that have served as the
backbone of the GPS for almost two decades, were finally
removed from the constellation in early 2016 (but continue
to be available as spare satellites when needed).
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Table 1

Status of navigation satellite systems as of October 2016. MEO = medium altitude Earth orbit, IGSO = inclined geosynchronous orbit, GEO = geo-
stationary Earth orbit, IOV = In-Orbit Validation, FOC = Full Operational Capability. Numbers in brackets refer to satellites that have not yet been

declared operational or offer restricted functionality.

System Block Signals Satellites
GPS IIR L1 C/A, L1/L2 P(Y) 12
IIR-M L1 C/A, L1/L2 P(Y), L2C, L1/L2 M 7
IIF L1 C/A, L1/L2 P(Y), L2C, L1/L2 M, L5 12
GLONASS M LI/L2 C/A &P 23
M+ LI/L2 C/A & P, L3 1
K LI/L2 C/A & P, L3 1+(1)
BeiDou-2 MEO B1-2, B2, B3 3
IGSO B1-2, B2, B3 6
GEO B1-2, B2, B3 5+(1)
BeiDou-3 MEO B1-2, Bl, B2, B3ab 2+(1)
1GSO B1-2, Bl, B2, B3ab 2
Galileo Iov El, E6, E5a/b/ab 3+(1)
FOC El, E6, E5a/b/ab 6+(4)
QZSS I L1 C/A, L1C, L1 SAIF, L2C, L6 LEX, L5 1
IRNSS IGSO L5/S SPS & RS 4
GEO L5/S SPS & RS 3

The GLONASS constellation is mainly composed of
GLONASS-M satellites, but already includes one modern-
ized GLONASS-M+ satellite and two GLONASS-KI
satellites. Aside from advanced features such as inter-
satellite links, laser time transfer capability and/or
improved clocks, the new GLONASS satellites support
transmission of the new L3 code division multiple access
(CDMA) signal (Urlichich et al., 2011). So far, however,
an official interface control document (ICD) is lacking for
this signal and availability of a full constellation with L3
capability is unlikely to occur before the end of this decade.
Early characterization and utilization of the new GLO-
NASS L3 signal is reported in Zaminpardaz et al. (2016).

Next to GPS and GLONASS, the regional, second-
generation BeiDou system (BeiDou-2 or BDS-2) is the
third navigation satellite system that has declared an oper-
ational service. It is made up of satellites in medium alti-
tude Earth orbit (MEO), inclined geosynchronous orbit
(IGSO), and geostationary Earth orbit (GEO). For civil
users, BDS-2 offers a signal on the B1-2 side-wing of the
B1 band as well as a signal on the B2 (=E5a) band which
are fully documented in the open service signal ICD
(China Satellite Navigation Office, 2016). Furthermore,
an authorized signal on the B3 center frequency can be
tracked by various geodetic receivers based on information
on the signal modulation and ranging code revealed by
high-gain antenna analyses (Grelier et al., 2007; Gao
et al., 2009). BeiDou was thus the first system providing
triple-frequency signals on all satellites and enabling the
validation of triple-frequency navigation algorithms with
a full regional constellation.

Shortly after completion of the regional BDS-2 system,
China proceeded with the build-up of a global system also
known as BeiDou-3 or BDS-3. So far, three MEO and two

IGSO satellites have been launched (Tan et al., 2016). Even
though no details of the signal structure have been publicly
disclosed by the respective authorities, initial observations
of the transmitted signals suggest that only the open service
B1-2 signal will be inherited for compatibility with BDS-2,
while advanced modulations (resembling the planned GPS
L1C TM-BOC modulation and the Galileo AltBOC mod-
ulation) will be provided on the B1 and B2 (=E5ab) fre-
quencies (Xiao et al., 2016).

The European Galileo system has presently 14 satellites
in orbit, which includes 9 satellites providing healthy sig-
nals and valid navigation messages as well as two satellites
in the commissioning phase. GSAT-104 suffers from a fail-
ure of the E5/E6 transmission. GSAT-201 and GSAT-202
have been injected into a wrong orbit and are assigned a
“testing” status on the constellation information page of
the European GNSS Service Centre” While the latter two
satellites are unlikely to ever become a part of the opera-
tional constellation, they offer proper navigation signals
and (most recently) broadcast navigation messages, which
allows their use for real-time navigation, PPP and even
specific research applications (Delva et al., 2015). Galileo
provides an open signal in the E1 band that shares key
properties of the future GPS L1C signal as well as a wide-
band signal covering the E5ab band. The alternating bin-
ary offset carrier (AItBOC) modulation can either be
tracked as a composite signal or as distinct signals in the
E5a and ESb sub-bands. Since the Galileo E1 and E5a sig-
nal frequencies match the L1 and L5 frequencies of GPS,
both constellations provide ideal conditions for being trea-
ted as a “system of systems” (Hein et al., 2007) in future

2 https://www.gsc-europa.eu/system-status/Constellation-Information.
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GNSS applications. A very first initial service is expected to
be declared before the end of 2016 (ION, 2016).

The Japanese Quasi-Zenith Satellite System (QZSS)
aims at the build-up of a regional navigation/augmentation
service starting with three IGSO satellites and one GEO
satellite by 2018. So far, a single Block I satellite (QZS-1,
“Michibiki”) has been launched in 2010 and is used for
testing of signals and services since about six years. The sig-
nals transmitted by the QZSS satellites include a basic set
of four signals inherited from GPS but using distinct
pseudo-random noise (PRN) codes and slightly adapted
navigation data. These GPS-compatible signals comprise
the L1 C/A, L2C, and L5 signal as well as the L1C signal,
which is already used by QZSS but will only be transmitted
by the next-generation GPS satellites. In addition, specific
signals (L1 Sub-meter class Augmentation with Integrity
Function (SAIF), L6 “L-band EXperimental” (LEX)) are
broadcast for QZSS augmentation services. Along with
the introduction of the new QZSS Block II satellites, a
slightly modified/extended set of L5 and L6 signals will
be transmitted from 2017 onwards to support the Centime-
ter Level Augmentation Service and the Positioning Tech-
nology Verification Service (Cabinet Office, 2016a,b).

Following China, India is the second nation that has
established an independent, regional navigation system.
The Indian Regional Navigation Satellite System (IRNSS),
which was named NavIC (a Hindi word for boatman and
an acronym for Navigation with Indian Constellation)
after completion of the seven-satellite constellation, com-
prises four IGSO and three GEO spacecraft over the
Indian ocean region (Harde et al., 2015). While all other
systems have so far relied on L-band signals and included
an open service signal at or near the GPS L1 frequency,
IRNSS is first to employ navigation signals in the S-band
along with L5 as the second frequency. Each of these signal
frequencies carries signals for the public Standard Position-
ing Service (SPS) and a Regulated Service (RS). In view of
an ever increasing spectral crowding, this choice of signal
frequencies clearly improves the “compatibility” with other
GNSSs which has been defined as ““the ability of global and
regional navigation satellite systems and augmentations to
be used separately or together without causing unaccept-
able interference and/or other harm to an individual system
and/or service” by the Providers’ Forum of the Interna-
tional Committee on Global Navigation Satellite Systems
(ICG WGA, 2008). However, it also hampers the support
of IRNSS by common GNSS user equipment manufactur-
ers, since S-band signals are clearly incompatible with exist-
ing receiver frontends and antenna hardware. It remains to
be seen whether market needs will ultimately promote the
addition of IRNSS S-band tracking to high-end geodetic
receivers.

The summary of current and evolving navigation satel-
lite systems given above offers a first glance at the chal-
lenges faced by the IGS and the GNSS user community
in fully exploiting the potential benefits of a multi-GNSS
world. Compared to standalone GPS, a plethora of new

signals on diverse frequencies have emerged, which need
to be duly understood and characterized. Many of the
new and modernized signals make use of advanced naviga-
tion schemes to reduce multipath sensitivity and to
improve weak signal tracking capabilities (Betz, 2016).
However, aspects such as the availability of distinct pilot
and data channels or the use of composite/time-
multiplexed BOC modulations offer multiple design
options for the “best” tracking mode in a given receiver.
These may result in different group and phase delays that
need to be understood and calibrated in a proper manner.
Early precautions to handle this situation have been made
through adoption of the new Version 3 of the Receiver
Independent Exchange (RINEX) format for GNSS mea-
surements (IGS RINEX WG and RTCM-SC104, 2015),
which allows to distinguish the most important tracking
modes (e.g., data-only, pilot-only, or data-plus-pilot) for
such types of signals. Nevertheless, this represents only a
first step towards the full characterization of user equip-
ment and the development of relevant processing
standards.

The vast number of different spacecraft likewise offers
substantial challenges for the modeling of geodetic-grade
measurements. As discussed further in Section 4, the
diversity of attitude control modes and transmit antennas
needs to be properly understood to describe the
satellite-to-user range at the (sub-) mm-level. In the absence
of detailed manufacturer information, extensive research
and “reverse-engineering” is often required to achieve
that goal.

2.2. Navigation performance

Despite all differences between the individual constella-
tions, an ever increasing stability of atomic frequency stan-
dards is common to the new generations of GNSS
satellites. Representative performance figures for currently
employed satellite clocks are illustrated in Fig. 1, which
shows the Allan deviation (ADEV) at time scales of
1-100,000 s.

The latest type of Rubidium atomic frequency standards
(RAFSs) employed onboard the GPS IIF satellites (and
likewise QZS-1) as well as the passive hydrogen masers
(PHMs) used onboard the Galileo satellites exhibit
stabilities of 1 —2-107"2. (¢/s)”"/* (Montenbruck et al.,
2012a), which is up to ten times better than those of earlier
Rubidium and, in particular, Cesium standards. Consider-
ing, for example, a time interval of © = 30s, an ADEV of
3.107" is achieved, which enables short-term clock
inter-/extrapolation in PPP with errors down to the few
mm level. At time scales of 10,000-100,000s, Allan
deviations as low as 0.5-1-107'* are obtained. This excel-
lent long-term stability is largely responsible for the low
signal-in-space range error (SISRE) of the Galileo and
GPS broadcast ephemerides obtained with upload intervals
of about 2-24 h.
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Fig. 1. Stability of atomic frequency standards of selected GNSS satellites
as derived from the MGEX orbit and clock product of Deutsches
GeoForschungsZentrum (GFZ; Deng et al., 2016) in GPS week 1877 (bold
lines; T =30s...100,000 s). Complementary values for short time inter-
vals (thin lines; 1 =1s...100s) were taken from the one-way carrier
phase analyses of Griggs et al. (2015). The solid and dotted black lines
represent Allan deviations of 1072 - (7/s)™"/? and 107" - (z/s)""/?, respec-
tively. Adapted from Beard and Senior (2017).

A good performance has also been confirmed for the
indigenous clocks of the Chinese BeiDou-2 system (see
Fig. 1 and Wang et al., 2016a), which show a roughly 3
times larger ADEV than the aforementioned GPS IIF
RAFS and the Galileo PHMs. For IRNSS, no independent
in-flight characterization has been conducted so far, but a
performance of about 5-107'- (1/s)™"/? can be expected
based on the performance of the Galileo RAFS from the
same manufacturer.

Broadcast ephemerides (BCEs) transmitted by the
GNSS satellites provide orbit and clock information for
SPS users. The SISRE is a common quantity to assess
the quality of the BCEs by comparison with a precise ref-
erence orbit and clock product (Montenbruck et al.,
2015a). Whereas precise orbit and clock products refer to
the center of mass (CoM) of the satellite, broadcast prod-
ucts refer to the mean antenna phase center. For compar-
ison of both products, the antenna phase center offsets
(PCOs) used for the broadcast product generation are
needed. However, these PCOs are usually not publicly
available. Therefore, Montenbruck et al. (2015a) estimated
vertical PCOs from the comparison of broadcast and
precise products and used horizontal PCOs from

Table 2

established IGS and MGEX sources. These values are
also used here except for the updated GLONASS PCOs
listed in Table 2 and the Galileo PCOs listed in Table 3.

