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ABSTRACT

Both modernized GPS and GALILEO will have three frequencies modulated with three

sgnds, dl of which will be accessible to dl usersin the near future.

This thesis starts with the investigations on the linear combinations (LC) rising from the
triple frequencies of the two systems, some of which show potential benefits in carrier
phase integer ambiguity resolution. For each system, a set of combinations with stepwise
wavelengths (GPS: 0.190, 0.862 and 5.861 m; GALILEO: 0.190, 0.814 and 9.768 m)
were fully studied, analyzed, and then selected in the development of a GPS/GALILEO
triple frequency cascading ambiguity resolution (CAR) method involving the Least-

squares Ambiguity Decorrdation Adjustment (LAMBDA).

The performance analysis of a basic CAR under error condition of measurement noise
level was first conducted to set a baseline for the application of CAR. Further efforts
were spent to the last step of the CAR to deal with the gradually increased residual
measurement errors by integrating various models - such as geometry-free/based integer

ambiguity modd, ionosphere-free and stochastic ionospheric modes, and etc.

Tests, analysis and comparison of the algorithms were made in simulated scenarios of the
two systems under error corditions of typical multipath, troposphere, medium and high
ionosphere over 1 to 70 km baselines, followed by fina conclusions and suggestions for

future work.
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1 INTRODUCTION

1.1 BACKGROUND

Motivated by the United States Department of Defense (DoD), the current Global
Positioning System (GPS) has experienced three decades’ development. Although the
origina motivation was only for military purposes, GPS has been widely used in civilian
applications during the past few decades. However, the integrity, availability, and
accuracy still need further improvement, especially for aviation applicatiors (Sandhoo et
al., 2000). Therefore, a GPS modernization program was started in the late 1990’s, in an
attempt to upgrade GPS performance for both civilian and military applications. For
civilian users, the first real step towards GPS modernization was the discontinuity of
Selective Availability (SA) on May 1, 2000, which enabled the improvement of the
Standard Positioning Service (SPS) from a horizontal accuracy of 75.0 to 22.5 m 95% of
the time (Sandhoo et al., 2000). Subsequent GPS modernization steps for civil users
consist of the broadcast of a second civil signal on L2 (L2C), and athird civil signa on
an additional civil frequency L5. Therefore, future civilian GPS users will be able to
receive three signalson L1, L2 and L5, which will improve the SPS accuracy to only a
few metres Bossche et al., 2004), and additionally will provide an improved anti-jam
capability and higher integrity (McDonald, 2001; Miller, 2004). Currently, the GPS
modernization program is moving forward, in which the number of working satellites in

the current GPS constellation is 29, with gradual replenishment of modernized satellites
1



in the near future. The first GPS satellite with modernized signals (a new M code on L1,

second civil signa on L2) will be launched soon (GPS World, 2005c).

In parallel, European community has been conceiving an independent and civilian
satellite navigation system for several years, and has resulted in GALILEO, which has
been jointly initiated by the European Commission (EC) and the European Space Agency
(ESA). GALILEO will be a part of the Global Navigation Satellite System (GNSS) 2™
Generation Although the system is designed for civilian use, special protection measures
regarding security and safety have been stressed to prevent against threats to the system’s
operation and use for purposes contrary to the interests of EU and its member states (EU

Transport Council, 2004). The GALILEO constellation will consist of 27 satellites evenly
placed in three orbital planes, plus one in each plane for backup, for atotal of 30 satellites,
that is expected to become fully operational by 2008. In GALILEO’s initial system
design, both independence from, and compatibility to, the existing GNSS(s) comprised

the most important considerations, which afterwards involves the interoperability with
GPS as an additional and increasing concern GALILEO users will be able to access three
free-of-charge signals modulated on three frequencies E1, E5b and E5a through an Open
Service (0OS), which is expected to enable equivalent or even better positioning accuracy

compared to modernized GPS (European Commission, 2003).

The modernization of GPS and the establishment of GALILEO will propel satellite-based
positioning and navigation applicatiors to such a level that the positioning reliability,

integrity, availability, and accuracy will be improved tremendously. One significant



benefit to high precision positioning brought by modernized GPS and GALILEO is that
carrier phase integer Ambiguity Resolution (AR) will be greatly facilitated by involving
three carrier frequencies. In addition, for the purpose of interoperability, two of the
GALILEO frequencies (E1 and E5a) overlap with GPS L1 and L5, which will not only
help smplify the RF front-end design in a combined GPS/GALILEO receiver, but will

aso lead to some beneficid interoperable dgorithms for multi-frequency applications.

During the past few years, a lot of research work has focused on agorithm studies for
integer ambiguity resolution making use of three carrier frequencies. Early studies can be
found in Hatch (1996), which introduced the idea of wide laning involving dual or triple
frequencies, and he gave some theoretica anayses of the benefits with regards to
ambiguity resolution. Forssell et a. (1997) first proposed the Three-Carrier Ambiguity
Resolution (TCAR) method for the European GNSS-2 program. TCAR was further
discussed and extended in Vollath et a. (1998) which showed promising results for fast
AR when using triple frequencies for the European GNSS-2. Similar discussions were
carried out in Bonillo-Martinez et d. (1999), Han et a. (1999) and Jung (999) by
considering a triple frequency GPS system (modernized GPS), which gave rise to
expectations on likely equivaent AR performance for GPS and GALILEO. In Jung et al.
(2000), a Cascading Integer Resolution (CIR) was defined for GPS triple frequency
ambiguity resolution. Some other efforts aimed to apply the Least-squares Ambiguity
Decorrelation Adjustment (LAMBDA) (Teunissen, 1993) to triple frequency ambiguity

resolution (de Jong et al., 2001). A comparison among TCAR, CIR and LAMBDA



methods was made in Teunissen et a. (2002) with a thorough interpretation of the

common ground and differences.

The advent of GALILEO and the modernization of GPS raised a lot of attention to the
study of the compatibility and interoperability of the two systems. A number of
performance analyses were conducted with respect to availability, reliability, accuracy,
and integrity in different smulated scenarios (such as open sky and urban canyons) for
the two systems individually and when integrated (O’ Keefe, 2001; Sheridan et a., 2001,
Verhagen 2002; O'Donnell et a., 2002). The overall conclusions were that the global
availability can be improved to a tremendous level when the two systems are combined.
Compatibility and interoperability of GPS and GALILEO at different levels ranging from
system architecture to user implementation have been fully discussed in the past afew
years (e.g. Leonard, 2002; Fyfe et a., 2002), with a lot of problems identified and
solutions proposed. Compatibility and interoperability still continue to be issues for

discussion today.

In light of modernized GPS and GALILEQ, it has become a concern as to how the
aforementioned ambiguity resolution will benefit from the co-existence of the two
systems. Eissfeller et al. (2001) investigated the performance of real-time kinematic
(RTK) GPS/GALILEO positioning. Alves (2001) studied single and dual frequency
ambiguity resolution for the individual and combined systems using the LAMBDA
method, and showed promising benefits from the combination of both systems. The work

was then extended in Julien et al. (2003) on triple frequency resolution, and a tight



coupling of the two systems was realized in terms of the signal characteristics of the two
systems. In Julien et a. (2004), the study was moved on to the implementation of
ionospheric modeling in the GPS/GALILEO triple frequency resolution algorithm. As a
parallel effort to Julien et a. (2003), Zhang et al. (2003) combined the TCAR, CIR and
LAMBDA in GPS/GALILEO triple frequency resolution and standardized the dual-
system multi- frequency cascading ambiguity resolution (CAR) procedures. Thisthesisis
a continuous effort that includes a summary of the research in Zhang et a. (2003),
implementation and development of new models to improve the applicability of CAR,

and a performance investigation of the developed methodsin different scenarios.

1.2 OBJECTIVES

The main purposes of this research are to make best use of the two triple-frequency
satellite navigation systems, and to study the achievable performance in ambiguity
resolution using a cascading ambiguity resolution method. The specific objectives are as

follows

(1) Develop astandardized scheme for cascading ambiguity resolution for the two triple-

frequency sysems,

(2) Study the performance of modernized GPS only, GALILEO only and combined
GPS/GALILEO for integer ambiguity resolution over baselines of short and medium

lengths under different ionospheric and multipath error levels;
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(3) Study the possibility of instantaneous ambiguity resolution using the two triple-

frequency systems;

(4) Study the advantages of two triple-frequency systems over one dual-frequency

system in terms of the ambiguity resolution performance.

1.3 THESISOUTLINE

Chapter 2 gives an overview of modernized GPS and GALILEO system in terms of the
system performance, signals in space, interoperability and benefits brought to ambiguity
resolution by the two systems. Chapter 3 starts with a general discussion of the error
sources in double differenced measurements, followed by a study of triple frequency
linear combinations for both systems. In Chapter 4, by applying the linear combinations,
the geometry-free cascading ambiguity rounding agorithm for both systems is first
discussed in a united way, and then a geometry-based cascading ambiguity resolution
method is studied. Chapter 5 consists of the efforts to further improve geometry-based
cascading ambiguity resolution by implementing an ionosphere-free model and a
stochastic ionospheric model in the last cascading step. Chapter 6 addresses some
implementation issues in geometry-based cascading ambiguity resolution methods for
both systems. Chapter 7 sets up a series of simulated tests over short and medium
basdlines for both the basic geometry-based cascading ambiguity method and the one

augmented by ionospheric modeling, and presents the corresponding test results together
6



with analysis. Chapter 8 summaries both the advantages and disadvantages of the
geometry-based cascading ambiguity resolution method, and also suggests some ideas for

further improvements.



2 GPSMODERNIZATION AND GALILEO EVOLUTION

Global Navigation Satellite Systems (GNSS) are evolving to a new era due to the
modernization of the current GPS and the upcoming GALILEO system. In this chapter,
the background of the GPS modernization program and the status of GALILEO are
introduced. A discussion on the compatibility and interoperability of the two systems is
also included, and the expected benefits of the systems for improved ambiguity resolution

are presented.

21 GPSMODERNIZATION AND GALILEO EVOLUTION

(1) GPS M oder nization Program

The GPS modernization program is an effort to extend the great success achieved in the
past three decades. The goals of the program are to protect the services for military users,
prevent the adversary exploitation of the system, and preserve civil use with
enhancements (Swider, 2001). The earliest action was taken in 1997 when the
Interagency GPS Executive Board (IGEB) held the first meeting to discuss the need for
an additional civil GPS signal and it was agreed to identify a second civil frequency
within a year. In the year that followed, it was announced by the US government that a
second civil signal would be broadcast at GPS L2; and a third civil signal specifically

designed for safety-of-life services would be broadcast on the third frequency L5. In



March 1999, another announcement by the US government declared that the frequency of
the third civil signal, L5 was selected to be 1176.45 MHz (Sielski, 2000). In December
2005, with the release of a new US presidentia GPS policy, the IGEB has been replaced
by a National Space-Based Positioning, Navigation, and Timing (PNT) Executive
Committee, co-chaired by the Deputy Secretaries of the US Departments of Defense and
Transportation (GPS World, 200538). Meanwhile, the free, open use of current and future
GPS civil signals and unrestricted access to the technical specifications were reaffirmed,
and the GPS modernization program has been moving forward with the leadership of the
US Department of Defense (DoD) and Department of Transportation (DoT) (GPS World,

20054).

(2) GPS M oder nization Schedules

The GPS modernization program started with the cancellation of SA in 2000. It will be
followed by the addition of a new military signal (M-code) and a second civil code on L2
(L2C), then a third civil frequency L5. Further modernization consists of the assessment
and design of a new generation of satellites to meet military and civil requirements
through 2030. Table 2.1 includes a summary of the launch schedule of the modernized

GPS satellites according to Miller (2004) and GPS World (2005c).



Table2.1 Launch Schedule of Modernized GPS Satellites

GPSBlocks Firs Launch

GPSIIR-M Expected in mid of 2005

- C/A Codeson L1/L2

- M CodesonL1/L2
GPSIIF Expected in mid of 2006

- C/A Codeson L1/L2/L5

- M CodesonL1/L2
GPSIII Expected in 2012

GPS Block [IR-M is the second part of Block IR, with eight modernized satellites being
built by Lockheed Martin. The IIR-M satellites will have a new civil signal on L2 and
new M codes on L1/L2 at higher signa power than normal 1IR satellites. The Boeing
company has the contract for GPS Block IIF, with nine satellites in total, that are
intended to provide improved anti-jam capability, increased accuracy, higher integrity,
and secured operational M-codes. Additionally, a third civil code at a new frequency L5
will aso be included. The purpose of the GPS Ill program is to deliver major
improvements in accuracy, assured service, integrity, and flexibility for civil and military
users. Currently led by both Lockheed Martin and Boeing both, the team of GPS Il1I
program has proposed the use of the same signal structure as GALILEO for its open
signals and decided the year 2012 as the target date of the launch of first GPS |11 satellite

(GPS World, 2005c).

(3) Modernized GPS Signals

The modernized GPS signals are depicted in Figure 2.1, and specifications of the

frequencies and chipping rates of the modulated signals are listed in Table 2.2. At the
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moment, only one civil signa modulated on L1 is accessible to civilian users. When the
GPS modernization program is fully implemented, another two civil signason L2 and L5
are expected to be available. However, the second civil signal L2 is not sufficient D
allow its use for civil aviation safety-of- life applications because of potential interference
from existing ground radars that broadcast in and near GPS L2 band (Fontana et al.,
2001). The third civil signal on L5 has more anti-jam capability, since the signal power is
designed to be 6 dB higher than the L1 signal. The code lengthwill be longer than the
C/A codes on L1 and L2 to reduce system sdlf-interference caused by CDMA cross-

correlation (ARINC Inc., 2001).

For stand alone real- time GPS users, the addition of second and third civil GPS signals is
expected to provide more signal redundancy, improved positioning accuracy by
eliminating the ionospheric error, improved signal availability and integrity, improved

continuity of service, and improved resistance to radio frequency (RF) interference.

C/A
Signal structure m.

M CIA \V CIA
M oder nized GPS P(Y P(Y)
Signal Structure .‘.
1176.45 1227.60 1575.42
L5 L2 L1
Civilian GPS Signals: | Military-only GPS Signals. NN

Figure 2.1 Evolution of Modernized GPS Signals (US DoT, 2003)
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For differential applications, the addition of athird frequency is expected to enable better
estimation of the spatialy uncorrelated ionospheric components seen over a baseline.
With the third frequency available, more linear combinations will be possible using the
three available frequencies, which will definitely benefit integer ambiguity resolution.
The need for GPS modernization and the principal driving factors are detailed in

McDonald (2001).

(4) Expected Performance

Each modernization step leads to a system performance improvement. The ceasing of SA
gives an SPS dand-alone horizontal accuracy of 22.5 m (95%) (Sandhoo et a., 2000).
When another civil signal becomes available, the ionospheric errors can be directly
estimated, so that the User Equivalent Range Error (UERE) can be reduced to about 2 m,
which will enable the SPS gand-alone horizontal accuracy to be improved to 3 ~ 8 m
95% of the time (McDonad, 2002). The New and Improved Clock and Ephemeris
(NICE) will further reduce the GPS satellite clock and ephemeris errors to approximately
1.2 m, so that the SPS torizontal accuracy will be further improved to 2 ~ 5 m (Perz,
2004; Rodriguez et al., 2004). With the technology advancement in the reduction of code

noise and code multipath, there is ill further potentia for SPS.
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2.2 EUROPEAN SATELLITE NAVIGATION SYSTEM —-GALILEO

GALILEO is a European GNSS currently under development that will provide a highly

accurate and guaranteed globa pogtioning service.

(1) Background of GALILEO Project

Both the US GPS and Russian GLONASS are under military control, whereas GALILEO
was originated from the desire of civilian service. In the early 1990s, the EU began to
conceive its own global satellite navigation system for better and guaranteed coverage
over northern Europe The EC assumes political responsibility for GALILEO and ESA
leads the program development. 1n 1998, a series of studies were formally commissioned
by ESA amed at the design of an independent, civil satellite navigation service. Three
years later, a tentative GALILEO frequency and signal plan (Hein et a., 2001) was
published, which is regarded as the baseline for the development of Europ€s satellite
navigation system. In 2002, the development phases of GALILEO were finally decided in
a meeting of the Transport Council of the EU. Taking into account the compatibility and
interoperability with GPS, the GALILEO frequencies and signals were refined in the
same year, and another frequency and signal plan was published (Hein et a., 2002). In
the mid of 2004, a few more important changes were carried out in the waveformson L1
and E6 as a consequence of the agreement made between the US and EU in the same year
(Rodriguez et al., 2004). In addition, the orbit selection for the GALILEO constellation

was findized in Zandbergen et d. (2004).

13



After some delay, the EU Transport Council has declared the final deployment of the
GALILEO constellation in December 2004. At the same time, five distinct services of
GALILEO were confirmed that include: an open service, which is free of charge for all
users (OS); a value-added commercia service (CS); safety of life (SoL); search and
rescue services (SAR) and a public regulated service (PRS) (GPS World, 2005b).
Moreover, concerns regarding security issues were raised. While keeping the GALILEO
system’s civil nature, efforts are being spent on controlling access to the encrypted PRS
and establishing security agencies to detect and prevent unauthorized or hostile use of the

system (GPS World, 2005b).

(2) Phases of the GALILEO Program

The development of the GALILEO system consists of three phases. During the first phase
(2001 to present), the mission requirements were consolidated, the satellites and ground-
based components were under developed, and the overal in-orbit-validation (IVO) of
GALILEO was started. IVO includes the delivery of the first four satellites in the
GALILEO constellation of 30, along with a number of ground control and monitoring
stations. The first launch of GALILEO satellites is expected by the end of 2005 (GPS
World, 2005b). Now it is on the very edge to the second phase — deployment phase
(before 2008), which covers the entire network of ground infrastructure and the launch of
the remaining 26 satellites; then in the third phase starting from 2008, the whole system

will become commercially operational. The GALILEO Joint Undertaking (GJU), set up
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by ESA and the EU to select a concessionaire to operate GALILEO, is still trying to

choose between two competing teams (GPS World, 2005d).

(3) Frequencies and Signals Modulation

In Figure 2.2, the selection of GALILEO frequencies and signals according to European
Commission (2002) and Hein et d. (2002) are presented. As shown, 10 navigation signals
in the frequency ranges of 1164 ~ 1215 MHz (E5a and E5b), 1215 ~ 1300 MHz (E6) and
1559 ~ 1592 MHz (E2-L1-E1') are selected. Among those signals, six are accessible to
all GALILEO users on E5a, ESb and L1 as an OS and a SoL; two signals on E6 with
encrypted ranging codes are only accessible to CS users, and the remaining two (one in
the E6 band and one in the E2-L1-E1 band) with encrypted ranging codes and data are

access ble to authorized users of the Public Regulated Service (PRS).

Lower L-Band Upper L-Band
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Figure2.2 GALILEO Fregquencies and Signals(European Commission, 2002)
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(4) Expected Performance in Positioning Accuracy

GALILEO has been designed to have competitive system performance compared to GPS.
The GALILEO OS horizontal and vertical accuracy are expected to be 4 mand 8 m

respectively, with globa availability, 99.8% of the time (European Commisson, 2003)

2.3 SYSTEM COMPATIBILITY AND INTEROPERABILITY

As anew member of the GNSS, the compatibility and interoperability of GALILEO with
the existing GPS has been an important issue. Compatibility is the minimum requirement
for the co-existing GNSSs — if there is no mutua benefit, a least there is no mutual

interference that might cause performance degradation. However, interoperability is at a
higher level, which not only ensures no mutual interference, but also requires mutua

benefits. Issues regarding the compatibility and interoperability of GALILEO and GPS
from the system architecture design level to the user application level have been deeply
discussed in Dellago et a. (2003), Fyfe et al. (2002), Ganguly et al. (2004), Leorerd et al.
(2002), Lortie (2000), Miller et a. (2004) and Spiller et al. (2001). Agreement has been
finally signed between US and EC in June 2004 to ensure the compatibility of GPS and
GALILEO, which covers the signa structure to avoid interference, as well as time and

geodetic sandards to facilitate the joint use of the two systems (GPS World, 2004a).

! The frequency band E2-L1-E1 is sometimes denoted as L 1 for convenience.
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(1) GPSand GALILEO Congdlations

As shown in Figure 2.3, the proposed GALILEO constellation is very similar to GPS.
The GPS system adopts a 24/6/1 Walker constellation, whereas the GALILEO system
adopts a 27/3/1 Walker constellation, plus three additional satellites as backups (one
active spare per plane). The GALILEO orbital inclination is designed to be 56 degrees,
dightly larger than the GPS orbital inclination 65 degrees), so as to provide better
coverage over northern Europe. During phase B of the GAILEO project, two different
orbital altitude choices have been provided for system studies. One choice that has been
widely adopted for the GALILEO orbital atitude is 23616 km, which leads to a
revolution of GALILEO satellite in orbit every 14 hours 21 minutes, slightly longer than
the GPS orbital period of 11 hours 56 minutes. A lot of GALLEO system performance
analyses have been published in the past a few years, some of which are based on the
above constellation configurations, such as Salgado et a. (2001) and Fyfe et al. (2002),
and some are based on a constellation which is a little different from the above
configurations, e.g. O’Keefe (2001). According to Zandbergen (2004), the GALILEO
orbital atitude has been finally decided to the other choice at the end of GALILEO
project phase CO, which is approximately 23230 km, leading to an orbit period of about
14 hours and 5 minutes. Since the research of this thesis has started before the
GALILEO orbital atitude was finally decided, the same GALILEO constellation as

configured in references Salgado et d. (2001) and Fyfe et d. (2002) is used.
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(2) GALILEO
Figure 2.3 GPSand GALILEO Constelations?

(2) Time Reference Frames

GPS Time is steered to a real-time representation of International Atomic Time (TAI)
produced at the US Naval Observatory (USNO). GALILEO System Time (GST) will be
generated at a GALILEO Precise Timing Facility (PTF), which is independent from GPS
Time, but at the same time is kept close to GPS Time. The offset between GPS Time and
GST is an important isste for interoperability of the two navigation systems. Bossche et
al. (2004) show that the GPS-GALILEO time offset (GGTO) will be in the order of tens
of nanoseconds, which will cause a dowly changing bias between GPS and GALILEO
measurements in a combined navigation receiver. However, the GGTO will be monitored

by the PTF and a correction at the precision of 5 ns (95% of time) is planned to be

2 To have aclear view of the two constellations in one frame, they are plot using one same self-devel oped tool instead

of using figures from different references.
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broadcast in the navigation messages of both GPS and GALILEO (Bossche et al., 2004;
Miller, 2004), and in addition, Bossche et a. (2004) proposes another approach for users
to cope with the GGTO by introducing an additional unknown into the position solution.
In the research of this thesis, for the purpose of simplicity, the smulation of GPS and
GALILEO measurements is based on the assumption that the GST is precisely

synchronized to GPStime.

(3) Coordinate Reference Frames

GPS uses the World Geodetic System 84 (WGS84) as its coordinate reference frame,
which is a practical realization of the International Terrestrial Reference Frame (ITRF).
For independence reasons, GALILEO will adopt a different realization of ITRF as its
coordinate reference frame, which is referred to as the GALILEO Terrestrial Reference
Frame (GTRF) (Hein et a., 2002). However, the differerce between GTRF and WGS84
will be limited to only about 2 cm, a small systematic difference that is not a major
concern for most users (Miller, 2004), and the transformation parameters between the two
reference frames will be provided by a GALILEO external Geodetic Reference Service
Provider (Hein et al., 2002). For ssimplification purposes, the simulations of both GPS
and GALILEO measurements in this thesis were performed in WGS84 thereby

neglecting the difference between the two coordinate reference frames.
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(4) Signals-in-Space

The frequencies and civilian signals of modernized GPS and the frequencies and signals
for the GALILEO Open Service (Hein et a., 2002) are summarized in Table 2.2. Asit is
shown, the GPS and GALILEO signals at L1/E1 and L5/E5a have identical carrier
frequencies, but different signal structures and code sequences. The partial frequency
overlap of GPS and GALILEO brings convenience to the interoperability of the two
systems, considering that the RF front-end design of the dual-system receiver can be
drastically smplified and the reception of the signals can be greatly facilitated (Leonard
et a., 2002). However, the use of common centre frequencies for the navigation signals
also gives rise to concerns of the mutua interference of the two systems. Although the
agreement made between US and EC in June 2004 has ensured no interference between
modernized GPS and GALILEO, the mutua interference between the two systems has
been, and is till being, intensely investigated (Fyfe at €l., 2002; Soualle at €., 2003;
Ganguly at €l., 2004). In Chapter 3, the frequency overlapping of L1/E1 and L5/E5a will

be further discussed.

Table 2.2 Frequenciesand Civilian Signals of M odernized GPS and GALILEO
Open-Service Frequencies and Signals

Frequency Wavelength Chipping
(MH2) (m) Rate (Mc/s)

, L1 1575.42 0.190 m 1.023
Mocci;elrar;zed L2 1227.60 0.244 m 1.023
L5 1176.45 0.254 m 10.23

El 1575.42 0.190 m 2.046

GALILEO | E5b 1207.14 0.248 m 10.23
E5a 1176.45 0.254 m 10.23
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The chipping rate of a pseudorandom code directly reflects the noise level of the code
measurement obtained through a delay lock loop (DLL). For the chipping rate listed in
Table 2.2, if the recelved codes can be matched to the locally generated codes at the
precision of 1/100 width of a chip, the measurement noise of the L1 and E1 codes would
be around 3 and 1.5 m respectively (most commercial receivers on the market are
actually better). Therefore, the noise reduction in code measurements primarily relies on
advancements in receiver technology, and the chipping rate is one key factor when

making noise assumptions to smulate the GPS and GALILEO measurements.

(5) Availability

One of the most important benefits of simultaneoudly using GPS and GALILEO is the
improvement in availability, especialy in urban areas. A lot of geometry and availability
anaysis, including the potential for both GPS and GALILEO in high mask angle
environments, was shown in O’Keefe (2001), Merino (2001) and O' Donnell (2002). The
results indicate that GALILEO has a dightly better availability than GPS over Europe,
but neither system alone is able to provide sufficiently reliable visibility of satellitesin an
urban environment. However, the combination of GPS and GALILEO in that caseis able
to increase the service availability from around 50% with GPS only to near 95% (Merino
et a., 2001; Spiller et a., 2001), namely for 95% of the time users in urban areas will see
more than four satellites in view. From another point of view, the potential of GPS and
GALILEO to work as mutual backups, is able to improve the reliability when either

system is under some type of falure,
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(6) Positioning Accuracy | mprovement

Bossche et a. (2004) investigated the GALILEO only and GPS/GALILEO combined
positioning accuracies for users uniformly distributed at aglobal 3" 5° grid through a 3-
day smulation test. The results are considered representative and therefore included in
Table 2.3, which covers the globa average and the worst horizontal positioning errors
(HPE) and vertical positioning errors (VPE) 95% of thetime. The HPE and VPE in both
the average and the worst cases are significantly improved when GPS and GALILEO are

combined in the solutions.

Table 2.3 GALILEO and Combined GPS/GALILEO Stand-Alone Accuracy
(Bossche et al., 2004)

Average, 95% Worst, 95%
HPE VPE HPE VPE
GALILEO 21m 3.7m 3.3m 6.6m
GPSGALILEO 1.6m 28m 28m 54m

24 BENEFITSOF GPSMODERNIZATION AND GALILEO IN AMBIGUITY

RESOLUTION

The main focus of this thesis is how modernized GPS and GALILEO can kenefit the
application of carrier phase integer ambiguity resolution. In summary, the main benefits

are asfollows:
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(2) I'mproved User Equivalent Range Error (UERE)

As introduced in Section 2.1, the improvement in UERE will lead to an improvement in
the SPS stand-alone accuracy and will enable a better initial receiver position to perform
ambiguity resolution. Both the accuracy of the initial receiver position and the UERE will
impact the estimation of float ambiguities. A better estimation of float ambiguities will
bring more ease in the integer ambiguity fixing. In later chapters of this thesis, when a
cascading approach is used for ambiguity resolution, there will be a clear view of how the

magnitude of the UERE directly affects the success of ambiguity fixing.

(2) Better Constellation Geometry

Poor geometry might lead to a degradation in the stand-alone positioning accuracy, given
a certain magnitude of UERE. A large offset in the initial position might result in slow
ambiguity fixing or even incorrect fixing if the position converges to an incorrect place
due to the poor geometry. When both GPS and GALILEO are simultaneoudy in
operation, compared to the case of GPS only, there would be a global improvement in the
constellation geometry since at least 51 (simulated constellations in Figure 2.3) satellites
will be available (Section 2.3). In this regard, there will also be a corresponding global

improvement in ambiguity resolution.
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(3) More Measurement Combinations

Ambiguity resolution directly on L1/E1 is very difficult since the wavelengths are so
short that the measurements of L1/E1 are susceptible to ionospheric errors and other
errors. However, the proper combination of the phases on the two carrier fequencies
might have benefits of a longer wavelength and lower vulnerability to ionospheric errors
or other errors, so the ambiguity may be easier to fix than for L1/E1 ambiguities. Once
three frequencies are available, more combinations among the phases of different carrier

frequencies are possible.

A lot of research has been done on the code/phase measurement combinations, or phase
linear combination (Hatch 1996; Han et al., 1999; Bonillo-Martinez et al., 1999) even
before the frequencies and signals of modernized GPS and GALILEO were clearly
specified.  Since two frequencies are overlapped between modernized GPS and
GALILEO, and two of the frequencies are very close to each other whereas the third is
much further away, these characteristics should provide the ability to develop special

combinations that are further studied in the next chapter.
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3 MEASUREMENTSAND LINEAR COMBINATIONS

This chapter includes discussions on the main error sources in double differenced (DD)
GNSS measurements. A general form of a triple-frequency phase linear combination is
developed and the features of a variety of specific phase linear combinations are studied

and compared.

3.1 ERROR SOURCESIN DD CODE AND PHASE MEASUREMENTS

For precise carrier phase positioning, usually DD phase observations are adopted. This
eliminates or reduces several error sources and aids integer ambiguity resolution. As the
basis of further discussion in this thesis, the DD phase observation function is

summarized asfollows

NI :%NDR+%NDdR- :—%NDI1+%NDT- RIDN, +%NDeFI 3.1
where
ND isthe DD operator;
f is the phase observation on the i-th carrier frequency, in cycles (i =
1,2, 3);
l, is the wavdength of the i-th carrier frequency;
R is the geometric range (metres);
dR isthe orbitd error (metres);
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I, is the ionospheric delay (metres) on the 1% carrier frequency (L1

for GPS, and E1 for GALILEO),

T is the troposheric delay (metres);
N, is the phase ambiguity (cycles) of thei-th carrier frequency, and
e is the phase noise (including receiver noise and multipath).

3.1.1 Multipath and Receiver Noise

Multipath errors are caused by reflected satellite signals from surfaces near the receiver
that shift the correlation peak, and corrupt the correlation envelope between the locally
generated signals and the received signals. The magnitude of multipath is environment-
dependent, and the resulting errors in code can range from a few centimetres to several
tens of metres, and the error in L1 phase is limited to a quarter of a wavelength (Bonillo-
Martinez, 1999). Receiver noise is the error the receiver makes in measuring the signal
transit time by matching the local signals to the received signals, which is primarily

affected by therma noise of the receiver.