SISRE values for August 2016 are presented in Table 4.
The MGEX product of GFZ (Uhlemann et al., 2016) is
used as a reference as this is the most complete product that
is reliably available over the period of interest. The outlier
rejection is based on a threshold of 50 m for BDS GEO and
10 m for all other satellites. In addition, Galileo E22 has
been excluded on 22 August 2016 from 03:45 to 20:45
due to an anomalous clock behavior.

GPS currently achieves a SISRE of about 60 cm includ-
ing orbit-only contributions of about 20 cm. Whereas the
performance of the GPS CNAV message was initially
degraded due to a less frequent update rate compared to
LNAV (Steigenberger et al., 2015a), the current CNAV
performance is on the same level as LNAV. Although the
Galileo orbit SISRE is slightly worse compared to GPS,
the total SISRE is significantly smaller (about 40 cm) due
to the high stability of the Galileo PHMs. The lower
stability of the GLONASS Cesium clocks is responsible
for the largest SISRE of more than 2 m. The BeiDou

Table 3

History of Galileo broadcast PCOs. The z-offsets were derived from
comparisons with precise products, the horizontal offsets were derived
from scale models of the satellites.

Block Validity x [cm] y [cm] z [cm]
| (0)% 1/2013-120/2013 —-20.0 0.0 165.0
121/2013-59/2015 —-20.0 0.0 85.0
since 60/2015 —-20.0 0.0 75.0
FOC +15.0 0.0 75.0
Table 4

Signal-in-space range errors for different constellations and navigation
messages in August 2016. All values are given in meters. SISRE(orb)
denotes the contribution of orbit errors to the range error. LNAV = Le-
gacy Navigation Message, CNAV =Civil Navigation Message,
FNAYV = Freely accessible Navigation Message, INAV = Integrity Nav-
igation Message.

System Type SISRE(orb) SISRE
GPS LNAV 0.23 0.56
CNAV 0.22 0.58
GLONASS 0.59 2.35
Galileo FNAV 0.27 0.43
INAV 0.26 0.39
BeiDou MEO/IGSO 0.82 1.87
GEO 1.12 2.17

GLONASS broadcast PCOs for different types of satellites. z-offsets were determined from comparisons with precise products (August 2016), the

horizontal offsets were adopted from igs08.atx.

Block Satellites X [cm] y [cm] z [cm]
GLONASS-M SVN 715, 716, 717, 719 —54.5 0.0 245.0
GLONASS-M SVN 720-747, 851, 853, 854 —54.5 0.0 205.0
GLONASS-M+ SVN 855 —54.5 0.0 205.0
GLONASS-K1 SVN 802 0.0 0.0 165.0
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Fig. 2. IGS multi-GNSS stations in October 2016.

Rubidium clocks have a better stability than GLONASS
resulting in smaller SISRE values, although the
orbit-only SISRE is around 1 m.

Compared to the analyses of Montenbruck et al. (2015a)
based on a 12-month dataset from 2013/14, the GPS and
Galileo SISREs have improved by 15 cm and 1.2 m, respec-
tively. The GLONASS and BeiDou SISREs show a degra-
dation on the few to several dm level. Whereas the GPS
SISRE improvement is mainly related to the decommis-
sioning of old Block ITA satellites, updates of the ground
segment led to the significant SISRE improvements for
Galileo (Steigenberger and Montenbruck, 2016).

3. The IGS multi-GNSS network and data

Following the MGEX call-for-participation, various
institutions started to contribute multi-GNSS observations
from newly established or modernized monitoring stations
to the IGS. By mid 2012, a small network of about 40 sta-
tions with a global, though not yet fully complete, coverage
had already emerged. The multi-GNSS network grew
rapidly in the following years and comprised about 170
active stations in October 2016. Leading supporters com-
prise the Centre National d’Etudes Spatiales (CNES) and
Institut National de I'Information Géographique et Forest-
iecre (IGN), Geoscience Australia (GA), Deutsches
GeoForschungsZentrum (GFZ), Japan Aerospace Explo-
ration Agency (JAXA), Deutsches Zentrum fiir Luft- und
Raumfahrt (DLR), Bundesamt fiir Kartographie und Geo-
disie (BKG), and the European Space Agency (ESA),
which contribute roughly three quarters of the multi-
GNSS stations. A map showing the global distribution of
Galileo-, BeiDou- and QZSS-capable stations at this time
is given in Fig. 2.

While contributions of new stations for MGEX were
initially invited with the primary goal of quickly achieving

a good geographic coverage for all new constellations, sta-
tion quality has been emphasized once the network had
grown to an adequate size. By mid 2015, all MGEX sta-
tions were formally reviewed for conformity with estab-
lished IGS site guidelines.” These guidelines impose
minimum standards (in terms of hardware characteristics,
mounting, environment, stability, continuity, etc.) that
need to be fulfilled by all IGS stations to support the gen-
eration of high quality data and products. With only few
exceptions (that were thenceforth treated as “experimen-
tal” stations), all previous MGEX stations were fully incor-
porated into the official IGS network in 2016. Right now,
the IGS multi-GNSS stations tracking one or more of the
new constellations comprise roughly one third of all 500
IGS stations.”

3.1. Station capabilities

The IGS multi-GNSS stations utilize diverse receiver
and antenna types from common manufacturers of
geodetic-grade GNSS equipment (Javad, Leica, NovAtel,
Septentrio, and Trimble). Aside from GPS, GLONASS,
and SBAS, all of them support at least one of the new con-
stellations BeiDou, Galileo, and QZSS in two or more fre-
quency bands (Table 5). Even though selected commercial
receivers supporting the tracking of IRNSS in the LS band
have recently become available, only very few IGS stations
are presently equipped with such receivers. Furthermore,
single-frequency tracking alone would neither support the
generation of precise orbit and clock products nor enable
the use of such stations for PPP.

® http://kb.igs.org/hc/en-us/article_attachments/202277487/IGS_Site
Guidelines_July 2015.pdf.
4 See http://www.igs.org/network.


http://kb.igs.org/hc/en-us/article_attachments/202277487/IGS_Site_Guidelines_July_2015.pdf
http://kb.igs.org/hc/en-us/article_attachments/202277487/IGS_Site_Guidelines_July_2015.pdf
http://www.igs.org/network
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Table 5

Navigation satellite systems and signals supported by the IGS network
(status in October 2016). Signals in parentheses are only tracked by a small
subset of receivers.

Constellation Signals

GPS L1 C/A & P(Y), L2C & P(Y), L5
GLONASS L1 C/A &P, L2 C/A &P, L3
BeiDou-2 B1-1, B2-1, B3-I

Galileo El O/S, E5a, E5b, E5ab, (E6)

QZSS L1 C/A & L1C & SAIF, L2C, L5, LEX
IRNSS (LS)

SBAS L1, L5

In addition to the legacy signals on L1 and L2, the IGS
multi-GNSS network offers tracking of modernized GPS
(L2C, L5), GLONASS (L3), and SBAS (L5) signals.
Galileo tracking is supported by almost all multi-GNSS
stations resulting in observations on El, E5a, and E5b as
well as the combined ESab AItBOC signal. Even though
the non-public codes transmitted at present have been
revealed through in-depth analysis of signal correlations
(Yudanov, 2013) and implemented by selected vendors,
the unclear future of the commercial service and a possible
future encryption of the associated ranging codes
(Fernandez-Hernandez et al., 2015) have so far inhibited
a widespread implementation in geodetic receivers. There-
fore, only a very limited number of IGS stations presently
support Galileo tracking in the E6 band. The Chinese
second-generation BeiDou system is supported by roughly
half of the network, even though the distribution of
stations is not ideally suited to cover the regional constella-
tion. The tracked signals include primarily the open-service
signals in the BI-2 and B2 (=ES5b) band. Although not
defined in the public signal ICD, the tracking of the B3-I
signal is, furthermore, supported by a notable fraction of
BeiDou-capable stations based on information on the
signal structure revealed from high-gain antenna measure-
ments. For QZSS, finally, up to six distinct signals
(including the GPS-compatible L1 C/A, L1C, L2C, and
L5 signals, as well as the L1 SAIF and L6 LEX signals)
are provided by numerous stations in the respective service
area.

In contrast to GNSS networks established by various
industrial providers of real-time differential correction
and point positioning services, the IGS multi-GNSS net-
work is highly heterogeneous due to the diversity of
employed receivers, antennas and combinations thereof.
While the availability of selected sites with co-located sta-
tions and/or receivers connected to a common antenna
provides an opportunity for direct comparison of different
user equipment, the in-depth characterization of all
involved receivers and antennas remains an ongoing chal-
lenge for the IGS and its users.

Selected assessments of the tracking performance (noise,
multipath, carrier-to-noise density ratio, etc.) using short-
and zero-baseline configurations with diverse receivers
and antennas have, e.g., been reported by Montenbruck
et al. (2011), Odijk and Teunissen (2013), Yang et al.

(2014), Cai et al. (2016), and Zaminpardaz et al. (2016)
for a variety of new signals. Overall, these analyses demon-
strate the benefit of high chipping rates, large spectral
bandwidth and increased signal power. Superior perfor-
mance in terms of noise and multipath can, in particular,
be obtained for the Galileo E5ab AltBOC signal (with a
10 MHz chipping rate and a 40 MHz bandwidth), even
though these benefits can only partly be materialized when
forming an ionosphere-free dual-frequency combination
with the lower-grade, open service El signal. Furthermore,
tracking of this signal is presently lacking for about 20% of
the stations of the IGS multi-GNSS network.

Numerous GNSS signals are nowadays located outside
the L1/L2 frequency bands used by the legacy GPS and
GLONASS signals. All stations designed for multi-GNSS
tracking must therefore be equipped with antennas cover-
ing essentially the full upper (1559-1610 MHz) and lower
L-band (1164-1300 MHz). This is not a problem for newly
established sites and stations, but requires due care when
upgrading existing IGS stations that contribute to long-
time series of geodetic parameters. To minimize discontinu-
ities in the estimated station coordinates and to comply
with IGS site guidelines, calibrations of PCOs and phase
center variations (PCVs) have therefore been performed
by a robotic calibration facility for all new multi-GNSS
antenna models prior to their introduction to the IGS net-
work. However, these calibrations are presently confined to
GPS and GLONASS L1/L2 frequencies, since live GNSS
signals from multiple commonly viewed satellites are
required (Schmitz et al., 2002). Nevertheless, these calibra-
tions have enabled the continued use of modernized 1GS
stations within the routine product generation, which is
particularly relevant for stations contributing to the IGS
reference frame. As of October 2016, roughly 40 of these
stations have already been upgraded for multi-GNSS sup-
port, which offers direct access to a common reference
frame for all GNSSs.

Some of the legacy IGS stations that have already been
upgraded with new multi-GNSS receivers have so far
retained their old L1/L2 GPS/GLONASS antennas to
avoid discontinuities in geodetic time series. This may
result in limitations of the L5 tracking capabilities as well
as unusual differential code biases (DCBs) for some of
the new signals. Dedicated strategies will have to be devel-
oped to transition to real multi-GNSS antennas for these
stations without sacrificing the quality of their geodetic
products.

3.2. Observation data

Observations from the IGS multi-GNSS network are
made available to the users both via IGS data archives
and in real-time mode via data streams. While most IGS
stations employed for the routine GPS and GLONASS
service continue to provide their data in RINEX version
2, MGEX has, from its very beginning, made consequent
use of the advanced version 3 standard (IGS RINEX
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WG and RTCM-SC104, 2015). This version has been
specifically designed to support new constellations with a
multitude of diverse signals. In particular, it allows to dis-
tinguish different signals and tracking modes that may be
used to collect observations on a given frequency. This dis-
tinction enables the full consideration of signal- or
tracking-mode-specific measurement properties (such as
group delays, phase biases and ambiguities) and is thus
considered as an important prerequisite for high-precision
multi-GNSS data processing.

From the beginning of the Multi-GNSS Experiment,
data collected by the MGEX stations have been archived
by three IGS data centers, namely the Crustal Dynamics
Data Information System (CDDIS; Noll, 2010), IGN,
and the GNSS Data Center of BKG. In accord with the
specific scope and character of MGEX, all data obtained
from the experiment were stored in a dedicated campaign
directory” rather than the standard IGS data repository.®
This separation also enabled a clear distinction of multi-
GNSS data in RINEX v3 format from legacy GPS/GLO-
NASS data in RINEX v2 format, when stations supported
core IGS operations and MGEX in parallel but had to use
identical file names for data in the two formats. As a min-
imum, all multi-GNSS stations are required to deliver daily
observation files with a sampling of 30 s. On top of that,
hourly 30 s files and/or high-rate data files (1 s sampling,
15 min intervals) are delivered by certain stations.

To preserve the “one network — one archive” strategy of
the IGS, a new file naming convention was later adopted as
part of the RINEX 3 Transition Plan.” The new file names
are designed to ensure better transparency and make use of
new 9-character station names which extend the old 4-
character station names by a monument/marker number,
a receiver number and a country code. Further fields iden-
tify the data source (data recorded from real-time streams
or stored receiver files), start epoch, sampling, duration
covered by a RINEX file, and the specific type of data
(see Table 6). After the implementation of this naming con-
vention by the individual IGS station providers, multi-
GNSS RINEX v3 data (using long filenames) and GPS/
GLONASS RINEX v2 data (using short file names) can
now be archived in the same directories at the IGS global
data centers.

So far, no automated quality control checks are per-
formed on RINEX v3 observation data, but various tools
and algorithms (e.g., EI-Mowafy, 2015) have already been
developed to assess receiver noise, multipath and cycle slips
of multi-GNSS measurements. RINEX v3 quality control
tools made available to interested users include, e.g.,
BQC (Liu et al., 2014), G-Nut/Anubis (Vaclavovic and
Dousa, 2015), and BNC (Soehne et al., 2015; Weber
et al., 2016).

5 E.g., ftp://cddis.cosdis.nasa.gov/gnss/data/campaign/mgex.

® E.g., ftp://cddis.cosdis.nasa.gov/gnss/data/daily.

7 http://kb.igs.org/hc/en-us/article_attachments/202584007/Rinex__
3_transition_plan_v3.0.pdf.

Table 6

RINEX 3 file naming convention according to IGS RINEX WG and
RTCM-SC104 (2015). Format: XXXXMRCCC_K_YYYYDDDHHMM ddd
sss_tt.FFF.gz Example: UNBDOOCAN_ S _20162150000_01D_30S__
MO.crx.gz.

Field Description

XXXX 4-character IGS station name

M Monument or marker number (0-9)
R Receiver number (0-9)

ccC  ISO country code

K Data source:

R = from receiver data using vendor or other software
S = from data stream (RTCM or other)
U = unknown
YYYY 4-digit Gregorian year (of nominal start epoch)
DDD  3-digit day of year (of nominal start epoch)
HH 2-digit hour (of nominal start epoch)
MM 2-digit minute (of nominal start epoch)
ddd  Nominal duration:
0ID=1day, 0lH=1h, 15M = 15 min
sss  Sampling:
30S=30s,01S=1s
tt Type of data:
GO, RO, EO, JO, CO, 10, SO, MO = GPS, GLONASS, Galileo,
QZSS, BDS, IRNSS, SBAS, or mixed observations
GN, RN, EN, JN, CN, IN, SN, MN = GPS, GLONASS, Galileo,
QZSS, BDS, IRNSS, SBAS, or mixed navigation data
MM = meteorological observations
FFF  File format:
rnx = RINEX
crx = Hatanaka compressed RINEX (Hatanaka, 2008)
gz File compression

Besides archived RINEX data, roughly 50% of all IGS
multi-GNSS stations also provide real-time data streams,
which are distributed through a dedicated BKG caster.®
In accord with the prevailing standard for the dissemina-
tion of GNSS data and differential corrections, the
HTTP-based “Networked Transport of RTCM via Inter-
net Protocol” (Ntrip; Weber et al., 2005b) is used for the
transmission of IGS multi-GNSS observations (and navi-
gation messages) to MGEX users. Similar to the RINEX
format, which provides a receiver-independent standard
for non-real-time GNSS data, the latest version 3.3 of the
standard for Differential GNSS Services established by
the Radio Technical Commission for Maritime Services
(RTCM, 2016) defines a vendor- (and constellation-) inde-
pendent format for encoding observation data from all cur-
rent GNSSs except for IRNSS.

These so-called Multi Signal Messages (MSMs) are con-
sidered as a basis for real-time distribution of multi-GNSS
observation data from IGS stations, but are not yet directly
supported by most receivers in the IGS network. BKG has
therefore implemented a stream conversion service which
accepts raw GNSS data in diverse, vendor-specific (and
partly proprietary) binary formats and converts them into
the RTCM-3 MSM format prior to their distribution to the
users (Weber et al., 2011). In this way, multi-GNSS real-

8 http://mgex.igs-ip.net.
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Table 7

BKG real-time streams with broadcast ephemeris data in RTCM 3.2/3.3
format. The bandwidth represents the average data rate over the 5 s repeat
interval for transmission of all ephemerides data.

Constellation Mount point Messages Bandwidth
GPS RTCM3EPH-GPS 1019 3.6 kbps
GLONASS RTCM3EPH-GLONASS 1020 2.2 kbps
Galileo RTCM3EPH-GAL 1045, 1046 1.5 kbps
BeiDou RTCM3EPH-BDS 63 1.7 kbps
QZSS RTCM3EPH-QZSS 1044 0.1 kbps
SBAS RTCM3EPH-SBAS 1043 0.5 kbps
Multi-GNSS RTCM3EPH all 9.6 kbps

time applications could be developed based on a single,
harmonized stream data format from the very beginning
of MGEX, even though full implementation of this format
at the individual stations is still pending.

Comparable to the IGS real-time service (RTIGS;
Caissy et al., 2012), which presently focuses on GPS/GLO-
NASS observation and correction data, the multi-GNSS
real-time stations provide their measurements at a 1 Hz
data rate. This rate is deemed sufficient for many real-
time navigation applications and is mainly motivated by
the capabilities of the employed transmission protocol
and the commonly available internet bandwidth, but also
the receivers employed at the IGS stations. On the other
hand, it is evident that specific real-time applications
requiring data rates of 10-50 Hz (such as structural moni-
toring, earthquake and tsunami warning, or scintillation
monitoring) are beyond the capabilities of the present
IGS multi-GNSS infrastructure.

3.3. Navigation messages

The MGEX multi-GNSS broadcast ephemerides pro-
duct has been generated by Technische Universitit
Miinchen (TUM) and DLR in a joint effort since 1 January
2013. Real-time streams of currently 38 selected MGEX
stations provide the basis for the generation of daily files
with the prefix brdm.” In the beginning, only GPS, GLO-
NASS, and QZSS were covered. Subsequently, additional
GNSSs were included: BeiDou since 11 February 2013,
SBAS since 3 March 2013, Galileo since 12 March 2013,
and IRNSS since 1 January 2016. However, IRNSS BCEs
are currently based on the data of only one single receiver
contributed by an external provider.

Following a test campaign of the new CNAYV message in
June 2013, GPS IIR-M and IIF satellites started a pre-
operational routine transmission of CNAV on 28 April
2014. CNAV and LNAV data from a global network of
8-10 Javad receivers are provided by DLR and TUM in
daily files with the prefix brdx'? in a RINEX-style format
(Steigenberger et al., 2015a).

° Available at, e.g., ftp://cddis.cosdis.nasa.gov/pub/gps/data/campaign/
mgex/daily/rinex3/yyyy/brdm with the 4-digit year yyyy.

10" Available at, e.g., ftp://cddis.eosdis.nasa.gov/pub/gps/data/campaign/
mgex/daily/rinex3/yyyy/cnav with the 4-digit year yyyy.

In addition to the broadcast ephemeris files discussed so
far, BKG provides a variety of real-time streams with
multi-GNSS BCEs at their Ntrip caster.'' These comprise
distinct streams for each individual constellation as well
as a combined stream with GPS, GLONASS, Galileo,
BeiDou, QZSS, and SBAS ephemerides (Table 7). The
BKG ephemeris streams provide complete and timely
orbit and clock information for all GNSS satellites in a
standardized message format and can serve a variety of
applications from real-time positioning services to assisted
GNSS.

The streams are generated from about 65 globally dis-
tributed real-time stations that provide encoded broadcast
ephemerides to the BKG caster. These data are unpacked,
decoded, and stored in real-time in a message buffer of
most recent ephemeris data for each satellite when passing
a basic set of quality and consistency tests (validity interval,
position offset w.r.t. previous navigation message, etc.).
Based on the accumulated ephemeris parameters, RTCM
3.2/3.3 navigation messages are subsequently generated in
real-time and broadcast to the users. As the previous
release of this standard (RTCM 3.2 Amendment 2) did
not yet cover all required ephemeris types, preliminary
message definitions are still employed for SBAS (1043)
and BeiDou (63). Navigation messages for each active
satellite of a given constellation are transmitted consecu-
tively in the order of ascending PRN or slot number. Data
for the full constellation are repeated every 5 s.

According to the overall IGS data policy, all streams are
freely available to all users following an initial registra-
tion.'? To facilitate the usage of the binary RTCM mes-
sages, all streams can be pulled and decoded with the
BKG Nitrip Client (BNC; Weber et al., 2016) which is also
made freely available by BKG.'® Users with near real-time
requirements can use BNC for converting broadcast ephe-
meris streams from RTCM 3.2/3.3 format to RINEX v3.03
navigation files.

4. Orbit and clock products
4.1. MGEX analysis centers

Currently, five ACs generate different sets of products
for MGEX:

e Centre National d’Etudes Spatiales (CNES), Collecte
Localisation Satellites (CLS).

e Center for Orbit Determination in Europe (CODE).

e Deutsches GeoForschungsZentrum (GFZ).

e Technische Universitidt Miinchen (TUM).

e Wuhan University.

" http://products.igs-ip.net.
12 https://register.rtcm-ntrip.org.
13 https://igs.bkg.bund.de/ntrip/download.
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Table 8

Overview of the MGEX analysis center products. For the GBM clock product, only a subset of stations connected to highly stable external clocks is
provided with 30 s sampling, whereas the other stations have a 5 min sampling. SP3: orbit and clock product in SP3 format (Hilla, 2016), CLK: clock
product in clock RINEX format (Ray and Gurtner, 2010), SNX: variance/covariance information in solution-independent exchange (SINEX) format
(Rothacher and Thaller, 2006), ERP: Earth rotation parameters in IERS format (Kouba and Mireault, 1998), BSX: inter-system biases in Bias-SINEX

format version 0.01 (Springer, 2011).

Institution Abbr. Constellations SP3 CLK SNX ERP BSX
CNES/CLS GRM GPS+GLO+GAL 15 min 30s X - -
CODE COM GPS+GLO+GAL+BDS+QZS 15 min 5 min - X X
GFZ GBM GPS+GLO+GAL+BDS+QZS 5 min 30s - X X
JAXA QZF GPS+QZS 5 min - - - -
TUM TUM GAL+QZS 5 min - - - -
Wuhan Univ. WUM GPS+GLO+GAL+BDS+QZS 15 min 5 min - X -

In addition, the final orbit and clock product (QZF) of
JAXA' is provided to MGEX, which includes both GPS
and QZSS information. The products of these ACs are
freely available at the IGS data centers of CDDIS'® and
IGN.'®

CNES/CLS, CODE, GFZ, and Wuhan University also
contribute to the IGS operational GPS and GLONASS
products. Whereas the CNES/CLS contributions to the
IGS final products and to MGEX are extracted from the
same solution (Loyer et al., 2016), MGEX-specific solu-
tions are computed by CODE, GFZ, and Wuhan
University.