Both multipath and receiver noise cannot be eliminated through differential techniques.
Usual ways to decrease multipath are cautious site selecting and using multipath
mitigation devices. Receiver noise is highly dependent on the technology incorporated in
a particular receiver so that the decrease of receiver noise mainly relies on the

development of receiver technology. Through GPS modernization and the GALILEO
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design, great efforts have been spent on technology developments for both low thermal

noise and low code multipath (Hein, 2002; Welll, 2002).

3.1.2 Satdlite Orbital Errors

Satellite orbital errors consist of radial, tangential and a cross track components. The
effective error on a range is line-of-sight dependent, so the capability of differential
techniques to compensate for the orbital errors will depend on the position of users
relative to the reference station. Bauersima (1983) estimates the baseline error Dr as a

function of the orbital error DR and basdinelength | as:
IDr|= LRy (32)
r

where r is the distance between the satellite and the user. The accuracy of the current

GPS broadcast ephemeris is around 2.6 m, and it will be further reduced to 1.25 m
through GPS modernization (IGS, 2005). So for short and medium baselines, orbital
errors are of no concern, and even the broadcast ephemeris can be adopted for high

precison gpplications.

3.1.3 lonospheric Delay Errors

The ionospheric group delay, Dt .(f), is usualy approximated at the first order of the

carier frequency, f , as.
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40.3

f2

Dt (f)=—oTEC (3.3)

where TEC is the total electron content in a 1 nf cross-sectional tube along the path of
transmission through the ionosphere. Second order approximation of the ionospheric

deay is addressed in Hoffmann-Welenhof et d. (1994).

For single frequency applications, differencing is the main technique to reduce the
ionospheric effect, since the broadcast ionospheric model can only compensate for about
50% of the delay (ARINC Inc., 1993), and even ionospheric corrections using the Global
lonosphere Maps (GIM) can only correct the ionospheric delay to several decimetres
(CODE, 2005). Considering that TEC is not only temporally and spatially varying, but
aso path dependent, the compensation for ionopsheric errors using a differential

technique will depend on the user-to-reference station baseline vector.

For dua or triple frequency applications, there are two options for ionospheric
compensation. One is to take advantage of the fact that the atmospheric delay is
frequency dependent to estimate and remove the error due to ionospheric delay (Hatch,
1996). The other involves further reduction in ionospheric errors by a differencing
technique. A general discussion of ionospheric estimation with two pseudorange or phase
measurements (assuming no cycle ambiguities) from the same satellite at two different

frequenciesis asfollows
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I
% ! (34)
g
|

Wherer; and r ; are the measurements (metres) at frequencies f, and f,; G is the
geometrical part, including the calculated range, tropospheric errors, and orbital errors;

I, is the ionospheric errors in code or phase on the frequency L1 or E1; e, and e, are

the measurement noise values (including multipath). Using this equation and solving for

, gives
f2f2 1
|1:f_2_ f_2><—2>(ri- ry) (3.5
j i 1
with a standard deviation of:
f f 1 5 >
——X%—X/[(S° +S 3.6
|f2 | f12 ( r fj) ( )

Table 3.1 gives a numerical accuracy analysis of the above ionospheric estimation using
the measurements for both modernized GPS and GALILEO, based on the noise
assumption of 0.003 cycles for al single phase measurements, 0.36 m for L1 code (which
is pessimistic for future receiver technologies), 0.04 for L5 code, 0.10 m for E1 code, and

0.045 m for E5a code measurements.

The results shown in Table 3.1 indicate that the accuracy of ionospheric estimation is a

function of two factors: (1) the noise level of the measurements on f; and f,; (2) the
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frequency spacing between them. Larger frequency spacing leads to better ionospheric
estimation. Therefore, ionospheric estimation with code measurements is not accurate
enough for high precision application since the code noise is too large with respect to an
L1 cycle. With phase measurements, ionospheric error estimation is at the 1 cm level
(except using L2/L5, and E5b/E5a pairs), but the magnitude will be doubled when DD

phase measurements are in use.

Table 3.1 Accuracy of lonospheric Error Estimation with Two Single Code or Phase

M easurements
f, f; s, (m) s, (m) s, (M)
L2 0.240 0.8573
L1 L5 0.50 0.180 0.6699
L2 L5 0.240 0.180 2.0502
Code
E1 E5b 0.240 0.185 0.4309
E5a ' 0.185 0.3820
E5b E5a 0.185 0.185 2.9062
L2 0.0068 0.0134
L1 L5 0.0053 0.0071 0.0112
L2 L5 0.0068 0.0071 0.0675
Phase E5b 0.0069 0.0125
El E5a 0.0053 0.0071 0.0112
E5b E5a 0.0069 0.0071 0.1107

3.1.4 Tropospheric Delay Errors

Tropospheric delay of satellite signals is caused by the index of refraction along the
signa path in the neutra atmosphere layer ranging from O to 10 km. The delay is
frequency-independent, and is only related to the meteorological parameters (atmospheric
pressure, temperature and relative humidity), the magnitude of which amounts to about
2.3 min the zenith direction and over 25 m for an elevation of So(Rothacher, 2002), and
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over 90% can be compensated through the Hopfield, Saastamoinen, or Niell model for
example (Parkinson et al., 1996). The compensation for the remaining errors has to resort

to differentid techniques again, dthough aresdud error will remain.

3.2 PHASE LINEAR COMBINATIONS

The imminent triple frequency systems will enable more linear combinations of the
carrier phase observations. The study here isin an attempt to seek proper candidates with
good features for better ambiguity resolution performance. Detailed analysis can be aso

found in Richert (2005) in the same field, but from a different perspective.

3.21 General Form of Triple-frequency Linear Combinations

The linear combination of the phase observations between carrier frequencies plays a
very important role in the field of ambiguity resolution. As both GALILEO and
modernized GPS will provide civil users with three frequencies, more linear
combinations will be available. Equation (3.7) gives a general form for the triple
frequency linear combination:

fc =k o, +k, f, +k;f, (3.7)
where f |, f, and f, represent the phase observations on L1, L2 and L5 for the GPS

system, or on E1, E5b and E5a for GALILEO in cycles. k; , k, and k, are the
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coefficientsand f . is the linearly combined phase. The corresponding ambiguity linear
combinétion is.

N, o =k N, +k, <N, +k, XN, (3.8)
where N, N, and N, are the carrier phase ambiguities. For integer coefficients, the
resulting ambiguity N,. is also an integer, so this kind of combination can be referred to
as integer linear combination. However, for real-valued coefficients, N,. isno longer an

integer, but a kind of float ambiguity. Usualy, interest is focused on the integer linear

combination since the integernessof N,, N, ahd N, ispreservedin N, . In the following

sections, some excellent properties of the float linear combination are aso studied.

3.2.2 Linear Combination of DD Phase Observations

Since DD measurements are of interest in this thesis, the linear combination of the DD
measurements is directly discussed. Based on Equations (3.1) and (3.7), the triple-

frequency linear combination can be formed as.

NDf . = (ﬁ LS +ﬁ)(NDR+NDdR+ NDT)
I1 |2 |3
1 I, | ovc
- (k= +k, 2 +k,—2)NDI, (3.9)
R ]

Fic

- ki K, ki o
- NDN, . +(|—1 +—=2+—2)NDg

1 2 l 3
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where NDf .c represents the DD phase linear combination in cycles. Asin Equation (3.4),

the three items of geometrical errors (NDR,NDdR and NDT ) can be denoted as NDG

for the purpose of amplification.

When selecting different coefficients to form alinear combination through Equation (3.9),

the wavelength of the linear combination can be derived as.

1
/[ = 3.10
PR PR
. . . k, k . .
where a basic requirement to be met is that (I—1 +-2 +|ﬁ) > 0. Using the above equation,
1 2 3

the wavelength of each linear combination can be caculated.

3.2.3 Measurement Noise

Assuming that the measurement noise of a single phase observation is a% of the
wavelength, namely:

S, =a%X, (3.11)
The noise of the DD phase in metres would be:

NDs, = 2a %X, (312

Applying variance propagation to Equation (3.7), the noise of the DD phase linear

combination in metres can be derived as;
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NDs . =+/kZ +kZ +kZ x2a %X . (3.13)

When the measurement noise of the phase linear combination exceeds a certain threshold,
correct ambiguity resolution becomes difficult or highly unlikely. However, in practice it
is hard to determine the noise threshold for the linear combination candidates since the
amounts of other residua errors are unknown and also lead to difficulties in ambiguity
resolution. In need of correct rounding, Jung (2000) set a basic criterion for an ideal
phase linear by limiting the measurement noise © within half a cycle. Therefore the

noise of an acceptable linear combination should at least meet:

NDs . <=1 ¢ (3.14)

Substituting Equation (3.13) into (3.14) leads to a limiting condition for the coefficients

of an acceptable linear combination asfollows:

2 0 12 4 L2 1 .
(k1+k2+k3)<(4a%) (3.15)

In the following analysis, the measurement noise of a single carrier-phase observation is

assumed to be 2.8% (a sum of the multipath and noise listed in Section 7.2.3) of the
wavelength. According to Equation (3.15) with a % being 2.8%, the coefficients of any

acceptable linear combination should meet the requirement (k> + k2 + k?) < 80.



3.24 DD lonosphericErrors

The ionospheric errors of the DD linear combination in metres can also be derived
through Equetion (3.9) as.

NDI. =a, DI, (metres) (3.16)

Fic
where

1 [ |
a, :(k1|—+kz—2+k3|—§)>4 LC (3.17)
1

2
1 I 1

and the ionospheric errorsin cycles.

NDI, _=b, X% (cydles) (3.18)
1
where
b, =(k +k2:_2+k3:_3) (319
1 1

In the above equations, the ionospheric errors of the DD linear combination expressed in

both units are compared to the DD ionospheric influence on the 1% carrier frequency (E1
for GALILEO and L1 for modernized GPS), with both a, and b, being unitless indices,

‘F’and ‘f ’ associated to quantities expressed in metres and in cycles respectively. The

coefficient a, reflects the DD range errors due to the ionospheric delay compared to
those for the L1/E1 ranges, which also indirectly reflects the positioning accuracy using
that linear combination. The coefficient b, indicates the ionospheric influence level on

the linear combination in cycles compared to that on the L1/E1, which also indirectly

reflects the difficulty for ambiguity resolution using that linear combination. So ideally,
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the corresponding a, and b, should be as small as possible from the perspectives of
both an ambiguity resolution and a positioning accuracy. Radovanovic (2001) also
presented similar criteria for the selection of optimized GPS L1/L2 carrier phase

combingtions, but in a different way.

An extreme case for Equations (3.16) and (3.18) assures that the combined DD

: . - I I
ionospheric error NDI . equals to zero when (k; Ii +K, I—g +Kk, l—g) =0. Under such a
1 1 1

condition, the linear combination is immune to ionospheric influence and therefore is

referred to as an ionosphere-free (IF) linear combination.

3.25 DD Geometrical Errors

According to Equation (3.9), the DD geometric errors of the phase linear combination in
units of cyclesare:

NDG, = (:<_1+:<_2+k_3) X NDR+ NDdR + NDT)
2

fic |
1 3

=1 1(ﬁ+ﬁ+ﬁ)><Ii(|<|DR+NDo|R+ NDT) (cycles) (3.20)

Il I2 |3 1

=b, xli(NDR+NDdR+ NDT)
1

In the above equation, b, indicates the influence of the geometrical errors on the linear

combination (cycles) with respect to that on the L1/El. In the case that

Ks

(ﬁ +ﬁ +|—) >0, b, isequa to Il—l which indicates that when the wavelength of

ll |2 3 LC
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the linear combination is greater than | ;, the influence of the geometrical errors (cycles)

k, k
with respect to L1/E1 (cycles) can be decreased. In the case that (I—1 +2 +ﬁ) =0,

1 I 2 I 3
namely the wavelength of the linear combination is infinitely long, the influence of the
geometrical errors on the linear combination in cycles no longer exists, so this linear

combination is referred to as a geometry-free (GF) linear combination in thisthess.

3.26 Integer Linear Combination

(1) Measurement Noise

For linear combinations with integer coefficients, the messurement noiseis
NDs . =+/kZ+k5 +kZ @a%X . >=2a%A (3.21)
where al the coefficients cannot be zero simultaneously. Therefore, the noise of DD

linear combinations is at kast two times the noise of a single-phase measurement in

cycles.
(2) Possibility of Integer 1onospher e-Free Combinations

Collins (2000) discussed an integer ionosphere-free linear combination with two
frequencies, corresponding to the linear combination (77, -60, 0), which is too noisy to be
applicable, and also too noisy to pass the threshold in Equation (3.15). A further

investigation on possible integer ionosphere-free linear combination involving three
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frequencies, based on Equations (3.10), (3.15) and (3.19) for both modernized GPS and

GALILEO isgiven below whereby, following inequdities should be met:

: (k1+k2+k3)>0 \: (ﬁ+ﬁ+ﬁ)>o
| Il |2 3 '|' Il |2 3
|. (k2 +k2 +k )<8O (GPS) |' (k2 +k2 +k2)<80 (GAL”_EO) (322)
| |
77
| k _+ = )=0 | k +k —+ —)=
T( k3115) i k3115)

For alinear combination meeting Equation (3.22), the relationship among K, , k, and Kk,
isshown in Figure 3.1. For given integer-valued k, and k,, to get an ionosphere-free

measurement (b, =0), severd valuesfor k; can be obtained through Equation (3.22). In
the left column of Figure 3.1, [k,] represents the rounding of k,, so the vertical axes
(z=k, - [k,]) represent the differences between k, and the nearest integer of k,, where
z should be zero if an integer k, exists enabling an ionosphere-free measurement.

Around 55 L Cs with the smallest absolute values of z are chosen from the left column of

Figure 3.1 and plotted in the right column of Figure 3.1. Each of the LCs s sorted by the

absolute value of its z (namely |7]), with the horizontal axes representing the sort
numbers, and the vertical axes representing |z| Unfortunately, when going through all

candidates, , even the smallest |7 (shown in the right column of Figure 3.1) for both GPS

and GALILEO are not equal to zero, which indicates that no integer k, exists and an

integer ionosphere-free linear combination meeting the pre-defined noise condition for

both the GPS and GALILEO cases remains impossible. However, a series of ionosphere-
free combination sets (k;,k,,k;) with real-valued k; that are very close to integers can

be obtained (as shown in the right column of Figure 3.1), such as: (1.0043, -6, 5),
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K1-[K1]

7=

K1-[k1]

z=

(2.9014, 4, -6), (3.9058, -2, -1, (3.9616, -1, -2), (5.0217, -6, 2), (5.0775, -5, 1) for

modernized GPS, (3.9493, -2, -1), (3.9833, -1, -2), (7.9326, -3, -3) for GALILEO. When

the real-valued k; are rounded to the nearest integers, the resulting combinations can be

obtained with the features asliged in Table 3.2.
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Compared to the ionospheric errors existing in the L1/EL carrier phase, the ionospheric
errors (a, and b,) in the above integer combinations are one to two order(s) smaller,
which can be amost neglected. However, the noise of these combinationsis 4 ~ 10 times
larger than that of the DD L1/E1 carrier phase (2° 2.8% cycles). In addition, the
wavelengths of all the above combinations are shorter than L 1/E1 except the combination
(1, -6, 5), therefore exacerbating the influence of geometrical errors in cycles. The
combination (1, -6, 5) is desirable in terms of both ionospheric and geometrical influence
in cycles, but the significant weakness is that the noise occurs as aimost half a cycle

leading to problems when gpplying the linear combination to ambiguity resolution.

Table 3.2 Approximately | onosphere-free Triple-frequency Integer Linear
Combinations

Coefficients | NDs , Error Levd
&,Sern LC
k| ko | ks (m) (m) (Cycle) a, b, bg
1 |-6 |5 [3256 | 1435 | 0440 |-0.074 |-0.004 | 0.058
3 |4 |-6 [0.116 | 0.050 | 0.437 0.060 | 0.098 | 1.636
GPS 4 |-2 |-1 ]0112 | 0.028 | 0.256 0.055 | 0.094 | 1.694
4 |-11]-2 |0.110 | 0.028 | 0.256 0.022 | 0.038 |1.726
5 |-6 | 2 [0.104 | 0047 | 0451 |-0.012 |-0.021 |1.817
5 (-5 1 |0102 | 0041 | 0.399 |-0.041 |-0.077 | 1.851
4 |-2]-1 ]0.110 | 0.028 | 0.256 0.029 | 0.050 |1.720
GALILEO |4 |-1 |-2 |0.109 | 0.028 | 0.256 0.009 | 0.016 |1.741
8 [-3|-3 |005 |0.027 | 0.507 0.019 | 0.067 | 3.459

(2) Some Useful Integer Linear Combinations

In the study of integer linear combinations, most literature pays attention to the
measurement noise in the search for ideal combinations (Ericson, 1999; Jung, 2000). To

get practica linear combinations, al the integer linear combinations in Equation (3.22)
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were strictly filtered under the conditions that the DD noise is below 0.2 cycles, and that
the ionosphere index, b, , is no larger than 1.0. Therefore, the triple-frequency integer

linear combinationsin the following table are obtained.

Table 3.3 Triple-frequency Integer Linear Combinations

Coefficients | | NDs . Error Level
&,san LC
k | Ky | ks (m) (m) (cycles) a, b, be

O 1| -1| 5861] 0464| 0079| -1.719| -0.056| 0.032
1| 2| 1| L011| 0138| 0137] -1.208| -0228| 0.188
1] -1| 0| 0862 0079] 0079] -1283| -0283| 0221
1] 0| -1| 0.7/51| 0059| 0079] -1339| -0339| 0.253
1] 0] 0| 0190 0010| 0056 1 1 1
1] 1| -2| 0666] 0091| 0137] -1.382| -0395| 0.286
ps 1] 1] -1] 0184 0017| 0097 00915] 0044| 1032
1] 2| -2| 0179] 0030| 0168| 0834| 0888| 1.065
21 2] 1] 0160] 0026| 0168] 0650 0772| 1188
21 -1| -1] 0401] 0055| 0137| -1313| -0622| 0474
21 -1] 0] 0156] 0019| 0125| 0587| 0717] 1221
21 0| -1 0152] 0019 0125| 0527| 0661 1.253
21 1| -2| 0148] 0024| 0168 0471 0605| 1286
3] -1| -1] 0129] 0024| 0185] 0256| 0378| 1474
O 1| 1| 9.768] 0.773| 0079| -1.748| -0.034| 0.019
1] 2| 1| 0883| 0121| 0137] -1.265| -0271| 0214
1] -1| 0| 0814| 0064| 0079] -1305| -0.305| 0.234
1] 0| -1| 0.751] 0059| 0079] -1339| -0339| 0.253
1] 0| 0| 0190 0010| 0056 1 1 1
1| 1| -2| 0698 0095| 0137] -1.368| -0373| 0273
1] 1| -1| 0187] 0018| 0097] 0947| 0966| 1.019
GALILEO 5121 0183 0030] 0168| 0897| 0932| 1.039
21 2| 1] 0157] 0026| 0168] 0600 0729| 1214
2 -1| 1| 0391] 0053| 0137| -1.323| -0644| 0487
21 -1| 0] 0154] 0019| 0125| 0563| 0695 | 1234
21 0| -1 0152] 0019 0125| 0527| 0661 1.253
21 1] -2| 0150 0025] 0.168| 0493| 0627| 1.273
3] -1| -1| 0128] 0023| 0185 0239| 0356| 1487
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For each linear combination, the degree to which t can be possibly and successfully
applied in ambiguity resolution, is directly represented by the wavelength, the noise level
in cycles, together with the error levels (the smaler the b, and b, the higher the
possibility they can be applied). In the above table, the shaded rows highlight linear
combinations with small noise (in cycles). For both the modernized GPS and GALILEO
cases, the linear combination (0, 1, -1) come out to be an excellent choice for efficient
ambiguity resolution due to small amounts of all errors (in cycles), and the sole weakness
is that measurement noise (in metres) limits the positioning precision which could be

obtained using this linear combination.

The linear combinations (1, -1, 0) and (1, O, -1) enable better positioning precision with
smaller measurement noise (in metres), with the ionospheric and geometrical errors (b,
and b, ) a acceptable levels. For other linear combinations with comparable
wavelengths, (1, -2, 1) has better features in terms of the ionospheric and geometrical

errors, but worse in the measurement noise; (1, 1, -2) and (2, -1, -1) are worse in both

measurement noise and errors.

The linear combination (1, 0, 0) actually represents L1/EL, since it is the most precise
measurement, the ambiguity of which is always the target of efforts. For other linear
combinations with a comparable wavelength, all of them have much larger measurement
noise although some have less ionospheric influence (b, ). The combinations (0, 1, 0) and

(0, 0, 1), namely L2/E5b and L5/E5a, are not regarded as practical linear combinations
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athough they have as small noise as (1, 0, 0), since the ionospheric influence (b, ) is over

1.28 times larger as shown in Equation (3.19).

The shaded integer linear combinations in Table 3.3 are extracted and summarized in

Table 3.4 sancethey are frequently cited in the research of thisthess.

Table 3.4 Practical Triple-frequency Integer Linear Combinations

Coefficients ~ lonospheric Leve

System LC ]k | K, I e NDs ; (m) 2, b
| N -
EWL| 0| 1] -1 23 0.464 e R

-1, | 2 I,

Il | |-
WL | 1]|-1] 0 L2 0.079 -2 -2 1

GPS |2'|1 |1 |1
|l _
ML | 1| O -1 = 0.059 E] RERE

|3'|1 Il |1

L1 | 1/ ol o |, 0.010 1.0 1.0

N N -
EWL| 0| 1] -1 23 0.773 - 52 ERLE

l,-1, I l

l | |-
WL | 1]|-1] 0 Lz 0.064 -2 -2 1
GALILEO -1 I |
|l | |-
ML | 1| Of -1 = 0.059 -2 R

|3'|1 Il Il

11 0| O |, 0.010 1.0 1.0

In the above table, EWL, WL and ML represent the Extra-Wide-Lane, Wide-Lane and
Medium-Lane correspondingly. In this thesis, EWL aways stands for the linear
combination (0, 1, -1), WL stands for (1, -1, 0) and ML represents (1, O, -1) for both
modernized GPS and GALILEO. In light of Table 3.4, significant features of the two sets

of linear combinations EWL/WL/ML/L1 and EWL/\WL/ML/EL can be found:
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o Cascading waveengths

The two sets of linear combinations are with similar cascading wavelengths starting from
5.86 m (9.77 m), then decreasing to 0.86 m (0.81 m), and then to 0.75 m (0.75 m), finally
arriving at 0.19 m (0.19 m). It indicates that a stepwise improvement in positioning

accuracy remains possible using ether of the linear combination sets.

o Cascading measurement noises in metres

For the GPS case, the DD measurements of the two sets of linear combinations have
similar cascading noise vaues starting from 0.464 m (GALILEO: 0.773 m), then
decreasing to 0.079 m (GALILEO: 0.064 m), and then to 0.059 m (GALILEO: 0.059 m),
finally arriving at 0.010 m (GALILEO: 0.010 m). It reconfirms the possibility of a

sepwise improvement in positioning accuracy using ether of the linear combination sets.

O Same measurement noisesin units of cycles (except LV/EL)
All the DD measurements of the linear combinations are at the same noise level of 0.079
cycles, except for L1/E1 at 0.056 cycles. It indicates that the measurement noise of al

the linear combinations affects ambiguity resolution a alow leve.

o Smadl ionospheric and geometricd influence in cycles (except LV/EL)
Although b, and b rise with the drop in wavelengths from EWL to ML, b, and b are

aways smdl, so that ambiguity resolution of EWL/WL/ML should be promising.



Due to the above features, the two sets of linear combinations EWL/WL/L1 and
EWL/WL/ELl are used in GPS and GALILEO ambiguity resolution in subsequent
chapters. As an extension of Table 3.1, the accuracy of ionospheric estimation using the
above linear combinations (assuming ambiguity free) is presented in Table 3.5, which
indicates that ionospheric errors cannot be accurately estimated at the centimetre level

until L1/E1 are used.

Table 3.5 Accuracy of lonospheric Estimation with Two DD Phase M easur ements

Phase f f, NDs, (m) | NDs . (M NDs , (m)
L1 EWL 0.0076 0.3316 0.1221
GPS WL 0.0488 0.0218
WL EWL 0.0488 0.3316 0.9964
EWL 0.5526 0.2012

E1l 0.0076

GALILEO WL 0.0460 0.0204
WL EWL 0.0460 0.5526 1.6395

3.27 Float Linear Combinations

Two kinds of float linear combinations, the geometry-free (GF) and the ionosphere-free
(IF) that remove the geometrical and ionospheric effects in Equation (3.9) respectively,

are of great importance and are discussed below.

(1) GF Linear Combinations

Table 3.6 gives some typical GF linear combinations using triple frequency for both

GALILEO and modernized GPS.
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Table 3.6 Triple Frequency Geometry-Free (GF) Linear Combinations

Codfficients NDs,

System -C k1 kz ks ! L (CyCleS) bl
GF, | I, | -1, 0 N/A 11.48:a % 2.28
GPS GF, | I, 0 -5 | N/A 9.86:a % 2.34
GF, | O | I, | -15|NA 66.48:a % 2.62
GF, | I, | -1, 0 N/A 10.78:a % 231
GALILEO | GF, | |, 0 | -1, NA 9.86:a % 2.34
GF, | O I, | -1, NA| 109.84:a% 2.64

The coefficients for each GF linear combination are actually the wavelengths of the

carrier frequencies. The measurement noise and ionospheric influences in Table 3.6 will

be further explained and discussed in Chapter 5.

(2) IF Linear Combinations

With the criteria introduced in Section 3.2.3, some triple frequency IF linear

combinations are formed and listed in Table 3.7.

Table 3.7 Triple Frequency |onosphere-Free (IF) Linear Combinations

Coefficients RiDs a

| i |

ystem | LC T [ K Lo m | &b,
2

E | 1 |- o | La'ecousm | 0oms | o
(I 12-12
l, |02

GPS Fo| 1] 0 |7 13 _-04302 | 00215 0
s | 12-12
, AE

Fa| 0| 1 |-75| 35529929 | 01658 0
3 3~ 12
| | |2

GALILEO | IF, | 1 |- | 0 |21|22:0.4609 0.0232 0
2 2”1
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For both modernized GPS and GALILEO, athough three IF linear combinations are
available, only two of them are linearly independent. The third IF linear combination

IF,, for both GPS and GALILEOQ is too noisy, so only the first two will be used later. In
the later chapters, the ionosphere-free combinations, 1F, and IF, for both GPS and

GALILEQ, arereferredto as IF, and IF, respectively.
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4 TRIPLE-FREQUENCY CASCADING AMBIGUITY RESOLUTION

4.1 CASCADING AMBIGUITY RESOLUTION METHODS

In the case of a large quantity of ambiguities on multiple frequencies, a conventional
method of fixing the ambiguities is to directly include the ambiguities on all frequencies
in one filter and to follow the procedures of the LAMBDA method (Teunissen, 1993) to
fix al carrier phase ambiguities simultaneoudly (de Jong et al., 2001; Julien et al., 2003).
Another approach involves the cascading ambiguity resolution (CAR) method, which
aims to seek some wide lane phase linear combinations with cascading wavelengths and
to fix the ambiguities in several steps in order of the length of the lanes from the longest
to the shortest, until all are fixed. In this method, the ambiguities on each frequency are
finally derived through the ambiguities fixed for the various wide lanes. Since the longer
the wavelength, the easier it is to fix the ambiguities, it is a wise decision to deal with
wider lanes instead of directly resolving the ambiguities on each frequency. The phase
linear combinations studied in Table 3.4 are of a cascading nature (EWL/WL/L1 and

EWL/WL/EL), which make it feasible to perform cascading ambiguity resolution.

In earlier studies of GALILEO carrier phase ambiguity resolution, Three-Carrier
Ambiguity Resolution (TCAR) was proposed (Forssell et al., 1997) by means of a
cascading method, which was further extended in Vollath et al. (1998). Afterwards, with

the release of the GPS nodernization plan, a similar method called Cascading Integer
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Resolution (CIR) was suggested for GPS (Jung et d., 2000; Hatch et ., 2000).

A detailed comparison of TCAR, CIR and LAMBDA was conducted in Teunissen (2002).
Although proposed for different systems, TCAR and CIR are in principle the same. They
are both based on geometry-free models for instantaneous integer ambiguity resolution
by using integer rounding. Meanwhile, they both originated from the idea of wide laning
to take advantage of the stepwise improved precision in phase ranges from the longest
wavelength (EWL) to the shortest one (LLY/E1l). Moreover, both TCAR and CIR are
designed in such a way that once the three cascading ambiguities (EWL/WL/L1 or
EWL/WL/EL) are fixed, the ambiguities at any of the three frequencies (L1/L2/L5 or
E1/ESb/E5a) can be derived from the fixed ones. Although TCAR and CIR are
dependent on the carrier frequency alocation of the systems, and with the evolution of
GALILEO frequencies the practical linear combinations according to the final frequency
selection are different from those studied in Vollath et a. (1997) and Bonillo-Martinez

(1999), very smilar cascading wavelengths are provided.

4.2 GEOMETRY-FREE CASCADING AMBIGUITY RESOLUTION

This section is a summary of the aforementioned cascading ambiguity resolution methods

for both GPS and GALILEO.
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4.2.1 Cascading Ambiguity Resolution Procedures

The cascading ambiguity resolution for both GPS and GALILEO consists of three steps

asshownin Figure4.1.

L AR LVEL

Figure 4.1 Procedur es of Cascading Ambiguity Resolution M ethods

In the first step, the EWL ambiguities are resolved using r ,, which represents the most
precise code ranges. Then in the second step, the fixed EWL ranges are used to resolve
the WL ambiguities. Finally, the fixed WL ranges serve to resolve the L1/E1 ambiguities.
In each step, the geometry-related components in the observation equations are cancelled,

S0 the entire procedure is geometry-free.

o First Step
The DD observation equation of the most precise code messurement is:

NDr , =NDR+NDdR+NDI,_ +NDT +NDe, (4.1)

where
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s isthe most precise DD code observable;
I isthe DD ionospheric error on the code, and

e is the measurement noise of the DD code observable.

The other terms were defined in Equation (3.1). The interpretation of NDr , is the DD

code observable on the third frequency of GALILEO or modernized GPS. According to
Table 2.2, the code measurement on the third frequency of GALILEO (E5a) has the best
precision due to the highest chipping rate (10.23 Mchip/s). For modernized GPS, the
most precise civil code will be available on the third frequency (L5) at the same chipping

rate as the E5a code.

The DD observation equation of the EWL phase measurement is.

(NDf ewe T NDNEWL) X e

=NDR+NDdR+NDI ., + NDT +NDe_ (42)
where
[ — isthe EWL phase messurement in units of cycles,
NewL isthe EWL ambiguity;
(— is the wave ength of the EWL;
-~ is the ionospheric error in the EWL measurement, and
€ isthe EWL phase noise in units of metres.

Since the geometry-related components in Equations (4.1) and (4.2) are identical, by

neglecting the residual ionospheric errors, the float EWL ambiguity NDNEWL can be
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estimated through the subtraction of the two equations as.

NDNgy, =—- NDf EWL (4.3)

l EWL

As the EWL wavelengths for GPS and GALILEO are 5.861 m and 9.768 m respectively,
the influence of neglected residual ionospheric errors and the measurement noise on
EWL ambiguity estimation in Equation (4.3) should be limited, so the integer EWL
ambiguity can be obtained:

NDN,, = round [N DQEWLJ (4.9

where round[x] indicates the nearest integer to X.