CODE’s MGEX contribution (Prange et al., 2016a)
includes GPS, GLONASS, Galileo, BeiDou MEO and
IGSO as well as QZSS. GFZ (Uhlemann et al., 2016)
and Wuhan University (Guo et al., 2016a) in addition also
consider the BeiDou GEO satellites. Whereas CNES/CLS,
CODE, and GFZ solve for the parameters of the different
GNSSs in one step, a two-step approach is applied by
TUM (Steigenberger et al., 2011) to generate its Galileo
and QZSS products. In a first step, the CODE rapid orbits,
clocks, and Earth rotation parameters (ERPs) are used for
a GPS-only PPP estimating station coordinates, tropo-
sphere zenith delays and gradients, as well as receiver clock
offsets. These parameters are kept fixed in the second step
solving for Galileo or QZSS orbit and clock parameters
as well as inter-system biases. Wuhan University uses a
three-step approach with solving for GPS and GLONASS
orbit and clock parameters as well as ERPs first. The other
two steps are similar to the TUM approach.

The different products of the MGEX ACs are listed in
Table 8. All ACs provide orbit and clock estimates in
SP3 format with 5-15 min sampling. The availability of
individual contributions is shown in Fig. 3. Complemen-
tary clock products are made available by four MGEX
ACs, but only two of them (CNES/CLS and GFZ) gener-
ate a high-rate clock product with 30 s sampling. CNES/
CLS also provides full variance/covariance information
for station coordinates and ERPs in the solution-

14 http://qz-vision.jaxa.jp/USE/en/finalp.
15 ftp://cddis.eosdis.nasa.gov/pub/gps/products/mgex.
16 ftp://igs.ign.fr/pub/igs/products/mgex.

independent exchange (SINEX) format (Rothacher and
Thaller, 2006). Station-specific inter-system biases of GPS
with respect to Galileo/BDS/QZSS as well as station-
and satellite-specific inter-frequency biases for GLONASS
are provided in a preliminary version of the Bias-SINEX
format by CODE and GFZ. The CODE MGEX bias pro-
duct in addition contains GPS C1P/CIC satellite DCBs.
More details on biases are discussed in Section 5.

4.2. Modeling aspects

An overview of processing standards employed by the
various MGEX ACs is given in Steigenberger et al.
(2015b) and Guo et al. (2017). In the following,
selected modeling aspects with particular relevance for
the current MGEX products and their performance are
discussed.

4.2.1. Attitude

Nominal attitude models covering both yaw-steering
(YS) and orbit-normal (ON) modes are described in
Montenbruck et al. (2015b) along with block-specific defi-
nitions of the spacecraft reference frames. Rather than
employing manufacturer-specific axes conventions for each
type of spacecraft, an IGS-specific convention has been
adopted, in which the +z-axis designates the body axis
aligned with the antenna boresight, and in which the +x-
panel is nominally sunlit for all spacecraft using a YS atti-
tude. In this way, a maximum level of compatibility can be
achieved in the description of the nominal attitude across
all constellations and spacecraft platforms.

The nominal attitude models provide a proper descrip-
tion of the spacecraft orientation outside the eclipse season.
However, more elaborate models will be required to
describe the attitude profiles during noon and midnight
turns at low Sun elevations above the orbital plane as well
as YS/ON mode transitions. Efforts to derive the true yaw-
angle profile from carrier phase observations have been
reported by Hauschild et al. (2012) for QZS-1 as well as
Dai et al. (2015) for BeiDou. The employed techniques
enable a post-facto analysis of attitude profiles during such
events, but have not yet resulted in generic attitude models
covering this operational regime.
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Fig. 3. Availability of MGEX orbit product files. GFM denotes an early GFZ solution considering GPS+GAL that was later discontinued in favor of the

GBM product first only including GPS+BDS.

4.2.2. Antenna model

For more than a decade, the IGS has been providing an
absolute antenna model with PCOs and PCVs for receiver
and satellite antennas. The current model is called igs08.atx
(Schmid et al., 2016) and originally contained only legacy
GPS and GLONASS frequencies. In mid 2015, satellite
antenna PCOs for Galileo, BeiDou, QZSS and IRNSS
were added,'” but zero PCVs were adopted for these sys-
tems in the absence of consolidated PCV estimates or cal-
ibrations. While PCOs for the two regional systems were
made available by the respective system providers, conven-
tional PCOs were initially adopted for Galileo and BeiDou
based on the approximate spacecraft body dimensions.
More accurate PCO estimates for the Galileo IOV and
FOC satellites were derived by Steigenberger et al. (2016)
and incorporated into the igs08.atx antenna model in
September 2016.'® For BeiDou, satellite antenna PCOs
and PCVs were reported by Dilssner et al. (2014) and
Guo et al. (2016a) but are yet too inconsistent to enable
an immediate incorporation into the IGS antenna model.
For Galileo, QZSS, and IRNSS, the estimation of PCVs
is still pending.

For receiver antennas, only L1 and L2 calibrations are
contained in the igs08.atx model. While independent
PCO/PCYV calibrations covering the full frequency range
of old and new GNSS signals have been conducted in an
anechoic chamber using an artificial signal source (Becker
et al., 2010), those calibrations are not yet recommended
for multi-GNSS processing due to unexplained discrepan-
cies with robot calibrations for legacy signals (Aerts and
Moore, 2013). As a consequence, L2 calibrations are com-
monly also used for signals in the L5 band. The in-depth
characterization and calibration of receiver and satellite
antennas therefore remains a continued need for the full
integration of new signals and constellations into the IGS
service portfolio.

4.2.3. Solar radiation pressure
Solar radiation pressure (SRP) is the largest error source
for modeling GNSS satellite orbits. Empirical SRP models

7 See [IGSMAIL-7126], https://igscb.jpl.nasa.gov/pipermail/igsmail/
2015/008316.html.
18 See [IGSMAIL-7356], https://igscb.jpl.nasa.gov/pipermail/igsmail/
2016/008546.html.

estimate suitable parameters that fit the GNSS observation
data but do not take into account the physical processes
causing these accelerations. A key advantage of these mod-
els results from the fact that they can be used for arbitrary
GNSS satellites without any a priori knowledge. Disadvan-
tages are the lack of physical interpretation of the esti-
mated parameters and the possible introduction of
systematic errors (Rodriguez-Solano et al., 2014).

A widely used example of an empirical SRP model is the
Empirical CODE Orbit Model (ECOM-1; Beutler et al.,
1994), which considers up to nine parameters in a Sun-
oriented reference frame: constant (0), sine (S), and cosine
(C) terms in the direction from the satellite to the Sun (D),
the solar panel axis ( Y), and the direction complementing a
right-handed system (B). Usually, only a subset of five
parameters (Dg, Yo, Bo, B¢, Bs) is estimated. Whereas this
model performed quite well for GPS satellites, deficiencies
were initially identified for GLONASS and later also for
Galileo, BDS, and QZSS. Therefore, Arnold et al. (2015)
developed ECOM-2 which includes additional estimation
terms compared to ECOM-1. ECOM-2 is used by the
CODE AC for its MGEX as well as IGS solutions since
the beginning of 2015. Prange et al. (2016b) compare the
performance of ECOM-1 and ECOM-2 for GPS, GLO-
NASS, Galileo, BeiDou IGSO/MEOQ, and QZSS. Whereas
a clear improvement can be seen for Galileo and QZSS, a
degradation is present for BeiDou. However, Prange
et al. (2016b) emphasize that both, ECOM-1 and ECOM-
2 are strictly designed for satellites in YS mode and thus
show clear deficiencies during ON mode of QZSS and
BeiDou.

To compensate for the deficiencies of the 5-parameter
ECOM-1 in ON mode, Guo et al. (2016a) added a tightly
constrained acceleration bias in along-track direction for
BeiDou MEO and IGSO satellites. Guo et al. (2016b)
showed that this parameterization improves the orbit over-
lap errors by a factor of about eight during ON mode,
although this value is still a factor of two worse compared
to YS mode.

Orbit determination of geostationary satellites is partic-
ularly challenging due to the static viewing geometry
(Wang et al., 2015). As a result, strong correlations
between orbital elements, SRP parameters, ambiguities,
and DCBs are present. To cope with these correlations,
Steigenberger et al. (2013) proposed the estimation of only
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one SRP parameter in the direction of the Sun. Liu et al.
(2016) studied the suitability of different subsets of
ECOM-1 parameters and found that a parameterization
with Dy, Yy, By, Ds, Bs, and Y results in an improved
orbit performance compared to the 5-parameter ECOM-1.

Analytical SRP models are based on the dimensions and
optical properties of the satellite surfaces. Examples for
analytical models of the GPS Block I/II and TIR satellites
are given in Fliegel et al. (1992) and Fliegel and Gallini
(1996). Rodriguez-Solano (2014) summarizes the dimen-
sions and optical properties of GPS and GLONASS
satellites, whereas Guo et al. (2016b) lists a set of values
for the BeiDou IGSO and MEO satellites. Unfortunately,
such information is not presently available for Galileo,
BeiDou GEO, and QZSS satellites. However, purely
analytical models are usually not able to model the
GNSS observation data with sufficient accuracy.
Therefore, empirical parameters can be added to analytical
models to improve their performance resulting in a
semi-analytical approach.

Rodriguez-Solano et al. (2012a) developed an adjustable
box-wing model for GPS satellites that mainly considers
the optical properties of the satellite surfaces as well as
Yo and a rotation lag angle of the solar panels. The orbit
overlap and prediction performance of this model is similar
to ECOM-1. However, the order of magnitude of the
pseudo-stochastic pulses is reduced indicating that the
box-wing model allows for a more physical representation
of the orbits compared to ECOM-1. In addition, systematic
errors at harmonics of the GPS draconitic year in, e.g., sta-
tion coordinate time series are reduced by the box-wing
model (Rodriguez-Solano et al., 2014). Guo et al. (2016b)
followed a similar approach for their adjustable box-wing
model for BeiDou MEO and IGSO satellites. Whereas
the performance of this model is quite similar or only
slightly worse compared to ECOM-1 in YS mode, a signif-
icantly better accuracy is achieved during ON mode
although it is still worse by a factor of about five compared
to YS mode.

Montenbruck et al. (2015c) could identify the stretched
shape of the Galileo satellite body and the varying cross
section as the root cause for systematic errors in Galileo
orbits obtained with ECOM-1. They developed an a priori
box model for Galileo IOV satellites reducing the peak
amplitude of the radial orbit errors from 20 to about
5 cm. However, 5 parameters of ECOM-1 are estimated
on top of this model. Steigenberger and Montenbruck
(2016) showed that this model is in general also appropriate
for Galileo FOC satellites and provided an updated set of
model coefficients for this satellite type. Steigenberger
et al. (2015¢) estimated dedicated box model coefficients
for the GIOVE-B satellite and modeled an additional plate
that causes shadowing effects. This box-plate model
reduced the satellite laser ranging (SLR) offset of
GIOVE-B by 10cm to almost =zero. Inspired by
Montenbruck et al. (2015¢), Zhao et al. (2016) developed
an a priori model for QZS-1 reducing the systematic orbit

errors in YS and ON mode. In particular, the orbit accu-
racy improves by a factor of two in ON mode.