Once the EWL ambiguity is resolved, the fixed EWL range becomes the most precise

range and therefore can be used to resolve the WL ambiguity.

o Second Step

The DD observation equation of the WL phase measurement is:

(NDfWL + NDNWL) )4 WL

=NDR+NDdR+NDI,, +NDT +NDe, (45)
where
L isthe WL phase measurement (cycles);
¥ isthe WL ambiguity;
| i iswavelength of the WL,;
L is the ionospheric error in the WL measurement, and
€., isthe WL phase noise (metres).
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Since the geometry-related components in Equations (4.2) and (4.5) are identical, the
float WL ambiguity NDIQWL can be estimated in a similar way as in the previous step by
neglecting the resdua ionospheric errors:

NDNWL = (NDf ewe t NDNEWL) xllEi' NDf WL (4.6)

WL

Under the condition that the sum of the neglected ionospheric errors and the
measurement noise in Equation (4.6) is within a half of the WL wavelength, the integer
WL ambiguity can be successfully obtained by rounding the float ambiguity to the
nearest integer:

NDN,,, = round[NDNWL] (4.7)
After the WL ambiguity is fixed, the WL range becomes the most precise range and

therefore can be used in the estimation of the L1/E1 ambiguity.

o Third Step

The DD observation equation of the L1/E1 phase measurement is:

(NDf , +NDN,) % ,

=NDR+ NDdR +NDI, + NDT +NDe, (48)
where
f, isthe L1/E1 phase measurement (cycles);
N, isthe LI/E1 ambiguity;
|, is the wavelength of the L1/EL;
[ is the ionospheric error in the L1/E1 measurement, and

53



€r, isthe L1/E1 phase noise (metres).
Again, the geometry-related components in Equations (4.5) and (4.8) are identical, so the
float LI/E1 ambiguity NDN1 can be estimated by neglecting the residual ionospheric

errors

o~ iy i <
NDN, = (RIDF, +NDN,, ) < - NDF (4.9)

1
The integer L1/E1 ambiguity can be obtained in Equation (4.10) assuming that the sum of
the neglected ionospheric errors and measurement noise in Equation (4.9) does not

exceed half of an L1/E1 cycle.

NDN, = round lNDN~1J (4.10)

Once NDN,, , NDN,,, and NDN, are fixed, the L2/E5b ambiguity (NDN,) and L5/E5
ambiguity (NDN,, ) can be derived as.
NDN, = NDN, - NDN,,,, (4.11)
NDN, =NDN, - NDN,,, - NDN,,, (4.12)
In the other chapters of this thesis, sometimes NDN,,, is also represented as NDN,, since
the latter can clearly indicate how the combination is formed, and NDN,,, is represented

as NDN.,.

4.2.2 Error Analyss

Since all geometry-related errors are removed in geometry-free models, the efficiency of
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TCAR/CIR in each step is mainly susceptible to two error sources.
(1) Theerror caused by ignoring ionospheric effects;

(2) The measurement noise (multipath included).

As the first error source, the ignored ionospheric errors in Equations (4.3), (4.6) and (4.9)

are

- |, ~
NDI, NDIEWL:-I—ZNDll-(- |223ND|1)
1 1
ol 5-1,) <
—__3 32 2)ND|1
]
(4.13)
_ |2|3~ |2~
NDI,, - NDI,, =- = NDIl-(-I—NDll)
| (|1 ) . (4.14)
2 22 1 NDll
ll
NDI,,, NDI1:-||—2NDI1-NDI1
! (4.15)

where | , and | , represent the L2/E5b and L5/E5a phase wavelengths respectively. The

above neglected ionospheric errors are expressed in metres, and to directly reflect their
influence on ambiguity estimation in each cascading step, the errors are further turned

into the fallowing:

NDI, - NDlgy, _ (1,-1,) RpI,

IEWL I1|2 Il

(4.16)
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(4.17)

= x (4.18)

For both modernized GPS and GALILEO, the ionospheric influences on each cascading

step usng Equations (4.13) to (4.18) are given in Table 4.1.

Table4.1 Influence of lonospheric Errorson Each Step of the Cascading Ambiguity
Resolution using Geometry-free M odel

Cascading |  lonospheric Modernized

Step Influence GPS GALILEO
1 -0.07NDI, -0.04ND1,
2 in metres - 0.36NDI, - 0.39NDI,
3 - 2.28NDI, - 2.31NDI,
NDI NDI
1 -0.0024— -0.0009—
l 1 l 1

: NDI NDI

2 incydes -0.0803 | L -0.0931 | L
1 1

NDI NDI

3 -2.2833 | L -2.3051 | L
1 1

According to the above table, the ionospheric influence on EWL ambiguity estimation in
the first step is aimost negligible. In the second step, the ionospheric influence on WL
ambiguity estimation increases significantly, but still no more than 0.1 times for both
GPS and GALILEO. However, compared to the ionospheric error in the LL/E1
measurement (Equation (4.8)), the ionospheric errors in LI/EL ambiguity estimation in
the third step is magnified over two times. So from an ionospheric error point of view, it

is the most difficult to get a correct NDN, through Equation (4.10) in the third cascading
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step, and the most probable to get correct NDN,,, in thefirst step.

Over short baselines, ionospheric errors can be effectively cancelled by double
differencing. So the ambiguity estimation is mainly subject to measurement noise. With
an increase in baseline length, the residual ionospheric errors increase gradually. So even
if the impact of measurement noise is negligible, the residual ionospheric errors may lead
to falures of integer rounding with an increase in baseline length. Therefore,
instantaneous ambiguity resolution using TCAR/CIR is generally possible over very short

basdlines (Ericson, 1999; Jung, 1999).

4.2.2.1 Influence of Measurement Noise on Each Cascading Step

As the second error source, the measurement noise affects the ambiguity estimation as
shown in Equations (4.3), (4.6) and (4.9). By applying the error propagation law, the

variances of the estimated ambiguities in Equations (4.3), (4.6) and (4.9) can be derived

as.
g 2
_ NDr 2
Skt =17z TS ot aw (4.19)
E \ | EWL
2
S = IEWLsg +s 2 (4.20)
NDNWL I 2 NI EWL NUWL "
WL
2
S o = Iﬂs? +s (4.21)
NDNl | 2 NDFf NDf ; '
1

57



where s Em is the variance of the DD code on L5/E5a, which is usually assumed to be

0.36 nf, S &y, + S o, A S gy, are the variances of the DD EWL, WL and LI/E1
phase due to measurement noise respectively, which are assumed to be (0.028 cycles)® in
this thesis. Equation (4.20) is derived under the assumption that NDN(,, obtained

through Equation (4.4) is correct; and Equation (4.21) is derived by assuming that

NDNWL obtained through Euation (4.7) is correct. Based on the measurement noise

assumed above, a quantitative analysis of the ambiguity variances is included in Table

4.2.

Table4.2 Variance Analysis of theAmbiguity Estimation in Each Cascading Step
using a Geometry-free M odel

Modernized GPS GALILEO
(cycles) (cycles)
S ROV 0.0675 0.0471
S DR 0.1924 0.3372
S Riof, 0.1301 0.1232

The likelihood of correct rounding for the ambiguities in Equations (4.4), (4.7) and (4.10)

decreases with an increase in the estimation variances. So from a measurement noise

point of view, the correct rounding of I§IDI\~IWL in the second step is the most difficult,

even more difficult than NDN,; and the correct rounding of IQIDIQEWL still remains the

most probable. In addition, it is more difficult to get correct rounding for GALILEO than

GPSin the second step.
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4.3 GEOMETRY-BASED CASCADING AMBIGUITY RESOLUTION

Although all the geometric errors are gone in the geometry-free models introduced in
Section 4.1, the influence of ionospheric errors on the third step is magnified. In this
section, a geometry-based cascading ambiguity resolution scheme is developed, through
which the influence of measurement noise on each step, and the ionospheric influences
on the third step, are no longer enlarged. In addition, instead of integer rounding,
ambiguity searching is adopted in each step to achieve fast, and more reliable ambiguity

resolution.

4.3.1 Functional Modds

The geometry-based cascading ambiguity resolution scheme also consists of three steps
and follows the same procedure as shown in Section 4.1 except that the geometric
components are full used, namely when the ambiguities in each step are estimated, the
coordinate components are aso estimated. The generd form of the functiond modd is:

| +1 = AX (4.23)
where r is the observation misclosure. In each cascading step, a different observation
vector, |, state vector, X, and design matrix, A, are assigned. The steps are detailed as

follows

o First Step
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In this step, the observation vector consists of the DD EWL measurements and the DD

precise code measurements:

D> %z

DF EWLL:J

(4.24)

D

where NDF ., is avector of the DD EWL phase measurements expressed in metres, and

ND?, isavector of the DD code measurements on L5/E5a.

The design matrix inthissep is

e’ gt g’ u
I 0

gﬂx ﬂY ﬂZ EWL »OE

A J J J -

gﬂf i 0 I, »d

efx Ty 1z u

— € 0x XX X 0 X
ASeqr g g o o0 wd (4.25)

SIX Y 12 G

el W 5 0 b

exX Ty 1z u

g XK XXX XX 0K XN ><><>|3|
ﬂf i ﬂf ! ﬂf ! H H H H [ [N |

where (—,—,——) are the partial derivative terms, and the superscripts ‘i’ and * j
> Y 91z

represent different satellites. The state vector consists of the three coordinate components

and EWL ambiguities asfollows.

X=[ox dY dz d(\DN.,) - (4.26)
where,
1dX =X - X,
pdY =Y- Y,
i (4.27)
0z=z-2,

%d (NDNg, ) =NDN,, - NDNEWL0
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with (X,Y,Z) refering to the final receiver postion, and (X,,Y,,Z,) to the initid
position; NDN.,, to the actual ambiguity, and NDNEWLO to the initial ambiguity
estimate. The subscript ‘O’ represents the initial, or previous state. The initiad EWL

ambiguities are estimated through Equation (4.3). Float EWL ambiguities can be

edimated through a sequentid |east-squares filter asfollows:
Q,=(ATQ'A+Q;)™ (4.28)
X=-QATQ (- AX,) (4.29)
where Q, is the measurement variance-covariance (VC) matrix that will be further
detailed later in this chapter, Q, isthe state VC matrix. At the same time of the estimate
of float ambiguities, the user position is also updated. Then the float EWL ambiguities
and the VC matrix (a sub-matrix of Q,) are submitted to the ambiguity decorrelation and

search algorithm — LAMBDA. If the EWL ambiguities cannot be fixed at the current
epoch then the processing proceeds to the next epoch and reiterates the ambiguity
estimation and search. When the EWL ambiguities are resolved then the algorithm goes

to the second cascading step.

o Second Step
In this step, the observation vector consists of the DD fixed EWL ranges and the DD WL

phase measurements (similar to Equation (4.24)). The state vector is the same as in

Equation (4.26) except that d (NDN ., ) isreplaced by d (NDN,,) .

The design matrix aso has the same form as Equation (4.25), except that | ,,, takesthe
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placeof | ., . Theinitial WL ambiguities are estimated through Equation (4.6). Similar
to the preceding step, float WL ambiguities are first obtained from recursive least squares
(Equation (4.29)) and then passed to the ambiguity searching routines, after which the
user position is updated. The processing in this step is repeated until al the WL
ambiguities are fixed. With the fixed WL ranges, the cascading ambiguity resolution is

bridged to the find step.

o Third Step
As the final step, the observation vector consists of fixed DD WL ranges and DD L1/E1

phase measurements (smilar to Equation (4.24)). The state vector is the same as

Equation (4,26) except that d (NDN ., ) isreplaced by d (NDN, ).

The design matrix can be obtained by replacing | -, in Equation (4.25) with | ;. The

initial L1/E1 ambiguities are estimated through Equation (4.9). Ambiguity searching
takes place after the float ambiguities are obtained from Equation (4.29). Again,
processing reiteration is conducted until all L1/E1 ambiguities are fixed. Once fixed, the
L1/E1, WL and EWL ambiguities are used to derive the L2/E5Sb and L5/E5a ambiguities

through Equations (4.11) and (4.12).

At this point al the ambiguities are fixed. The time from the beginning of EWL

ambiguity resolution to the current epoch is referred to as Time-To-Fix ambiguities

(TTF).
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4.3.2 Stochastic Models

(1) Stochastic Modd of Linearly Combined Phase M easurements

Assume that the three DD phase observations on L1/E1 (NDf,), L2/E5b (NDf,) and

L5/E5a (NDf ) expressed in units of cycles are uncorrelated, and let:

eNDf ,
f'=gf, (4.30)
&NDr L
TheVC marix is
Q. =60 siw, 0 g (4.31)
€0 0 sf,DfSH

where the superscript ‘i’ stands for an arbitrary satellite, and the measurements of

different satellites are regarded uncorrelated.

Equation (4.30) can be used to linearly form the following observation vector:

s NDF ,
NDF . 1, (4.32)
@Q DF EWLé

| ey e

Fl -

D D D
c

where F represents phase measurements expressed in metres. The relationship between

Equations (4.32) and (4.30) is.
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Filo=BxX' (4.33)

where
él, 0 0 o
_é u
B=8w -lw O § (4.34)
6 0 I EWL l EWLH

The corresponding VC matrix of F . can be derived through covariance propagation as

follows:
— T
QFiLC - B >in >B

A [ [ [ N
g QFI QFZLFWL QF lF EWL 3

— i i i

_éQFWLFl QFWL QFWLF EWL l.,J (4.35)
AN i i 1
e FEWLFl QF EWLF WL QF EWL U
A | 2 2 2 N
? I 1S NDf l 1| wiS ND¥ 0 H

— 2 2 2 2 2

_gl 1I wiS Rior, l WL(S NDf *S Nsz) - WLI ewtS fior, U
A 2 2 2 2 ]
8 0 - | WLI ewS NDf , I EW|_(S NDf , *S ND3)H

Equation (4.35) provides a basis for the stochastic model of the measurements in each

cascading step.

(2) Stochastic M odel of the M easur ementsin each Cascading Step

In the first step, the EWL phase measurements and the code measurements are assumed

uncorrelated, so the VC matrix of the measurements for thisstep is:

éQr 0w
Q =eé 4" u (4.36)
é 0 Q?so

where Q. and Q, stand for the VC matrices of DD EWL and code measurements
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respectively. Thedetalled formof Q. _ is

€ > 1., 1, u
aS & =S =S¢ z
e NDF gw 2 NDF gw 2 NDFew. U
gl g2 1. 4
Qr., = 82" NoF e RDF ey 2 NoFew (4.37)
& . 0
elg. 152 2 0
@2 NDF gwi 2 NDFgw — *** NDF ewi g

The correlation between every two DD EWL measurements in Equation (4.37) originates

from the common reference satellite when forming the DD measurements. Therefore, the

matrix Q,_ can be obtained only by replacing s g, With s &, in Equation (4.37).

In the second step, the VC matrix of the DD WL and EWL phase measurementsis.

é Q Q u
-z “Fwm FwF ew G (4.38)
u

Q
| Qeourn Qren
where Q. ~ isthe VC matrix of WL measurements in a similar form as Equation (4.37),

and Q¢ .. representsthe covariance matrix between the EWL and WL measurements,

which can be computed using Equation (4.35).

In the fina step, the VC matrix of DD WL and L1/E1 measurementsis.

=é QFl QFWLFSLB

Q, (4.39)

EXFiFu QFWL G
where Q. is the VC matrix of L1/E1l measurements in a smilar form as Equation
(4.37), and Q. . represents the covariance matrix between WL and L1/E1

measurements that can  be derived from Equation (4.35) as well.
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5 EXTENDED CASCADING AMBIGUITY RESOLUTION

In this chapter, the triple-frequency cascading ambiguity resolution scheme is further
analyzed in an attempt to identify and illustrate the limitations; then some extended
techniques based on the cascading ambiguity resolution are studied to overcome these

limitations.