4.2.4. Albedo

Albedo or Earth radiation pressure is caused by solar
radiation reflected or reemitted by the Earth (Ziebart
et al., 2005) and leads to an acceleration that mainly acts
in radial direction. As for analytical SRP models, dimen-
sions and optical properties of the satellite are needed for
the computation of the albedo acceleration. Modeling of
the albedo effect in the precise orbit determination reduces
the orbital radius of the GPS Block IIA satellites by about
1 cm (Rodriguez-Solano et al., 2012b). In particular for
Galileo, a larger impact on the orbit is expected due to
the lower mass compared to GPS. However, due to the
uncertain dimensions and optical properties of the satel-
lites, albedo is currently not considered for the new constel-
lations by the majority of MGEX ACs.

4.2.5. Antenna thrust

Antenna thrust is a radial acceleration caused by the
transmission of navigation signals by GNSS satellites
(Ziebart et al., 2005). For the computation of this acceler-
ation, the total transmit power of the satellite has to be
known. Transmit power levels for GPS can be inferred
from minimum received signals strength specifications'®
while a value of 100 W is commonly assumed for GLO-
NASS. Rodriguez-Solano et al. (2012b) report a radial
effect of about 5 mm for GPS Block ITA satellites. Transmit
power levels are currently not available for Galileo, Bei-
Dou, QZSS, and IRNSS. Therefore, this effect is neglected
by the MGEX ACs. However, due to the transmission of
more signals and the generally lighter satellites, a larger
effect of antenna thrust has to be expected compared to
the legacy GPS satellites.

4.2.6. Maneuvers

While MEO satellites as used by GPS, GLONASS, and
Galileo require only sparse maneuvers to maintain the for-
mation, regular orbit-keeping maneuvers need to be per-
formed by the IGSO and GEO satellites of BDS, QZSS,
and IRNSS (Steigenberger et al., 2013; Fan et al., 2017;
Montenbruck et al., 2015d).

In the absence of system provider information on the
time and magnitude of such maneuvers, a dedicated detec-
tion and calibration strategy is employed by the CODE AC
(Prange et al., 2016b). In case of obvious discontinuities,
orbit solutions for days before and after the event are
extrapolated, and the epoch of the closest match is adopted
as the effective maneuver time. The strategy has success-
fully been applied to BDS and QZSS satellites in IGSO,
which were found to perform maneuvers roughly twice
per year. GFZ detects maneuvers based on the broadcast
ephemerides and the data preprocessing. If a maneuver is

19 See http://acc.igs.org/orbits/thrust-power.txt.
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Table 9
RMS values derived from orbit comparisons for the time period 1 January—30 June 2016. All values are given in cm.
GPS GLONASS Galileo BeiDou QZSS

10V FOC MEO 1GSO GEO YS ON
Radial 1-3 4-11 6-10 4-10 3-11 11-23 54 10-24 30-71
Along-Track 2-4 4-12 10-18 10-19 10-21 24-39 298 28-57 84-133
Cross-Track 2-3 3-9 9-20 6-14 6-10 17-23 410 16-39 59-156
3D 3-6 6-17 16-29 14-26 12-26 32-51 510 40-73 123-240

detected, the corresponding satellite is excluded from the
precise orbit determination (POD) solution. As soon as
broadcast ephemerides for the orbit after the maneuver
are available, the satellite is considered again. Wuhan
University likewise excludes a satellite from their process-
ing, if orbit fitting and the health sign of the navigation
message indicate the presence of a maneuver.

4.3. MGEX orbit and clock product quality

A performance assessment of Galileo MGEX products
of CNES/CLS, CODE, GFZ, and TUM has previously
been performed by Steigenberger et al. (2015b) for a twenty
weeks period in mid 2013. They report a general consis-
tency of the orbits of the four ACs at the 5-30 cm level.
Guo et al. (2017), furthermore, compared the MGEX
products of all ACs for Galileo, BeiDou, and QZSS. They
found a consistency of 10-25 cm for Galileo, 10-20 ¢cm, 20—
30cm, and 3-4m for BeiDou MEO, IGSO, and GEO,
respectively, as well as 20-40 cm for QZSS.

In this section, the consistency (precision) of the MGEX
orbit products is assessed by orbit comparisons, whereas
their accuracy is evaluated by SLR residuals for the first
half of 2016. Complementary plots of such quality assess-
ments are made available on the MGEX website’® with
weekly updates. Since users of precise ephemeris products
are primarily interested in the combined effect of orbit
and clock errors on the modeled code and phase observa-
tions, we complement the analyses with an assessment of
SISRE values for the various products.

Orbit Comparisons. The consistency of two different
orbit products can be evaluated by comparisons of the
satellite orbit positions. The minimum and maximum
RMS orbit differences for any pair of MGEX ACs are
listed in Table 9 for the radial, along-track, and cross-
track components as well as the 3D position. Gross outliers
exceeding 30 m for BeiDou GEO and 10 m for the other
satellites were excluded. For QZSS, time periods with YS
and ON are treated separately. Days with QZS-1 attitude
switches (16 February and 1 April 2016) and orbit maneu-
vers (20 April 2016) are excluded. The GPS part of the
QZF solution has been excluded due to high 3D RMS val-
ues of 9-18 cm that exceed the RMS level of the other ACs
by a factor of about four.

20 http://mgex.igs.org/analysis.

Satellite Laser Ranging Residuals. All active BeiDou,
Galileo, GLONASS, and QZSS satellites are equipped with
laser retroreflector arrays (LRAs; Dell’Agnello et al., 2011)
for SLR. Only two GPS Block II satellites (SVN 35 and 36)
are equipped with LRAs but these satellites are not active
anymore. However, the second batch of GPS III satellites
will again carry LRAs. SLR observations can be used for
external validation of mainly the radial component of
GNSS satellite orbits. SLR range residuals, i.e., the differ-
ence between the orbit derived from microwave observa-
tions and the distance measured by the optical SLR
technique, are used as performance criterion in the follow-
ing paragraphs.

Whereas all active GLONASS and Galileo satellites are
tracked by the International Laser Ranging Service (ILRS;
Pearlman et al., 2002), only selected BeiDou satellites are
currently considered in accord with the support request
of the system provider and the availability of correspond-
ing orbit predictions for ILRS tracking stations. These
comprise the MEO satellite M3, the IGSO satellites 13,
I5, and 16, and the GEO satellite G1. BeiDou-3 satellites
are not considered here, as the IGS multi-GNSS stations
do not provide dual-frequency GNSS tracking data for
these satellites at the moment.

The SLR residual analysis was performed with DLR’s
GNSS high precision orbit determination software tools
(GHOST; Wermuth et al., 2010). SLR station coordinates
are fixed to SLRF2008 (Pavlis, 2009) and ocean tidal load-
ing is corrected for with the FES2004 model (Lyard et al.,
2006). Gross outliers exceeding 2 m for BDS GEO, 1 m for
BDS IGSO and QZSS, and 0.5 m for all MEO satellites are
excluded. All 24 satellites of the nominal GLONASS con-
stellation are considered. For Galileo, the different genera-
tions of satellites are analyzed separately: Galileo 10V
(GSAT-101-103) and Galileo FOC (GSAT-201-206, 208,
209). BDS-16 is only included in the GBM solution for
about 6 weeks. Offsets and standard deviations (STDs)
for the analysis period 1 January until 30 June 2016 are
listed in Table 10 for the various MGEX ACs. The number
of normal points of the new constellations for this same
time interval is shown in Fig. 4. Due to their limited visibil-
ity, the GEO and IGSO satellites are in general tracked by
5 and 5-10 stations, only. MEO tracking is performed by
22-24 TLRS stations for BeiDou and Galileo IOV and
15-24 stations for Galileo FOC.

Signal-In-Space Range Error. Similar to the perfor-
mance analysis of broadcast ephemerides, the SISRE can
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Table 10
SLR residual offsets and standard deviations for the time period 1 January-30 June 2016. All values are given in cm.
GLONASS Galileo BeiDou QZSS
j(0)% FOC MEO 1GSO GEO
COM 0.5+5.0 —43+45 —3.54+43 —34+6.5 —-2.8+14.5 —2.0 +£26.0
GBM 1.0+5.5 —-1.7+8.0 —-3.0+8.2 —-0.3+3.5 —1.1+6.5 —44.7 +42.0 154 £26.5
GRM 02+52 —-0.3+4.5 —-1.3+47
QZF —13.8+16.2
TUM —6.1+8.8 —4.6 +8.6 8.1 +289
WUM 1.0+54 —-2.0+42 —-6.2+9.0 —-2.5+42 —-34+382 —37.7+29.2 13.1+£258
2500 Table 11
i SISRE from comparison of precise GPS orbit and clock products of two
2000} - BDS IGSO GAL FOC A MGEX ACs for the time period 1 January—30 June 2016. Values in the
£ T BDS MEO Qzss upper r.1ght trlangle.prowde t.he combined SISRE lncludu.lg orbit ar}d
g 1500 ] clock differences, while values in the lower left triangle provide the orbit-
T only contribution SISRE(orb). All values are given in cm. Individual
13 1000 products are identified by 3-letter acronyms indicating the respective ACs
e (cf. Table 8).
I+
500} COM GBM GRM QZF wWUM
COM - 2.1 1.9 6.2 1.8
0 M WO NN T N®= N®OT WO 0 D = GBM 2.5 - 1.4 6.2 1.4
QZF 5.8 5.6 5.4 - 2.8
Fig. 4. Number of SLR normal points of the new satellite navigation WUM 22 1.3 2.0 34 -

systems for the time period 1 January-30 June 2016 as used for the
analysis in Table 10. Satellites are identified by their space vehicle number
(SVN).

be used as a performance indicator for the consistency of
precise orbit and clock products. Using the same tech-
niques as applied in Section 2.2 and by Montenbruck
et al. (2015a), we obtain global-average SISRE values for
a pair of MGEX products of two ACs from a weighted
average of the along-track, cross-track and radial orbit dif-
ferences as well as the clock differences. A common system
time difference is removed by subtracting the constellation
mean clock difference at each epoch. Since the two prod-
ucts used in the computation are roughly of similar quality,
the SISRE values obtained from their difference is not a
unique quality measure for an individual orbit and clock
product. Still, it provides an indicator for the expected
single-point positioning (SPP) performance that can be
obtained with either of the two products for a given geo-
metric DOP. For carrier phase based PPP, the estimation
of phase ambiguities results in a further absorption of orbit
and clock errors, so that the SISRE values reported here
may be considered as a conservative performance indica-
tor. Actual PPP results using new constellations may
indeed provide better positioning accuracy than suggested
by the values compiled in the Tables 11-14.

4.3.1. GPS and GLONASS

While quality-controlled GPS and GLONASS solutions
are a well-established part of the IGS service portfolio, the
majority of MGEX products listed in Table 8 also include
orbit and clock information for these constellations as part

Table 12

SISRE (top right) and SISRE(orb) of MGEX GLONASS products for
1 January-30 June 2016. All values are given in cm. See Table 11 for
further explanations.

COM GBM GRM wWUM
COM - 6.1 1.7 5.5
GBM 4.2 - 4.8 6.5
GRM 4.1 3.7 - 6.7
wuUM 5.1 2.0 5.1 —

Table 13

SISRE (top right) and SISRE(orb) of MGEX Galileo products for
1 January-30 June 2016. All values are given in cm. See Table 11 for
further explanations.

COM GBM GRM TUM WUM
COM - 39 49 5.0 3.6
GBM 9.2 - 4.7 5.1 3.1
GRM 6.5 7.5 - 7.4 6.6
TUM 7.4 7.3 8.7 - 5.3
wUM 7.4 7.0 6.8 7.4 -

Table 14

SISRE (top right) and SISRE(orb) of MGEX BeiDou products for
1 January-30 June 2016. All values are given in cm. See Table 11 for
further explanations. The values in brackets for the GBM/WUM
comparison refer to the complete BeiDou constellation including GEOs,
whereas the other values refer to MEO and IGSO satellites only.