51 LIMITATIONSOF THE CASCADING AMBIGUITY RESOLUTION

METHOD

For the purpose of convenience, the geometry-free cascading ambiguity resolution
method as discussed in Section 4.2 is adopted as the starting point. Given the float
ambiguity NDIQEWL and the corresponding correct integer ambiguity, NDN,, , of each
cascading step, the differenceis.

x=RDN_,, - NDN_,, (5.1)

This difference follows anorma distribution, namely:

2

x* U
i (5.2)
x u

X~ f(x|m,s,)= J— §

where m, is the mean value of X, and s, is the standard deviation, which is mainly

related to two components as follows:

S, =ySi*S¢ (53)
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where s [ is the variance of the residual ionospheric errors, and s ? isthe variance of the

measurement noise, which are listed in Table 4.1 and Table 4.2. The probability that

NDN.,, can be correctly fixed through rounding is:

05
hew = Q).s f(x|m,s ,)dx

and the probability to correctly fix NDNWL and RIDN~1 through rounding is.

95

ha = Q, F(XIms Jaxgy f(yIm,s ,)dy

0.5

h,=q, f(xIm.s)ixq f(yIm,s )dyqy f(zIm.s )z

(54)

(55)

(5.6)

(5.7)

(5.8)

Based on the derived ionospheric errorsin Table 4.1 and measurement mise in Table 4.2,

for both modernized GPS and GALILEO, Figure 5.1 gives a visua representation of the

trend of h,,, h,, and h, along with the increase of the residua ionospheric errors,

assuming zero meansfor X, y and z.
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Figure5.1 Success Rate of Rounding of EWL, WL and L /E1 Ambiguitiesfor both
moder nized GPS and GALILEO using the Cascading Ambiguity Resolution M ethod

Figure 5.1 (b) shows a pessimistic view for GALILEO WL rounding due to the impact of
measurement noise (shown in Table 4.2). However in practice, the probabilities of
success is supposed to rise to a considerable level due to the conservative nature of this
thesis by using 2.8% of the wavelength as the noise level, which is actually much larger
than real ones especially considering technology advancements in the future. With the
growth of the ionospheric level from 0 to 1 L1/E1 cycle in Figure 5.1, the probabilities of
correct rounding for EWL and WL ambiguities do not decrease much, but that of the
L1/E1 drops fast to a very low level, which indicates that L1 is very sendtive to the

growth of ionospheric errors, wheress the EWL and WL are much less susceptible.
More quantitative results are present in Section 7.3 that further indicate that the L1/E1
ambiguity resolution is a weak point, which may obstruct the successful application of

cascading ambiguity resolution in the presence of increased residua ionospheric errors.
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So improving techniques in dealing with the ionospheric impact on L1/E1 ambiguity

resolution is an dl-important consideration.

5.2 CASCADING AMBIGUITY RESOLUTION INVOLVING |ONOSPHERE-

FREE INTEGER AMBIGUITY MODEL

The first effort ams to improve the geometry-based cascading ambiguity resolution by
implementing the ionosphere-free integer ambiguity model in the L1I/E1 ambiguity

resolution step.

5.2.1 Derivation of lonosphere-free L /E1 Integer Ambiguity Model

By using the phase measurements on the L1L/E1 and L2/E5b, and Equation (4.11), the

ionosphere-free phase combination can be formed and derived asfollows:.

| -

it , - L1Rior, 2= - RN, + LR, + (- - LRiDs
g I2 a I2 I1 I2
- I, - 1 -
=-NDN, +—~ RDN, - RDN,, +——+———NDG (5.9)
I, 113/03-
-1, |, 1 ¢
= Z—+NDN, - T-RDN,, +-——NDG
2 IFp,

where NDN,, is aready fixed in the second cascading step, and | i, ISthewavelength of

the L1/E1 and L 2/E5Sb ionosphere-free phase combination as listed in Table 3.7.
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In asmilar way, the following equation can be derived using the phase measurements on

LVEL and L5/E5a

g‘qofl- :—1NDfsg=-ND\I1+:—1NDNS +(|i- I'_;)NDG

3 7] 3 1 3
- I, -~ o - 1 ~
=-NDN, +— NDN, - NDN,, - NDN,, +ﬁN
| 5 15/03-13)
=- 'BI' | 1NDN1-I|—1(NDN12+NDN23)+| ! fibc
3 3 IFi3

(5.10)
where NDN,, and NDN,, are fixed in the first and second cascading steps, and | . is

the wavdength of L1/E1 and L5/E5a ionosphere-free combination as listed in Table 3.7.

5.2.2 Functional Modedl in thelast step

In order to analyze the influence of each component on NDN,, Equations (5.9) and (5.10)

are further expressed comparatively in the following form:

. ple-ly ) (cycles) (5.12)

olamls (cydes
| - - | 1
=-NDN1-| 1| (NDN,, +NDN,,) + —2 NDG

3711 |3'|1 IF3

(5.12)

Therefore the influence of measurement noise on NDN, estimation in Equation (5.11) is:

70



I | 2
s, =—"2 1+|—12>a% (5.13)

|2'|1 2

where a% is the assumed measurement noise of DD phase observation in cycles.
Smilarly in Equation (5.12), the messurement noiseis.
2

| |
s, =—2 1+|—12>a% (5.14)

|3'|1 3

Both the measurement noise and geometrical errors (tropospheric and orbital) are

quantitatively anadyzed in Table 5.1.

Table5.1 Influence of M easurement Noise and Geometrical Errorson the
lonosphere-free L VE1 Integer Ambiguity Resolution

System Equation Measurement Noise (cycles) Georrg;ldc:s)E rors
GPS (5.11) 5.74:a% 1.78 >4SIDG/I L
(5.12) 4.93:a% 1.75NDG/I ,
GALILEO (5.12) 5.38:a% 1.65>4§IDG/I )
(5.12) 4.93:a% 1.75NDG/I ,

Table 5.1 indicates that the measurement noise achieves approximately the same
amplification rates for both GPS and GALILEO compared to Equation (4.8) (5.74 or 5.38
for Equation (5.11) and 4.93 for Equation (5.12)), and that the influence of geometrical
errors are aso amplified by 1.65 ~ 1.78 times for both systems. However, the residual
ionospheric errors are removed. So only when the influence of the residual ionospheric
errors exceeds to great extent the sum of the measurement noise and tropospheric errors,

it isnecessary to implement Equations (5.11) and (5.12).

In implementation, the following equations are used:
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iNDF ; =NDG - | ,NDN,
I~ - - (5.15)
tNDF , =NDG - | ,NDN,
where
I, « 0] I ~
NDFlngDfl- —NDf , =4 I I,FHNDN12
l 2 4] | 2

o ‘ . 0 - .
NDF 2 :g:ﬁ[]l- —lNDf3g>4 IF3 +—| IF13(NDN12 + NDN23)

I

The above ionosphere-free L1/EL integer ambiguity model is implemented in the fina
step of the cascading ambiguity resolution technique to help resolve the L1/E1l

ambiguities from previously fixed WL and EWL ranges. Here, | ; and | , arereferred to

asthe nomina wavelengths of NDN, in Equation (5.15) which are detailed in Table 5.2.

Table 5.2 Nominal Waveengths of the lonosphere-freelnteger L1/E1 Ambiguity

M odel
System Nomind Wavdengths
I 0.106 m
GPS
I, 0.108 m
I 0.107 m
GALILEO
I, 0.108 m

Compared to the L1/E1 wavelengths (0.190 m), the above nominal wavelengths are much

shorter. Therefore, the influence of measurement noise and geometrical errors on NDN,
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in Equation (5.15) is far larger than that on KIDN1 in Equation (4.8). Table 5.2 gives an
extension of the analysis in Table 5.1, which further presents the trade off among

eliminated ionospheric residual and amplified measurement noise and geometrical errors

from the pergpective of nomina waveengths,

5.2.3 Stochastic M odel

The stochastic modd of Equation (5.15) is of the following form:

_€Qg  Qepell

Q= o. U (5.16)
Ex<Fée F¢ U
where:
z 2 N
€ 2 2 I 1 2 u
él |F12(Sf1+|_zsf2) 0 l;'
_€ 2 u
Qre=e ,
e u
= 2 2 1a2\>
e 0 l ||:12(S f, I_zsfz)g
e 2 u
s | 2 u
2 2 1.2 p
g IF13(Sf1 +|_2$f3) 0 u
_€ 3 u
QFg =é ) u
é | U
< 2 2 1a 2\~
e 3 u
4 _|.s/’ 0 0
2R, IR f >
_¢ u
QFQF% e u
e 20
e 0 ! 'Flzl ”:138 f.u
ngpg = met
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5.3 CASCADING AMBIGUITY RESOLUTION INVOLVING STOCHASTIC

IONOSPHERIC MODELING

This is an extension of the work by Odijk (2000), Liu (2001, 2002) and Julien et al.
(2004). The stochastic ionosphere method was implemented in Odijk (2000) and Liu
(2001, 2002) to handle the residual ionospheric errors in dua frequency ambiguity
resolution for GPS. In the study of integrated GPS/GALILEO it was implemented in
Julien et a. (2004) to improve triple frequency ambiguity resolution. This section
involves applying the stochastic ionosphere modeling method in the last step of the

cascading ambiguity resolution scheme.

5.3.1 Derivation of Phase Observation Equations

In the last step of cascading ambiguity resolution, the phase measurement on LVEL is:

NDf , ¥, =NDG- | ,NDN, +NDI, (5.17)
where NDN, is the ambiguity to be resolved in this step. Since EWL and WL ambiguities
are dready fixed in the first two cascading steps, by using Equation (4.11), the phase
measurement on L2/ESb can be derived as follows:

NDf ,:1, =NDG- | ,NDN, +NDI,

iy - N 12
=NDG- | ,(NDN, - NDN12)+I—§ND|l (5.18)
1
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By using Equation (4.12), the phase measurement on L5/E5a can be derived in a similar
manner:
NDf ,:1 , = NDG - | ,NDN, +NDI
=NDG- | ,(NDN, - NDN,, - NDN,;) + —E DI, (5.19)
I

w N

=NDG- I ,NDN, +1 ,NDN,, +1 ,NDN,, +—=NDI,

=N

5.3.2 Functional Modd

In implementation, Equations (5.17) to (5.19) are dlightly modified and turned into the

fallowing forms

¢ NDF ; =NDG- | ,NDN, + NDI,

2
J NDF}, =NDG- I ,NDN, +-2>\DI, (5.20)

where:

NDF, =NDf A ,

NDF ;, = (NDf , - NDN,,) % ,
=(NDf , - NDN,, - NDN_;)A

So in amatrix form, the functiond modd is
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where:

e

E

F( is the vector of phase measurements (i=1, 2, 3);

is the vector of pseudo ionospheric observable (on L1/EL);

is the vector of coordinate components;
isthe vector of L1/E1 ambiguity unknowns,
isthe vector of L1/E1 ionosphere unknowns,
isthe vector of measurement noise, and

isan identity matrix.

The details of Equation (5.21) are asfollows:

4

e éNDN, U éff T o éNDlu
édXy é. 12(1 vl 1 10 e l2l:I
_eyU o DN g1 T SiEy DIy
e u- e a- e o ¢ 08 0’
gizg & oa &M W W4 g
eNDN; " aIx™ qvy™ qzmg &NDg
e, 0 W 0
C . d
i:g 3(|:1~3), Ci=ga
8 - 1.8 & 12/124

where the superscripts ‘1’ to ‘m represent satellite numbers.
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5.3.3 Stochastic M odel

The VC matrix of the measurementsin Equeation (5.21) is

EA'QFP 0 0 0 u
e u
g=e° e 0 Oy (5.22)
&0 0 Qy 0
e u
g0 0 0 Qu
where:
é_> 1., u
éSNDF1 ESNDFllj
_é a
Qe =$ ,
e u
sl She, U
e2 ' *d
?52 15? u
é > NoF, 57 NDF (4
-6 ua
Qe =g G
N 2 p
gESNDFZ S fioF, H
é 2 1 2> U
és NDF 5 ES NDF; (]
_é a
Qe =§ ,
e u
i, Sier, U
e2 : *d
< u
€ u
Q,6=é a
é 2 (]
e S'pU

The performance of ambiguity resolution using Equation (5.21) is sensitive to two factors
regarding the ionospheric pseudo-observables: one is theinitial value, and the other is the

variance. In implementation, the ionospheric pseudo-observables, NDI o, areinitialized

with zero values and assumed uncorrelated among each other. By assigning different
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variances, Q, , for the pseudo-observables, different forms of Equation (5.21) can be

derived.

When the variance is set to be infinite, i.e. Q, ® ¥, theionospheric effects are regarded
as completely uncorrelated and unknown at both ends of the baseline. In this case,
without the use of a priori knowledge of the ionospheric effects, no constraints are

applied to the ionospheric pseudo-observables and the residual ionospheric errors are

directly estimated with the L1 phase measurements and the fixed EWL and WL ranges.
In implementation, infinity is not achievable for Q, , instead sufficiently large variance
(say (10° m)? ) should be chosen to avoid biasing the estimated carrier ambiguities by an

amount that may result in awrong integer ambiguity (de Jong et al., 2001). This model is

referred to as |onosphere Float.

When the variances are set to zero, i.e. Q,  ® 0, the ionospheric pseudo-observables are
so tightly constrained that the residual ionospheric errors are regarded as absent or known

and can be compensated with external ionosphere values. In implementation, Q, cannot

be set to zero. Instead, a very small quantity (say (10°® m)?) can be assigned. This model

isreferred to as lonosphere Fixed.

The above two models are extreme cases. In practice, sometimes the baselines are too
long to regard the residual ionospheric errors in the double differenced measurements as

cancelled, or too short to consider the ionospheric errors at both ends as uncorrelated. So

78



the key issue is to assign redlistic VC information to the ionospheric pseudo-observables
correctly reflecting the ionospheric magnitude and correlation, which introduces the third

form of Equation (5.21) — lonosphere Weighted.

Special care needs to be given to weighing the residual ionospheric errors, namely
assigning proper VC information to the residual ionospheric errors. The variance of the
ionospheric pseudo-observation can have a large effect on the filter’s performance (Alves
et a., 2002). In the weighing of the ionospheric pseudo-observations, athough a lot of
factors might exist, such as elevation dependency, tempora correlation and spatial
correlation, the weight model is simplified to be only distance-dependent herein
(smilarly to Julien et a. (2003)). In addition, al ionospheric pseudo-observations are

assumed to have the same variances that are obtained through (k” L)? n?, where k is

the ionospheric leve in ppm, and L isthe basdine length in metres.

54 OTHERISSUESIN THE LAST STEP OF CASCADING AMBIGUITY

RESOLUTION

This section involves a discussion of two additional efforts in the final step of the

cascading ambiguity resolution scheme.
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54.1 Geometry-freelnteger Ambiguity Model

The geometry-free model that will be introduced here is different from that adopted in
Section 4.2. By using the phase measuements on L1/E1 and L2/E5Sb, and Equation
(4.11), the geometry-free phase combination can be formed and the following equation
can be derived:
- - - - |2 -
| NDf, -1 ,NDf, =-1,NDN, +I 1NDN1+(I—22- 1)NDI,
! (5.23)

2 2
l2- 13

=-(,-1,)NDN, +I ,NDN,, + E NDI,
1
In units of cycles, the above equation can be further expressed as:
1 R o _ e 1, < l,+1, <
— (I 2NDfZ-llNDfl)_-NDNl+I = NDN12+I—2NDI1 (5.24)
2 1 2 1 1

Similarly, the following equation can be derived using the phase measurements on L1/E1

and L5/Eba

1

- N - | - - | .+
- (I ;NDf ;- | ,NDf ;) =- NDN, + _3 (NDN,, + NDN,,,) +—2 > 1
3 1 3 1 1

NDI, (5.25)

In Equations (5.24) and (5.25), NDN,, and NDN,, are fixed in the previous cascading

steps, and are assumed correct. Then the measurement noise value in Equations (5.24)

and (5.25) is

124125a% (=293 (5.26)

lo-1,
Table 5.3 lists the influences of both the measurement noise and residua ionospheric

errors on the geometry-free L1/E1 ambiguity resolution.
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Table 5.3 Influences of Measurement Noise and |onospheric Errorson the
Geometry-free L1/E1 Ambiguity Resolution

. Measurement Noise lonospheric Errors
System Equation (cydes) (o ~cl&s)
GPS (5.24) 574:a% 2.28>4§IDI1/I 1
(5.25) 4.93:a% 23400, /1,
GALILEO (5.24) 5.38:a% 2.31><ISIDI1/I .
(5.25) 4.93:a% 2.34>XN01, /1,

As stown in Table 5.3, the geometry-free measurement noise is identica to the
ionosphere-free measurement noise (Table 5.1), and the ionospheric errors are at
equivalent levels as shown in Table 4.1. Although the geometrical errors do not exist,
according to Table 5.3 and Table 4.1, the geometry-free modd introduced here indicates

no advantage over the mode described in Equation (4.9).