CoM GBM WUM
CoM - 6.6 6.8
GBM 17.5 - 4.3 (27.4)
WUM 18.5 8.1 (32.1) -
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of a combined multi-GNSS solution. The 3D orbit preci-
sion for GPS is mostly at the few cm level (Table 9), and
the SISRE is confined to 1-3 cm (Table 11). As an excep-
tion, the QZF product shows a slightly degraded perfor-
mance of about 6 cm in comparison to other solutions.
For GLONASS, the individual products exhibit a consis-
tency at the 5-15 cm level (3D RMS orbit difference) and
SISRE values of about 5 cm (Tables 9 and 12). The GLO-
NASS SLR residuals with a bias of up to 1 cm and a STD
of about 5 cm are slightly worse than the results reported in
Sosnica et al. (2015). With the exception of QZF, the con-
sistency of MGEX orbit and clock solutions for GPS and
GLONASS is generally found to be at the same level as
the standard IGS products.

4.3.2. Galileo

The Galileo orbit products show a consistency at the 15—
30 cm level in terms of 3D RMS (Table 9). Differences
between IOV and FOC are mainly attributed due to differ-
ences in orbit modeling: e.g., both TUM and WUM use
ECOM-1 for the FOC satellites yielding the smallest
RMS difference in the radial component of about 4 cm.
For the IOV satellites, TUM also uses ECOM-1 whereas
WUM applies ECOM-2 resulting in the largest radial
RMS difference of about 10 cm. This example illustrates
that the orbit comparisons have to be interpreted with care
as they mainly evaluate the consistency of two solutions.
This means that solutions with the same systematic errors
of ECOM-1 (TUM and WUM/FOC) can exhibit good
consistency but are still not accurate as will be demon-
strated later by the SLR residuals. The SISRE values for
Galileo are between 3 and 7 cm (Table 13) which is similar
to GLONASS. However, the orbit-only SISRE of GLO-
NASS is smaller by a factor of nearly two compared to
Galileo.

Orbit differences between individual ACs are largely dri-
ven by the use of different SRP models as illustrated in
Fig. 5 for the TUM (using ECOM-1) and the CODE solu-
tion (using ECOM-2). In the radial direction, a modulation
of the orbit differences with peak-to-peak amplitudes
between a few cm and up to 40 cm can be seen. The mag-
nitude of this effect depends on the elevation of the Sun
above the orbital plane (f-angle) and is common to all
Galileo satellites within the same orbital plane. Satellites
in other planes typically show similar variations but at dif-
ferent periods of the year. Slightly smaller differences can
be observed during the eclipse period indicated by the
gray-shaded area in Fig. 5. However, in the middle of the
eclipse period, when the f-angle is close to zero, differences
with peak-to-peak amplitudes of up to 80 cm occur which
can be attributed to the use of different attitude models
in this period. In the cross-track direction, a systematic bias
of up to 20 cm with an almost semi-annual period can be
observed. Similar effects are again encountered for satellites
in other orbital planes.

In the SLR analysis (Table 10), two groups of ACs can
be distinguished for Galileo: GBM, TUM and WUM/FOC

Radial [cm]

GSAT-103
GSAT-208

Cross—Track [cm]

Jan Feb Mar Apr May Jun

Fig. 5. Orbit differences between COM and TUM for Galileo satellites in
orbital plane C. The gray-shaded area indicates the eclipse period.

still use the legacy ECOM-1 model resulting in STDs of
about 8cm. More sophisticated SRP models like
ECOM-2 (COM, WUM/IOV) or an a priori box-wing
model (GRM) result in STDs of only 4-5cm. The SLR
residual offsets of all ACs are negative and range from
almost zero to —6 cm. The neglect of albedo and antenna
thrust by most ACs could be an explanation for this
systematic bias. As an exception, albedo forces are
considered in the GRM product for Galileo IOV and
FOC satellites, which results in a slightly larger orbital
radius and, thus, reduced SLR biases compared to the
other ACs.

4.3.3. BeiDou

Due to their different orbit characteristics and the
resulting POD differences, BeiDou MEO, IGSO, and
GEO satellites are treated separately in Tables 9 and 10.
As already mentioned in Section 4.1, the CODE product
does not include BeiDou GEO satellites. The BeiDou
MEO satellite orbits show a similar consistency as those
of Galileo with 3D RMS wvalues in the range of
12-26 cm. The consistency of the IGSO satellites is about
a factor of two worse. For the MEO and IGSO satellites,
the GBM/WUM comparison shows the same level of
consistency in ON and YS mode. However, the ON mode
periods are clearly visible in the COM/GBM and
COM/WUM comparisons as this attitude mode is not
yet modeled by CODE.

GEO POD solutions exhibit the lowest consistency
(about 5 m) as a result of the static viewing geometry which
does not allow to determine all orbital elements with simi-
lar accuracy. Proposed remedies include tracking from
LEO satellites (Guo et al., 2016¢) and joint GNSS/SLR
POD (Sun et al., 2016) but have not been employed in
the routine product generation so far. Considering the full
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BeiDou constellation results in a SISRE of about 0.3 m due
to the large orbit errors of the GEO satellites (Table 14).
Limiting to MEO and IGSO satellites improves the SISRE
to 4-7 cm which is similar to Galileo, although the orbit-
only SISRE of up to 18 cm is worse by a factor of about
two.

Significant differences between the three types of satel-
lites can also be seen in the SLR residuals (Table 10):
MEO and IGSO satellites have few cm biases with STDs
of 4-7cm and 7-15 cm, respectively. The BeiDou GEO
satellites exhibit a significant bias of about —0.4 m and
STDs of 0.3-0.4 m, which may suggest SRP modeling
problems in context with the ON mode attitude of these
satellites.

4.3.4. QZSS

Due to the significantly different performance during YS
and ON mode, these two attitude modes are treated sepa-
rately for QZSS in Table 9. TUM has been excluded for
the YS comparison due to large 3D RMS values of 1.2—
1.3 m. The RMS of the other ACs is in the range of 0.4
0.7 m which is a factor of about 1.5 worse compared to
the BeiDou IGSO satellites. In ON mode, the consistency
degrades by a factor of about three due to generally inap-
propriate modeling of this special attitude mode. The SLR
biases of the different ACs range from —2 cm to +15cm
with STDs of up to 30 cm (Table 10).

4.4. Product combination

At the moment, only MGEX products of individual
ACs are available. A combined MGEX product as gener-
ated by the IGS Analysis Center Coordinator for the
IGS ultra-rapid, rapid, and final orbits and clocks
(Kouba and Springer, 2001) is pending for multi-GNSS
as well as combined SINEX (Rebischung et al., 2016)
and troposphere products (Byram et al., 2011). First trials
of a combined GPS+Galileo product are given in
Uhlemann et al. (2016) with an agreement of 3—10 cm for
the Galileo IOV orbits of CODE, GFZ, and TUM. More
recent results of GPS, GLONASS, Galileo, BeiDou, and
QZSS for CODE, GFZ, CNES/CLS and Wuhan Univer-
sity are presented in Fritsche (2016). These ACs exhibit
weighted root-mean square (WRMS) orbit differences w.
r.t. the combined solution of about 5cm for Galileo, 3—
5 cm for BeiDou MEOs in YS mode, 0.1-0.2 m for BeiDou
IGSOs, and 1-2 m for BeiDou GEOs. For QZSS, orbit
WRMS values of 0.1-0.2 m are achieved during YS mode
but can exceed 1 m during ON mode.

Independent experience in multi-GNSS orbit and clock
combination has also been gathered in the frame of the
international GNSS continuous Monitoring and Assess-
ment System (iIGMAS; Echoda et al., 2016; Tan et al.,
2016). Chen et al. (2015) present GPS, GLONASS,
Galileo, and BeiDou combination results of the iGMAS
product integration and service center. For a two week

period in 2014, they report WRMS values of about 0.1 m
for Galileo, 0.2 m for BeiDou MEO and IGSO, and 1-
2 m for BeiDou GEO satellites.

5. Biases

While there is probably no unique and unanimous defi-
nition, the term “bias” in the context of GNSS observa-
tions usually refers to deviations of the measured value
from an idealized reference or a priori model. Biases are
commonly treated as additive terms in the functional
model of pseudorange and carrier phase observations,
and are typically (but not necessarily always) considered
as constant values during a given processing arc. Well
known examples of GNSS biases include group delays of
the satellite signal transmission chain and associated
receiver-chain delays, as well as phase biases related to
the arbitrary initial phase of the reference oscillator.

Unfortunately, the choice of bias parameters in the
observation model is, to a large extent, arbitrary and
may vary with the envisaged processing scheme and the
desired/accepted model complexity. Furthermore, the
actual value of a bias in a specific model will inevitably
depend on further definitions and constraints, since the
incorporation of bias terms results in a rank-deficient func-
tional model for the observations. By way of example, only
the sum of satellite and receiver group delays is accessible
to observations (if at all) and a separation of both contri-
butions requires the definition of a “bias-free” reference
receiver, the introduction of a zero-mean constraint for a
set of satellites, or similar means for removing the rank
deficiency. Likewise, the decoupling of biases from clock
offset parameters requires the definition of a suitable refer-
ence for either of the two. In case of phase biases, only
fractional-cycle biases can (or need to) be considered, since
it would not be possible to distinguish a potential integer
part from the carrier phase ambiguity. Depending on the
preferred processing concept, different types of biases
become relevant and multiple biases may be lumped into
aggregate biases in a different manner. It is therefore para-
mount to provide a fully transparent description of the
employed bias concept when exchanging biases between
ACs and users.

The above considerations and concerns apply to all
GNSSs and already need to be taken into account in
GPS-only processing. They become even more important,
though, when introducing multiple constellations and a
plethora of different signals into the GNSS processing
(Hékansson et al., 2016). Within the following discussion,
we focus on DCBs and inter-system biases (ISBs), which
have so far been covered most deeply in the literature on
new and modernized GNSSs and - in part — already
resulted in IGS/MGEX AC products made available to
multi-GNSS users and analysts. Specific aspects of phase
biases and the problem of half-cycle ambiguities are dis-
cussed in Section 5.3.
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5.1. Differential code biases

DCBs are well known from GPS (Coco et al., 1991;
Yinger et al., 1999) and represent differences in signal travel
time for two signals of a given GNSS that are independent
of the ionospheric dispersion but rather relate to hardware-
dependent group delay differences in the satellite’s trans-
mission and the user’s reception equipment. Consideration
of DCBs in point positioning and timing applications is
typically required for single-frequency users, but also for
dual-frequency users if the observed pair of signals used
to form an ionosphere-free linear combination differs from
the one employed in the generation of the GNSS satellite
clock offset product (Montenbruck and Hauschild, 2013).
Also, DCBs are required as part of ionospheric observa-
tions using multi-frequency signals. DCBs are typically
caused by frequency-dependent group delays of analog
hardware components, but may also occur for signals on
a common frequency due to different spectral characteris-
tics of the various modulations. Furthermore, DCBs may
originate from differences in the digital signal generation
or processing chain.

For practical purposes, DCBs are commonly partitioned
into a sum of satellite- and receiver-specific biases. Since
the latter can be lumped into the receiver clock offset and
are typically ignored in positioning applications, only a
limited number of satellite-specific biases needs to be
exchanged between ACs and GNSS users. Even though
detailed investigations (Aerts et al., 2010; Lestarquit
et al., 2012; Vergara et al., 2016) of chip shapes and corre-
lators as well as the transfer function of the entire signal
chain reveal that the satellite-plus-receiver DCB cannot
be rigorously split into a sum of two independent parts, this
treatment still remains a practical necessity despite its
approximate character. As shown by Hauschild and
Montenbruck (2016), effects are most pronounced for mod-
ern receivers using very narrow correlators for multipath
mitigation. Here, the use of dedicated receiver-group-
specific satellite bias values may be considered as an alter-
native to the present assumption of receiver-independent
satellite biases. While considered as an option in the new
Bias-SINEX format (Schaer, 2016) such group-specific
biases have not, however, been widely used in practice so
far.