5.4.2 lonosphere-free and Geometry-free Models

According to Sections 5.1 and 5.4.1, neither the ionosphere-free model nor the geometry-
free modd is perfect. In the ionosphere-free model, although the ionospheric influence is
eliminated, the influence of geometrical errors is enlarged (Table 5.1). In the geometry-
free model, athough the geometrical errors are cancelled, the influence of residual
ionospheric errors is amplified (Table 5.3). With phase measurements on triple
frequencies, since two linearly independent ionosphere-free measurements can be formed
(Equations (5.9) and (5.10)), it may be possible to further form a geometry-free

measurement using the two ionosphere-free measurements.
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Through Equations (5.9) and (5.10), the following two equations can be obtained:

I e O
gﬁDfl' I_lNDf23><I IF
2 2 (5.27)
SN TAEY < NDN, - I'—ll «NDN,, + DG
2 2
?Ifo I_lmesgxl IF,
|5 2 (5.28)

- '3I' ) ., NDN, - I'_ll ., NDN, - I'_ll , NDN,,, +NDG
3 3

3

By subtracting Equation (5.27) from Equation (5.28), Equation (5.29) can be derived:

e N I ~ I . u 1
é(l |F1'I|F2)NDf1'I_1I|F1NDf2+I_1| |F2Nusljv | [
e 2 3 G 12 13 (5.29)

L+, 1,+1,
=- DN, - [..]*NDN,, +[..] NDN,,

where the coefficients of components NDN,, and KIDN,, are too complicated and

therefore are smplied as]..].

On the right hand side of Equation (5.29), both residua ionospheric errors and
geometrical errors are cancelled. At first glance, Equation (5.29) seems to be a perfect
model since it is both ionosphere-free and geometry-free. However, a further analysis in
Equation (5.30) indicates that the measurement noise of Equation (5.29) is too large to be

practica.

1 | |
o W J(l ) +(|—1I R)2+ )7 a » 250.82>8 % (5.30)
12 13 2

s

I1+|2 Il+|3
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6 COMBINATION OF GPSAND GALILEO IN CASCADING AMBIGUITY

RESOLUTION

In previous chapters, the discussion of the cascading ambiguity resolution approach uses
either modernized GPS or GALILEO. This section addresses the issues that arise in

combing the two systems.

6.1 COMBINATION MODES

6.1.1 Loose Coupling Mode

If the coincidence of the frequencies between GPS and GALILEO is not taken into
account then each of the systems will use its own independent base satellites and none of
the DD observations will be formed across the two systems. However, the systems are
still related through the mutually estimated position in the geometry-based approach,
therefore the systems are not truly independently processed. In the geometry-free
approach the observations between the two systems are not related through estimated
parameters or mathematical correlation and, as a result, the addition of a second GNSS

will not affect ambiguity resolution performance.

The combination of the two systems in the way described above is referred to as a Loose

Coupling Mode. In this case, different base satellites are selected for GALILEO and
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Modernized GPS, respectively, to form double differences. In each step, both the GPS

and GALILEO measurements are assambled in the same observation vector as shown:

|, =[NDF & RDF: Rpr s Rior o (6.1)
I, =[NDFgs NDFg: Rior g Rior g (62)
I, =[NDF s RDFS* Rpr&s Ror | 6.3)

where NDr,, and NDr ,, are the WL and EWL fixed ambiguities and carrier phase

ranges respectively, and the subscripts ‘1’, ‘2’, and ‘3’ represent the various stages in the

three step cascading method. The corresponding VC matrices are:

Qs 0 0 0
€ GAL u
9 =t @a 9 Oy (6.4)
I1 g O 0 Q?PS 0 u
€ GAL
g 0 0 0 QF
“ GPS GPS
g QF WL 0 QF wiF ewe 0 ﬂ
GAL GAL
Q :e O QFWL O QFWLFEWLU (6 5)
| A\ GPS GPS '
i EQF wif ewe 0 Few 0 u
< GAL GAL
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@ FuwF ewm Feaw
4 ~ GPS GPS ~
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6.1.2 Tight Coupling Mode

When the coincident system frequencies are considered, another mode of combination is
possible, which is referred to as a Tight Coupling Mode in Julien et al. (2003). Both
modernized GPS and GALILEO possess the common L1/E1 and L5/E5a frequencies.
With E1 and E5a, an ML combination can be formed. In the same way, another ML
combination can be formed with L1 and L5. Since L1/E1 and L5/E5a overlap, the two
ML combinations are identical so that it is possible to form double differenced ML
measurements between GPS and GALILEO signals. Moreover, since the GALILEO E1
equals to GPS L1, it is also possible to form double differenced L1/E1 measurements
between the two systems on these frequencies. In this case, the measurements of
modernized GPS and GALILEO can be combined in a tight way. The corresponding
cascading ambiguity resolution technique follows almost the same procedure as in the

case of the Loose Coupling Mode.

Two weaknesses exist in the tight coupling approach: ore is the difficulty in transition

from the EWL ambiguity resolution to the ML ambiguity resolution because the
ambiguity estimation noise of ML (s g, ) is larger than that of WL (s g, ) according
to Equation (4.20) considering that the ML wavelength is shorter than WL (Table 3.3).
The other lies in the estimation of the initial estimate of the ML ambiguities between the
systems because the GPS EWL differs from GALILEO EWL. As a result, NDNZ,©

must be estimated directly from precise code measurements, Smilar to Equation (4.2).
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Due to these drawbacks, the Tight Coupling Mode is not expected to excel the Loose
Coupling Mode. Therefore, in later chapters only the loosely coupled results will be used

to compare the advantages of three-frequency GPS and GALILEO integration.

6.2 FILTERING APPROACH

6.2.1 ThreeFilter Approaches

The algorithm of geometry-based CAR, and the extended forms as introduced in
Chapters 4 and 5, were implemented and gplied to GPS only, GALILEO only and
combined GPS/GALILEO cases, the flow chart of which is depicted in Figure 6.1. For
each baseline (Table 7.1), the corresponding time limit (Table 7.2) is specified before
starting CAR. An epoch counter is used to record the time to fix L1/E1 ambiguities since
the start or each reset of CAR. If the epoch counter has reached the time limit with
L1/E1 ambiguities still unfixed, CAR would be reset. This case is referred to as filter
timing out. Those that fail to fix LL/E1 ambiguities before filter timing out are regarded

asfalures of ambiguity fixing.

The flow chart in Figure 6.1 consists of three sequential |east-squares filters. In the first
filter, both the L5/E5 code measurements and EWL phase measurements are used,
through which the user position is updated and the resulting float EWL ambiguities are

submitted to LAMBDA searching. This filter is run sequentially until either the EWL
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ambiguities are fixed in the LAMBDA searching or the filter times out. During each run,

the epoch counter isincremented by one.

Reset CAR <

:

L5/E5a Code

h EWL
N .
LAMBDA Search TTF ++ SLimit?

=z ' =z
-<

-

N Y
LAMBDA Search TTF ++
Y
h LVE1 N
N Y
LAMBDA Search TTF ++
Y

\ 4

Output Solutions

Figure 6.1 Flow Chart of the CAR Algorithm

If the EWL ambiguities are successfully fixed before timing out, the process moves on to
the second filter, in which the estimation of float WL ambiguities is conducted based on
the fixed EWL ranges and WL phase measurements. As a by-product, the user position is
further updated. The LAMBDA method is then applied again to search the best integer

WL ambiguity set. Similar to the first filter, the second filter is run sequentially until
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either the WL ambiguities are fixed or this filter times out. The epoch counter keeps

counting the times thisfilter runs.

Once the WL ambiguities are fixed, the third filter is activated with the fixed WL ranges
and LY/E1 phase measurements. Similar to the previous two filters, the user position is
further updated and the estimated float L1/E1 ambiguities are forwarded to the
LAMBDA searching scheme. If the LI/E1 ambiguities are fixed in the sequentia
process, the integer L1/E1 ambiguities and the user position are output as the finadl
solutions, and the content of the epoch counter represents the time to fix the L1/E1
ambiguities since the start of the first filter. If the third filter times out, this trial of

ambiguity fixing is concluded to have failed and the CAR isreset theregfter.

The above three filters perform in similar ways, with the outputs of the preceding filter
fed as the inputs to the succeeding filter. The accuracy of the fixed ranges is stepwisely
improved, so does the accuracy of the user position. Although consisting of three filters
and seeming complicated, the implementation of the CAR agorithm as depicted in

Figure 6.1 is greatly facilitated by the smilarity of the threefilters.

The implementation of the CAR agorithm is very flexible. It is convenient to implement
different models in the three filters (stages). The basic CAR agorithm, with each filter
making use of a basic geometry-based model, will be realized and tested in Chapter 7
over short basglines. As an extension of the basic CAR agorithm, efforts in ionospheric

modeling are also incorporated into the third filter (stage) to improve L1/E1 ambiguity
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resolution over medium baselines in Chapter 8. In addition, the number of filters is not
restricted to three. In Chapter 7, a similar cascading ambiguity resolution process will be
tested with two frequency data. In the dual-frequency cases, only two filters have been
formed, with the first one utilizing a kind of code measurement (the most precise code
measurements available) and WL phase measurements, the second naking use of the
fixed WL ranges and L1/E1l phase measurements. The two-filter approach is aso

nomindly called a cascading ambiguity resolution technique.

Since al the ambiguities are divided into three groups and resolved in three independent
filters, the number of ambiguities in each filter is decreased, which results in much
smaller amount of ambiguity candidate sets, and much faster ambiguity fixing through

LAMBDA ssarching.

Additionally, this three-filter approach makes the most of the stepwise improvement in
the range’s precision. The identified ambiguities in each step (filter) directly assist with
improved precision of the range in the subsequent stage (filter), which speeds up the
convergence of the user position and therefore directly benefits the estimation of the

ambiguities in the next sep.

However, this approach complicates the procedure of switching the base satellite(s),
especialy in the combined GPS/GALILEO case, in which each system adopts its own
base satellite. With one base satellite changed, the ambiguities in each stage (filter) must

be switched with respect to the new base satellite. Such a change may take place in any of
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the three steps (filters). Once it happens, corresponding ambiguity switches must be made

indl previous gep(s).

This approach is unable to deal well with new satellites appearing during the second or
third stage (filter) because the ambiguities in the preceding stages have not been
esimated or even fixed yet for the new satdllite. Two choices for this case are:

(1) Resetting thefilters so that the new satellite can be vdidated;

(2) Discarding the new satdlite.

However, neither is perfect. The first choice risks losing many epochs of information for
the previoudy fixed ambiguities, whereas the second does not make full use of al the

available satd lites and will lead to a decrease in the number of satdlites over time.

6.2.2 OneFilter

The shortcomings of the three-filter cascading ambiguity resolution approach can be
overcome by using one filter for all ambiguities. In this case, the ambiguities of all the
frequency combinations are resolved at the same time, in which new satellites appearing
no longer need to be discarded. Base satellite changes are also smplified and can be

performed in one step.

However, since all ambiguities are included in one filter, the high number of ambiguities

to fix amounts to a burden for the searching and fixing part of the algorithm (Alves,
0



2001; Julien et al., 2003). Meanwhile, no step-wise improved precision is available, and
the initial values of al ambiguities can only be estimated through code measurements.
This single filter approach using cascading wide lanes is not expected to have better

performance than the three filter approach, and therefore will not be adopted in the tests.

6.3 SWITCH OF BASE SATELLITES

Forming DD measurements for GPS and GALILEO systems requires two different base
satellites. In the research of this thesis, the satellite at the highest elevation angle is

selected as the base satellite for each system.

The elevation of each satellite alters along with the movement of each satellite in orbit.
Therefore, according to the above selection strategy, new satellites appearing at the
highest elevation for each system are selected to replace the old base satellites, and the
DD ambiguities in state vector and the state VC matrix of each step need to be switched

with respect to the new base satellite. Equations (6.7) and (6.8) demonstrate the principle

of the switches
X; =G, *X, (6.7)
Q; =G, QG (6.8)

where X, is the DD ambiguity vector when satellite k is selected as the base satellite,

and Q, is the corresponding VC matrix; X; isthe new DD ambiguity vector when the
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old base satellite k is replaced by satellite j, and Q; is the corresponding VC matrix;

G, istheambiguity transtion matrix from old base satellite k to new base satellite j .

Two cases need to be taken into account when constructing the transition matrix G, ;

(1) For any satellite i other than the new base satellite, the DD anbiguity with respect to

the new base satdllite j can be obtained in the following equation:

NDN!; =NDN - NDN (6.9)
where the old base satellite number is k, and the superscript letters indicate satellite
numbers, with the second being the base satellite number; the subscript letters indicate
dation id, with the second being the reference station id.

(2) For the old base satellite k, the DD ambiguity with respect to the new base satellite

can be obtained through:

NDNJ, = (- ) XNDN (6.10)

The following gives an example of ambiguity switching from base satellite ‘6’ to ‘4.

The ambiguity vector with respect to old base satellite ‘6’ is

X, =[NDNX RDNZ RDNZ NDNZ NDNS[ (6.12)
After switching to new base satdllite ‘4’ the ambiguity vector becomes:

X, =[NDNZ RDNZ RDNZ RDN% RN (6.12)

Therefore, the trangtion matrix is of the following form:
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& 0 0 -1 Oy
& a
301 0 -1 Og
G,=6 0 1 -1 00 (6.13)
e u
E}OOO-l og
€0 0 0 -1 1§

In Equation (6.13), al the elements of the 4" column are -1' since the 4" satellite is
selected as the new base satellite, as explained in Equation (4.9). In addition, al the
elements of the 4™ row are ‘0" except the 4-th element being “1', as explained in

Equation (4.10). For other cases, the transition matrices can be derived in the same way.
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7 SIMULATION AND TEST RESULTS

7.1 DEFINITION OF FIGURES OF MERIT

For tests of ambiguity resolution over different baselines, different time limits are
gpecified as shown in Table 7.2. Once the fixing of an ambiguity set is achieved or it
fails, the filters are reset immediately. This process is carried out throughout the whole
dataset to generate a statistical sample. The performance of the proposed algorithms were

evauated in terms of the following figures of merit.

o Mean TimeTo Correctly Fix Ambiguities(MTTCF)

In cascading ambiguity resolution, the time to fix any ambiguity is counted from the start
of the EWL filter. To assess the suitability of a system for carrier phase ambiguity
resolution, a large number of trials are adopted and this figure of merit can be calculated
by averaging the time required to fix ambiguities in each attempt throughout a dataset
under the specified conditions, such as specific baseline lengths and ionospheric levels. In
the calculation of the mean time to fix, only the correctly fixed ambiguity sets are taken

into account in the sample.

o Percentage of Single-Epoch Ambiguity Resolution (PSE)
This figure of merit has been used in Zhang et al. (2003) to assess te ability of

instantaneous ambiguity resolution for a system or systems, which is defined as the result
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of the number of ambiguity sets fixed within one epoch divided by the total number of

epochs of the datasets.

o Ambiguity Resolution Percent Correct (PC)

This figure of merit has been used by the University of Cagary in the GALA project
report (Lachapelle et al., 2001). As an empirical quantity, it isthe result of the number of
fully correctly fixed ambiguity sets over the total number of fixed ambiguity sets, which
is different from the ambiguity success rate used by Delft University (Teunissen, 1998)
that is a probabilistic value derived from the covariance matrix of the float solution of the

ambiguities

o Number of Failuresin Ambiguity Resolution

This quantity is able to indicate how much of the dataset contributes to the statistics of
the above figures of merit. A failure in ambiguity resolution is defined as an ambiguity
set that fails to fix within a given time limit due to solution divergence or timeout. Once
the ambiguity resolution is carried out through the entire dataset, the total number of

falled ambiguity setsis referred to as the number of failuresin ambiguity resolution.

o Number of Fixesin Ambiguity Resolution
This figure of merit is defined as the total number of fixed ambiguity sets throughout the
test dataset, acting as a complement figure of merit to the PSE. In a comparison of the

two systems in terms of ambiguity resolution performance, the Ambiguity Resolution
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Percent Correct makes sense only when there are equivalent Numbers of Fixes for both

systems.

o Accuracy with Correct Ambiguity Fixing

This figure of merit shows the accuracy in the position domain when the ambiguities
have been correctly fixed. It allows for an evaluation of the remaining errors after correct
ambiguity resolution. So only when the ambiguities are correctly fixed, can the

positioning accuracy be used in the gatigtics.

o Accuracy with Partially Correct Ambiguities
This figure of merit aims to evaluate the impact of partially correct ambiguities in the
position domain. So once the ambiguities are failed, the resulting positioning accuracy is

used in gatigtics.