With the exception of intra-frequency biases (i.e., DCBs
of signals on a common center frequency), the determina-
tion of DCBs is necessarily tied to the use of a priori mod-
els for the differential ionospheric path delay or the joint
estimation of bias and ionosphere parameters. Both meth-
ods were employed in recent approaches to multi-GNSS
DCB estimation. Global ionosphere maps (GIMs) have
been adopted in Montenbruck et al. (2014) as a convenient
way of correcting observed pseudorange differences on two
signals for the respective ionospheric delay. GIMs provide
values of the Vertical Total Electron Content (VTEC) for
use with a single-layer mapping function and are routinely
generated by various IGS ACs from GPS and GLONASS

observations (Herndndez-Pajares et al., 2009). While the
use of GIMs greatly facilitates the generation of DCBs, it
may cause a degraded performance for stations in equato-
rial regions with pronounced ionospheric variations. The
estimation of a local set of ionosphere parameters has
therefore been preferred in Wang et al. (2016b) and Xue
et al. (2016a,b).

Multi-GNSS DCB products covering a comprehensive
set of signals tracked within the IGS network are routinely
generated by two ACs (DLR and Chinese Academy of
Sciences, CAS) for GPS, GLONASS, BeiDou and Galileo
using the aforementioned approaches. They are accessible
via the IGS data centers of CDDIS?! and IGN.?? It may
be noted that QZSS is not presently included in either of
the two products, since the availability of just a single satel-
lite prevents the application of a constellation zero-mean
constraint. As discussed in Wang et al. (2016b), the two
DCB products exhibit a consistency of about 0.2 ns and
0.4 ns for Galileo and BeiDou, respectively. In comparison
with established GPS and GLONASS DCB products gen-
erated by CODE, the MGEX products exhibit RMS differ-
ences of about 0.2ns and 0.6 ns. These differences can
largely be attributed to the use of a new generation of
GNSS receivers for the multi-GNSS DCB products,
whereas the CODE DCBs are estimated using a larger
number of legacy receivers. An overview of DCB values
for a selection of relevant signal pairs is shown in Fig. 6.
While intra-frequency biases are typically confined to less
than +2ns for GPS and +4ns for GLONASS, inter-
frequency biases cover a much wider range of up to 50 ns.

Monthly repeatabilities of the MGEX DCBs are at the
0.1 ns level for GPS and Galileo, and at the 0.2 ns level
for BeiDou and GLONASS (Wang et al., 2016b). The infe-
rior stability of GLONASS can largely be attributed to the
frequency division multiple access (FDMA) modulation
scheme that introduces inter-frequency channel biases not
taken into account by the current DCB estimation. The
increased scatter of BeiDou DCBs, in contrast, is caused
by boresight-dependent group delay variations in the trans-
mit antenna system. As discussed in Wanninger and Beer
(2015) and Lou et al. (2017), code and carrier phase obser-
vations of BeiDou exhibit a satellite-induced inconsistency
that varies with elevation (or, equivalently, the boresight
angle) and depends on the signal frequency as well as the
satellite type (MEO or IGSO/GEO).

While the exact nature of the BeiDou group delay vari-
ation is not yet fully understood, it can in practice be
described and corrected by a boresight-angle dependent
code phase pattern. Day-to-day DCB variations of BDS
satellites can be reduced down to 0.1 ns when using
advanced ionosphere estimation concepts in combination
with the code phase pattern correction. It is important,
though, that consistent code phase patterns are employed

2L ftp://cddis.cosdis.nasa.gov/pub/gps/products/mgex/dcb.
22 ftp://igs.ign.fr/pub/igs/products/mgex/dcb.
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Fig. 6. GNSS satellite DCBs as derived from observations of the IGS multi-GNSS network (mean values for August 2016). Colors distinguish individual
spacecraft within the constellation. Columns within each subfigure distinguish individual blocks of satellites. Please note the different scales for the
individual DCB values of GPS, GLONASS, and BeiDou. All signals are identified by their corresponding RINEX v3 designations.

in the estimation of DCBs and their subsequent application
by the user. This requires establishment of corresponding
standards and conventions. For completeness, we also
mention that a very good (<0.1 ns) consistence and stabil-
ity of 7-day and 28-day averages of BDS DCBs has been
obtained in Xue et al. (2016b) even without application
of a code phase pattern. This apparently positive result
can essentially be explained by the 7-day repeat period of
the BeiDou constellation but is likely to mask systematic
errors related to the choice and distribution of monitoring
stations for the DCB determination.

As discussed in Section 2, numerous new GNSS signals
provide independent data and pilot channels to their users
that require specific attention with respect to DCBs. Pilot
channels carry no data modulation, which enables long
coherent integration times and increases the robustness at
low signal levels or during interference conditions (Betz,
2016). Data channels, in contrast, are used to extract the
respective navigation message for real-time positioning.
Receiver manufacturers may choose to obtain measure-
ments from tracking either of the components individually
or by combining the code correlations of both components
into a common tracking loop for increased signal-to-noise
ratio.

Examples of pilot/data signals relevant for common
users include the I- and Q-channels of the GPS/QZSS L5
and Galileo E5a/E5b signals, the open service components
(E1-B and E1-C) of the Galileo El signal and, finally, the
medium and long component of the GPS/QZSS L2C sig-
nal. With the exception of the data and pilot channels of
the Galileo E1 open service signal that employ in-phase
and anti-phase versions of the composite binary offset car-
rier (CBOC) modulation and differ slightly in their spectral
properties, the data and pilot components of all other

signals exhibit strictly identical spectra and should there-
fore exhibit identical group delays. It remains unclear,
though, whether this expectation is actually valid in prac-
tice. While the broadcast group delay parameters (BGDs)
provided by Galileo as part of its navigation messages do
not distinguish between signal components and tracking
modes, individual “inter-signal corrections” (ISCs) are pro-
vided for the GPS/QZSS L5 I- and Q-components within
the CNAYV navigation message (GPS Directorate, 2013).
On the other hand, only a single ISC parameter is foreseen
for the GPS/QZSS L2C-signal, which uses time-
multiplexing for the data and pilot component.

The need to distinguish DCBs related to pilot-only,
data-only, or data+tpilot tracking modes is a matter of
ongoing discussion and research within the IGS and the
multi-GNSS community in general. For GPS Block IIF
satellites, ISCs (i.e. DCBs w.r.t. the L1 P(Y)-code signal)
for L5-15 and L5-QS5 transmitted in the CNAYV navigation
message differ by up to 7 ns (Fig. 7), even though details of
the equipment and methodology used in their determina-
tion are not publicly documented.

On the other hand, DCBs for pilot-only tracking (pre-
sently employed in Leica, NovAtel and Septentrio multi-
GNSS receivers) and combined data+pilot tracking (pre-
sently used by Javad and Trimble receivers) as determined
within MGEX, exhibit much better consistency. This is
illustrated by comparison of GPS L5-minus-L1C/A satel-
lite code biases for pilot-data tracking (designated as
DCBcsx_cic in accord with RINEX v3 signal names) with
those for pilot-only tracking (i.e., DCBcsq_cic). As illus-
trated in Flg 8, the DCBCSX—CIC — DCBCSQ—C]C difference
exhibits a root-mean-square of 0.4 ns across the entire con-
stellation of Block IIF satellites and day-to-day variations
of about 0.1 ns for individual satellites. While not strictly
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Fig. 7. Difference of inter-signal corrections for L5-15 and L5-Q5 signals
of the GPS Block IIF satellites as transmitted in the CNAV message from
Jan. to Aug. 2016. Individual satellites are identified by their SVN.
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Fig. 8. Difference of DCBcsx—cic and DCBcsq_cic biases for the GPS L5
signal as derived from observations of the IGS multi-GNSS network from
Jan. to Aug. 2016. The satellite-specific color codes are the same as in
Fig. 7.

compatible, a comparison of Figs. 7 and 8 raises concerns
about the quality and applicability of the GPS broadcast
ISCs for users in the field. Further transparency in the
ISC determination for the GPS control segment will be
required to better interpret and potentially improve the
respective parameters.

Results of an MGEX DCB analysis for other signals
offering distinct pilot/data tracking options are compiled
in Table 15. In all cases the variation of bias differences
across the constellation clearly exceeds the day-to-day vari-
ation of values for individual satellites that indicates the
precision of the DCB determination. On the other hand,
the differences of DCBs for different tracking modes have
not been derived with a common set of receivers, but are
potentially masked by characteristics of the two receiver
groups. The dependence of “satellite-specific” biases on
the receivers used for their estimation has, e.g., been evi-
denced in Hauschild and Montenbruck (2016) and is also
obvious from comparison of DCBs for GPS legacy signals
derived with IGS multi-GNSS stations and the old IGS
GPS/GLONASS stations (Montenbruck et al., 2014;
Wang et al., 2016b). It is also worth noting that the DCB
differences between the two tracking modes and/or receiver

groups are most pronounced for GPS L5 but less evident
for the time-multiplexed GPS L2C signals and the
digitally-generated Galileo ES5a/b/ab signals. Use of
advanced signal generation units offering clean and repro-
ducible chip shapes in future GNSS satellites is therefore
deemed important to minimize such intra-signal biases
for users.

From a practical point of view, the DCB differences
summarized in Table 15 amount to 0.2-0.6 carrier wave-
lengths and appear of most relevance for near-
instantaneous ambiguity resolution, which relies on accu-
rate modeling of code observations. If mainly related to
the actual tracking mode but not the particular receiver,
a transition of manufacturers to pilot-only tracking may
be advisable to harmonize and simplify the GNSS data
processing in high-precision applications. Otherwise, indi-
vidual receiver groups may need to be distinguished by
the IGS in the determination of future DCB products.

5.2. Inter-system biases

While DCBs refer to delays between two signals of a
common navigation satellite system, inter-system-biases
matter when comparing signals from two different GNSS
constellations. Simply speaking, an ISB is a correction con-
sidered in the pseudorange (and carrier phase) model to
align the measurements of one constellation (e.g. Galileo)
with that of a reference constellation (e.g., GPS). As dis-
cussed in Montenbruck and Hauschild (2013), the ISB
lumps receiver- and signal-specific biases with differences
in the time systems of individual constellations.

In practice, ISBs are taken into account in dual-
frequency point positioning applications by introducing a
free adjustment parameter per station for all constellations
other than the reference constellation. It is important,
though, to note that the estimated ISBs depend not only
on the specific receiver and antenna, but vary with the
GNSS clock product that defines the system time scales
for the individual constellations. Different IGS multi-
GNSS products implement different time scales for each
constellation and will thus result in different ISB estimates
at the user level. Likewise, use of broadcast ephemerides
for single point positioning will result in different ISB esti-
mates than use of precise orbit and clock products.

Since broadcast ephemerides reflect the real-time real-
izations of the GNSS-specific system time scales, the ISBs
observed by the user will include the GNSS system time
differences (e.g., the GPS-Galileo Time Offset GGTO) in
addition to receiver-specific group delay differences for
the employed signals. Each of these contributions will typ-
ically amount to a few tens of nanoseconds. By way of
example, differences of about 20 ns have been obtained
for the Galileo-to-GPS ISBs of four different receivers in
Gioia and Borio (2016). This scatter is at a similar order
of magnitude as the GGTO itself (Defraigne et al., 2013).
Dalla Torre and Caporali (2015) investigated ISBs for var-
ious European stations using broadcast clocks as well as
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Table 15

Difference of DCBs for combined pilot+data tracking and pilot-only tracking from the DLR MGEX DCB product for Jan. to Aug. 2016. Both the
standard deviation of DCB differences across the entire constellation and all epochs, as well as the average standard deviation of daily values for individual

satellites are provided. Signals are identified by their RINEX v3 names.

GNSS DCB (pilot+data) DCB (pilot-only) difference o [ns] day-to-day scatter a4 [ns]

GPS C2X-CIC C2L-C1C 0.28 0.02
C5X-CIC C5Q-CIC 0.42 0.10

Galileo C5X-CIX C5Q-CIC 0.23 0.14
C7X-CIX C7Q-CIC 0.24 0.14
C8X-CIX C8Q-CIC 0.24 0.14

precise clock products and obtained values at the level of
10-100 ns for GPS, Galileo, BeiDou and QZSS in 2013.

As part of the IGS multi-GNSS orbit and clock prod-
ucts, ISBs are also provided by two MGEX ACs (CODE
and GFZ). Since the joint estimation of satellite clock off-
sets and receiver ISBs results in a rank-1 deficiency, an
additional constraint is required in the generation of the
orbit and clock products. As a result of different strategies
(e.g., definition of a zero ISB for a specific station or use of
a zero-mean condition over all stations of a network) differ-
ent ISBs and system time scales are obtained in the multi-
GNSS products generated by different ACs. In particular,
ISBs are only weakly determined, if the precise orbit and
clock determination is driven by carrier phase observations
and gives only low weight to pseudorange measurements.

While the ISBs of different products appear inconsistent
at first sight, the differences of two products for individual
stations are largely compensated by associated differences
in the GNSS satellite clock offsets themselves. In a compar-
ison of MGEX Galileo products, Steigenberger et al.
(2015b) have, for example identified a 44 ns clock offset dif-
ference between two ACs, which matches the correspond-
ing difference in ISBs. As such, ISBs are no “absolute”
quantities for a given station but reflect the leveling of
the related clock product. Likewise, point positioning users
must expect different ISB estimates for their receiver and
antenna, when working with different multi-GNSS clock
products. Other than, for example, satellite DCBs, the pub-
lished ISB values are primarily of interest for the inter-
comparison of different solutions. They are not, however,
required for the positioning itself.

Between-receiver (BR) differences of ISBs for various
families of receivers have been investigated by Odijk and
Teunissen (2013), Odijk et al. (2016), Paziewski and
Wielgosz (2015), and Paziewski et al. (2015) for code and
phase observations in a zero-baseline (or short-baseline)
testbed. These differences no longer depend on GNSS time
scale difference and can be separately determined for each
observation type and signal.

BR-ISB differences of code observations reflect analog
and digital group delay difference and thus have a similar
nature as the code-DCBs. While close to zero for pairs of
identical receivers, values of 10-100 ns may arise for pairs
of receivers of different brands or types. As discussed in
Odijk et al. (2016), calibration of BR-ISBs is, e.g., of inter-
est for relative navigation applications using mixed GNSS

constellations. Here, proper knowledge of the BR-ISBs
enables a unified treatment of signals on common frequen-
cies from different GNSSs as if they were part of just a sin-
gle constellation. By constraining the BR-ISB to known
values, the degrees of freedom in the positioning problem
are reduced with benefit for the resulting dilution of preci-
sion and ambiguity fixing rate. Carrier phase BR-ISBs are
further discussed in the following sub-section.

5.3. Phase biases

Next to code observations, GNSS carrier phase observa-
tions are likewise affected by various forms of biases in the
signal transmission or reception equipment. Due to the
ambiguous integer cycle count, carrier phase biases are typ-
ically treated as fractional cycle biases in undifferenced
processing.

When forming between-receiver and between-satellite
double-differences of carrier phase observations on the
same frequency, the satellite and receiver biases will usually
cancel, thus leaving an ambiguity that is an integer multiple
of the wavelength irrespective of the involved types of
receivers. Precise positioning using GNSS carrier phase
observations is largely based on exploiting the integer nat-
ure of their double-difference (DD) ambiguities.

However, what holds for differences within a single con-
stellation is not necessarily valid for mixed-constellation
carrier phase differences when working with different
types/brands of receivers. While integer-valued DD ambi-
guities are indeed obtained for some combinations of con-
stellations, signals and receivers, half-cycle and even
fractional-cycle BR-ISBs have been evidenced in the previ-
ously mentioned analyses of Odijk and Teunissen (2013),
Odijk et al. (2016), Paziewski and Wielgosz (2015), and
Paziewski et al. (2015). Since the ISBs were found to be
stable within the noise limits, they can be calibrated and
applied as known quantities in the positioning model. In
this way, carrier phase observations from different constel-
lations using the same carrier frequency can effectively be
processed as if originating from just a single GNSS.

While the occurrence of fractional cycle BR-ISBs for
some signals and receiver pairs is not fully explained and
examined, the half-cycle biases obtained in other cases
may be understood from an inconsistent interpretation of
the specified signal structure (e.g., a sign swap of the sec-
ondary ranging code) within the individual receiver types.
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Further coordination among manufacturers and/or GNSS
providers will be required to remove these half-cycle biases
in order to achieve consistent integer ambiguities across
constellations.

A particularly surprising case of half-cycle DD ambigu-
ities within a single constellation has been encountered for
the B1-I and B2-I open service signals of the BeiDou-2 sys-
tem. As discussed in detail in Nadarajah et al. (2015), the
“inter-satellite type biases” relate to the use of different
modulations for the BeiDou-2 MEO/IGSO and GEO
satellites. While only a single ranging code is used for the
GEO satellites (to enable a 500 Hz data stream), the non-
GEO satellites employ a 20-bit secondary ranging code.
Early receiver implementations that were partly based on
pre-ICD signal information had resulted in partly inconsis-
tent signs of the secondary-code among the various types
of receivers and ultimately caused the occurrence of half-
cycle biases. Following coordination among receiver man-
ufacturers, the problem could essentially be eliminated, but
may still affect existing data holdings.

Another type of phase bias that has gained attention in
the context of new GNSS signals relates to the consistency
of phase observations from multiple carriers. With the
availability of two carriers in the lower L-band (e.g. GPS
L2 and L5 or BeiDou B2 and B3) two independent
ionosphere-free linear combinations can be formed. Their
difference represents a geometry- and ionosphere-free
triple-frequency linear combination, which is nominally
constant except for receiver noise, multipath and possibly
phase wind-up. However, notable variations at orbital time
scales have been identified for the GPS Block IIF satellites
(Montenbruck et al., 2012b). These variations are most
pronounced during the eclipse season (where peak-to-
peak amplitudes of up to 40 cm or 1.3 ns are attained)
and obviously relate to thermal variations in the phase
delays of the transmitter chain. While different formula-
tions of bias terms have been applied by various authors
to account for inconsistencies of triple-carrier observations
in precise point positioning applications (see, e.g., Tegedor
and Ovstedal, 2014; Guo et al., 2016d), no harmonized
framework has yet been established to exchange and apply
information on this type of bias.

6. Standards and conventions

Despite a high level of diversity exercised within the
IGS, the provision of highest precision GNSS data and
products necessarily requires a minimum set of standards
to facilitate a consistent application by the GNSS user
community. With the emergence of numerous new constel-
lations, the IGS has therefore actively promoted the exten-
sion of legacy data and formats for a full multi-GNSS
support.

e Asearly as 2007, a new version of the Receiver Indepen-
dent Exchange Format (RINEX v3.00) was developed,
which enabled a seamless support of the wealth of new

signals that was about to become available with the
modernization of GPS and the upcoming Galileo con-
stellation. The Ilatest release, RINEX v3.03 (IGS
RINEX WG and RTCM-SC104, 2015), supports all
current regional and global navigation satellite systems.
Known limitations include the definition of signals for
the third-generation BeiDou system that currently lacks
a public signal ICD as well as the support of new navi-
gation message types such as GPS/QZSS CNAV and
CNAV2.

e With respect to real-time GNSS data, the RTCM SC-
104 standard (RTCM, 2016) offers a framework for
the encoding of multi-GNSS observation data in close
agreement with the RINEX data contents. However,
the specification does not yet cover navigation messages
for all constellations, and RTCM users must presently
cope with missing or preliminary definitions of
IRNSS/NavIC and SBAS navigation data messages.

e Multi-GNSS support is also provided in the Special Pro-
duct 3 (SP3) orbit data format. As of version SP3-d
(Hilla, 2016), constellation letters for all GNSSs have
been defined, and the earlier limitation in the total num-
ber of satellites has been removed by a more flexible
encoding. New constellation codes are, furthermore,
accepted for the exchange of clock offset values in the
RINEX clock format, even though an official update
of the corresponding standard for all GNSSs is presently
pending.

e Definitions of antenna types and frequency bands for
use within the Antenna Exchange format (ANTEX;
Rothacher and Schmid, 2010) have been adapted to
enable the specification of antenna PCOs and PCVs
for new signals and constellations.

e Finally, a new Bias-SINEX standard has been devel-
oped (Schaer, 2016) for multi-GNSS biases, which is
presently (October 2016) under discussion and awaiting
final approval within the IGS. The Bias-SINEX format
supports differential and observable-specific biases as
well as inter-system biases for all code and phase obser-
vations of all signals and constellations.

While the variety of new and updated data formats
described above provides a basic framework for the
exchange of multi-GNSS-related information, dedicated
processing conventions will likewise be required to harmo-
nize the data processing by the various ACs and the appli-
cation of their products by the users. For GPS, such
processing standards have earlier been established by
Kouba and Héroux (2001) as well as Kouba (2015), but
numerous aspects of multi-GNSS processing are not yet
covered in suitable conventions.

The current IGS antenna phase center model igs08.atx
comprises PCOs for QZSS and IRNSS provided by the
respective system providers, PCOs for Galileo estimated
by two different ACs (Steigenberger et al., 2016), and con-
ventional PCOs for BeiDou based on the approximate
satellite body dimensions. The inclusion of consolidated
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BeiDou PCOs and of PCVs for all new systems is still an
open issue. With respect to satellite code-phase patterns
(Wanninger and Beer, 2015; Lou et al., 2017) that are
required for a proper modeling of BeiDou-2 observations
(and, to a lower extent, also other constellations), a stan-
dardized handling within the IGS is presently hampered
by ANTEX format restrictions. Adequate provisions for
incorporating such information into an advanced IGS
antenna model will have to be made as part of future stan-
dardization efforts.

7. Summary and conclusions

Within the five years since its foundation, the IGS
Multi-GNSS Experiment/pilot project has made substan-
tial progress in making new signals and GNSS constella-
tions accessible to a wide range of wusers in the
engineering and science communities. Tracking of multi-
GNSS signals has already become an integrated function
of the IGS network and data holdings. Initial orbit, clock,
and bias products have been made available that support
the incorporation of multiple constellations into GNSS-
based precise positioning algorithms and applications.

While the performance of present IGS multi-GNSS
products is not yet competitive to that of GPS and GLO-
NASS, the potential benefits (but also problems) of
multi-GNSS processing have already been experienced by
early application developers and users. Much work remains
to be done, though, to realize a fully operational multi-
GNSS IGS service. Among others, this comprises the fol-
lowing key tasks:

e Calibration of PCOs and PCVs of multi-GNSS satellite
and receiver antennas for all supported GNSS signal fre-
quencies and their incorporation into the IGS antenna
model.

e Extension of the IGS multi-GNSS network to cover the
full set of openly accessible GNSS signals and constella-
tions. In particular, this applies to IRNSS, BeiDou-3
and Galileo E6.

e Establishment and validation of a combined multi-
GNSS orbit and clock product including the definition
of a common set of clock reference signals for all
constellations.

e Full characterization of all GNSS satellite types with
respect to attitude modes, antenna phase center posi-
tions, and solar radiation pressure perturbations. Open
disclosure of high-level spacecraft parameters by the
GNSS providers is deemed important to accelerate this
process and to avoid cumbersome reverse engineering.

e Establishment and documentation of multi-GNSS pro-
cessing standards for IGS ACs and users including the
harmonization of formulations and products for PPP
using undifferenced and uncombined observations.

The implementation of these steps will be pursued by the
IGS Multi-GNSS Working Group in close cooperation
with other IGS entities and the GNSS user community as
well as manufacturers and system providers.
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