7.2 DATA SIMULATION

721 GPSGALILEO Smulator

A software-based GPS/GALILEO simulator SImGNSS2™ has been developed at the
University of Calgary (Luo, 2000). This simulator has been used in many other GPS and
GALILEO system evaluations (Alves, 2001; Lachapelle et a., 2002; Julien et a., 2003;

Zhang et a., 2003). The GALILEO constellation in simulation consists of 27 satellites
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(the 3 spares are not considered) according to parameters described in Chapter 2 and the
GPS constellation consists of 24 satellites in circular orbits, with the assumption that the
time and coordinate reference frames of GPS and GALILEO have been reconciled to
GPS system. With user input error scaling factors, the sampling rate, the masking angle,
the coordinates of reference and user stations, this software is able to simulate
pseudorange and carrier-phase measurements on three carrier frequencies for both GPS
and GALILEO. lonospheric errors, tropospheric errors, orbital errors, receiver noise and
multipath are included. For each carrier-phase measurement, an ambiguity of zero cycles
is smulated. So the true value of each ambiguity is zero, which facilitates the check of

the correctness of each ambiguity resolution trid.

7.2.2 Simulated Basdines

In an effort to evaluate the efficiency of the proposed ambiguity resolution algorithms,
both GPS and GALILEO observations were simulated with the above software ssimulator
at a one second sampling rate over 1, 10, 20, 30, 50 and 70 km baselines for 24 hours.

The coordinates of the smulated stations A, B, C, D, E, Fand G arelised in Table 7.1.
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Table 7.1 Coordinates of the Smulated Stations

Sation# | Latitude Longitude Alinde | BN Lengh
A | 51°00 000007 | -114° 00' 00.000? | 1000 m 0km
B | 51°00 323407 | -114° 00' 00.000? | 1000 m 1km
Cc |51°05 234007 | -114° 00'00.0007 | 1000m 10 km
D |51°10'46.7997 | -114° 00' 00.000? | 1000m 20 km
E | 51°16 10.2007 | -114° 00' 00.000? | 1000 m 30 km
F | 51°2656.9697 | -114° 00' 00.000? | 1000 m 50 km
G |51°3744.4187 | -113°59 27.6607 | 1000m 70 km

7.2.3 Smulated Error Leves

Both the pseudorange and carrier-phase measurements for GPS and GALILEO

observations were smulated at typical and redigtic error levels asfollows:

o Atmospheric errors (within the levels 90% of the time)

DD tropospheric error: 0.2 ppm
DD ionospheric error: 3.0 ppm and 6.0 ppm (2 cases)
DD orbita error (1s): 0.1 ppm

o Multipath (Single measurement 1 s):
Phase: 0.025 cycles
L5/E5a Code: 0.14m

0 Recever noise(1s):

Code:
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L1 0.36 m

LS: 0.04m

El: 0.10m

ESa 0.045m
Phase: 0.003 cycles

The DD atmospheric errors are defined in ppm over specified baselines. The level ‘ X’
ppm is defined that 90% of the time, the DD error islessthan * X’ ppm. The tropospheric
error level as shown above is the residual errors after applying a tropospheric correction.
For both GPS and GALILEO, the ionospheric errors were simulated over 24 hours and
presented in Figure 7.1 and Figure 7.2, in which the 3 ppm error is regarded as a medium
level, whereas 6 ppm is considered as a high level. The multipath and noise variances
adopted are single measurement errors. It is important to notice that the code noise errors
were chosen optimistically for L5, E1 and E5a compared to current signal structures, but
a little pessimigtic for L1, as the front-end bandwidth and tracking techniques by 2008

will bewider and better respectively.
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724 Limitsof TimeTo Fix

Static tests were performed using the ssmulated measurements over the above baselines.
For the ambiguity resolution tests over each baseline, a limit of time to fix was specified
as shown in Table 7.2. The selection of the limits was based on experience. The purpose
of the time limit was to avoid accounting for too many epochs when divergence occurs in
the ambiguity resolution process. Ambiguity sets that did not fix within the time limit

were regarded as failures.

Table 7.2 Specified Limits of Time To Fix over Simulated Baselines

Baselines (km) Limit of Timeto Fix (9)
1 300
10 600
20 1500
30 1800
50 2400
70 3000

For each scenario, ambiguity resolution tests in the cases of GPS only, GALILEO only

and combined GPS/GALILEO were repeated throughout the entire dataset.

7.25 Number of Visble Satdllites

As shown in Figure 2.4, the ssimulated GALILEO constellation consists of 27 satellites
and the GPS constellation consists of 24 satellites. The following figure shows the

number of visible satellites for both systems above an elevation mask of 15° during the
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24-hour simulation. The number of visible GPS satellites was always between 5 and 7,
while 6 to 8 satellites were usudly visble for the GALILEO congdlation.
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Figure 7.3 Number of visible satellitesfor GPSand GALILEO

7.3 TEST OF INTEGER ROUNDING

As a supplement to the theoretical analysisin Section 5.1, this section presents test results
of integer rounding for GPS only with simulated data at a 3-ppm ionosphere level over 1,

10 and 20 km basdlines.
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7.3.1 Test Methods

Summarizing Equations (5.1), (5.5) and (5.6) gives.

x =NDN - NDN, (7.2)
where (*) represents ‘EWL’, ‘WL’ or ‘L1/E1’. Since the true vaues of the smulated
ambiguities are dways zero (Section 7.2.1), Equation (7.1) can be smplified to:

x =RDN,, (7.2)

Therefore, by directly analyzing the distribution of the float ambiguities, N[N@, in each

step of CAR, the probability of successful rounding can be obtained and the following

steps are adopted in the investigation:

(1) Repeatedly run the EWL ambiguity resolution over 24 hours, and each time reset the
EWL filter no matter whether the EWL can be fixed or not. The probability of
successful EWL ambiguity rounding is the percentage of the float EWL ambiguities

digributed in the range of [-0.5, 0.5] cydes among dl EWL ambiguities, namdy:

f (Xew) = ﬂXEWL| < 0-5}

(2) Set the EWL ambiguities to zero (true value) and repeatedly run WL ambiguity
resolution over 24 hours, and each time reset the WL filter no matter whether the WL
can be fixed or not. Under the condition of correct EWL fixing, the probability of
successful WL ambiguity rounding should be the percentage of the float WL

ambiguities digributed in the range of [-0.5, 0.5] cycles, namely:

f (X | Xew =0) = {| XNL| < 0'5}
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(3) Set both the EWL and WL ambiguities to zero and repeatedly run the L1/E1
ambiguity resolution over 24 hours, and each time reset the L1/E1 filter no matter
whether the L1/E1 can be fixed or not. Under the condition of correct EWL and WL
fixing, the probability of successful L1I/E1 ambiguity rounding should be the
percentage of the float L1/E1 ambiguities distributed in the range of 0.5, 0.5]
cydes, namdy:

(% | Xew = 0, % =0) ={x{ < 05}
(4) The probability of successful L1/E1 ambiguity rounding therefore can be obtained as:
F ) = F (Xew) XF (% | Xgua = 0) XF (X, | Xeyn, = 0%y =0)

In case of dual frequency data, similar two-step cascading integer rounding is adopted.

Since the EWL is not available, WL ambiguities are directly estimated through the most

precise code measurement that is available, so the probability of successful L1/El

ambiguity rounding becomes.

f (%)= F () *xF (X, [ X =0)

The probability of successful rounding is approximated by the percentage of correct

rounding in gatidtics.

7.3.2 Results Description

The distribution of the EWL/WL/L1 float ambiguities obtained over 1, 10 and 20 km

baselines through the aforementioned steps is presented in Figure 7.5, Figure 7.6 and
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Figure 7.7. Figure 7.4 aso depicts the distribution of the WL/L1 float ambiguities
obtained over the 1 km baseline through two-step cascading integer rounding. In each
figure, the x axis represents the ambiguity binsin the range of [-1, 1] cycles, and the y
axis represents the percentile of the ambiguities distributed in each bin. The red dashed
lines in each figure mark +0.5 cycles, and the percentage of the ambiguities distributed
in the range of [-0.5, 0.5] is displayed, which actually represents the percentage of correct
rounding of the ambiguities. The results are also presented in Figure 7.5 in a summary

form.

0.05 0.25

0.045

0.04 0.2

J.035 / \
. 0.15

o
Q
@

Probability

1.025 \
|2 / \
o
0.02 < 0.1
0015 U3.55% e
' <+ —-F-F—-—-% c
100p6
0.01 \ 0.05
0.005 /
0 ok N -
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1 -08 -0.6 -0.4  -0.2 0 0.2 04 0.6 0.8 1
DD WL Ambiguities of GPS (Baseline=1km lono=3ppm) DD L1 Ambiguities of GPS (Baseline=1km lono=3ppm)

Figure 7.4 Digribution of GPSWL/L 1 Float Ambiguities using the Two-step
Cascading Approach over the 1 km Basdline at the 3 ppm lonospheric Level

106



Probability

I
[
S

0.12

o 2
= )
e
P

w

: [

o
o
@
e |
/
o
1)
@
/

2
E 0.06
0.06 g
99.58% De. 1 98.129 1
004 I < I 004 i /4- = f\ i
/ \ l 0.02 l l
°® I I I
B N | N B h N
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8
DD EWL Ambiguities of GPS (Baseline=1km lono=3ppm) DD WL Ambiguities of GPS (Baseline=1km lono=3ppm)
(1) EWL (2) WL
0.25

L
L

-1 -08 06 -0.4 -0.2 0 0.2 04 0.6 0.8 1
DD L1 Ambiguities of GPS (Baseline=1km lono=3ppm)

3 L1

Figure 7.5 Digtribution of GPS EWL/WL/L1 Float Ambiguitiesusing the Three-step
Cascading Approach over the 1 km Basdline at the 3 ppm lonospheric Level

Probability
o
&
\
I

107




Probability

: /] /

o
o
00
Iy

008 \

z
0.06 S 006
©
Q
98.78Y 2 / 97.299
0.04 } /*—'—_»_ \ } O o004 i e N \ }
0.02 | | 0.02 |
g Nl
0 ok A
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1
DD EWL Ambiguities of GPS (Baseline=10km lono=3ppm) DD WL Ambiguities of GPS (Baseline=10km lono=3ppm)
0.14

. Il
. N
I I
IRE=N
VAREAY

-08 -06 -04 -02 0 0.2 0.4 0.6 0.8 -1
DD L1 Ambiguities of GPS (Baseline=10km lono=3ppm)

B L1

Figure 7.6 Digtribution of GPS EWL/WL/L1 Float Ambiguitiesusing the Three-step
Cascading Approach over the 10 km at the 3 ppm lonospheric Leve

o
o
&

Probability
]
|1

o
<}
=

o
o
o

K=
Ll

Table 7.3 Percentage of Correct Cascading Integer Rounding over the 1, 10 and 20
km basdlines at the 3 ppm lonospheric level for GPS only

. PC for each Cascading Step
Baselines EWL WL 1 PCof L1
1km 99.58% 98.12% 100.0% 97.71%
43.55% 100.0% 43.55%
10 km 98.78% 97.29% 99.56% 95.68%
20 km 97.84% 98.59% 90.39% 87.19%
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According to the results in the above figures and the summary in Figure 7.5, the
following observations can be made:
(1) Over the 1 ~10 km baselines, it is easier to bridge WL to L1 than to bridge EWL to
WL because the influence of WL measurement noise on L1 ambiguity estimation is
amaller than that of EWL on WL asindicated in Table 4.2;
(2) Over the 20 km baselines, it becomes more challenging to bridge WL to L1 than to

bridge EWL to WL, because the residua ionospheric errors become predominant, and
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the influence of residual ionospheric error on L1 ambiguity estimation exceeds WL as
indicated in Table 4.1;

(3) Over the 1 km baseline, Figure 7.4 shows significantly worse integer rounding results
of the WL from code measurements compared to from the fixed EWL range as shown
in Figure 7.5, which indicates that EWL ambiguity fixing is so crucia that it leadsto a
great improvement in the range precision from code measurement level to the EWL
phase measurement leve;

(4) Over the 1 ~ 10 km basdlines, the L1 ambiguities can be instantaneoudy fixed

through integer rounding with over a 95% confidence at the 3 ppm ionospheric levd.

7.4 TEST OF CAR OVER SHORT BASELINES (1 ~ 20 km)

In this section, CAR was tested over short baselines ranging from 1 to 20 km with triple
and dual frequencies. With dual frequency data, the ambiguity resolution only consists of
two steps (WL and L1/E1), and the first step is to resolve WL ambiguities directly from
the most precise code measurement that is available. For convenience, both the triple and

dud frequency cascading ambiguity resolution methods here are both referred to as CAR.
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7.4.1 Triple Frequency Ambiguity Resolution

7.4.1.1 Medium lonosphere

The first tests were conducted using data at the medium ionospheric level (3 ppm). Table
7.8 shows that the combination of GPS/IGALILEO performs better than either system
aloneinterms of MTTCF for all baselines from 1 to 20 km. As the length of the baseline
increases, the advantage of combined GPS/GALILEO over either system alone becomes
significant, which clearly indicates the improvements brought by the interoperability of

the two systems.

In Figure 7.8, GPS performs slightly better than GALILEO within 10 km, but worse on
the 20 km baseline. It can be understood through the two error sources. measurement
noise and residual ionospheric errors. Under medium ionospheric level conditions,
whereby ionospheric errors can be efficiently eliminated through double differencing
over the 1 and 10 km baselines, measurement noise becomes the dominant error source,
which explains the better performance of GPS as indicated in Table 4.2. However, over
the 20 km baseline, the ionospheric residua turns to be the main error source, and
GALILEO outperforms GPS. Over al the baselines, combined GPS/GALILEO always
performs the best in terms of MTTCF, which exhibits the exclusive advantage of the

combination of the two systems.
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Another figure of merit, the PC, is shown in Figure 7.9. It can be noted that except for the
GPS only case over the 20 km baseline, the PC in al cases, for all baselines, remains
100%. However, for the 20 km baseline, GPS shows worse performance than GALILEO
and GPS/GALILEO due to the same aforementioned reason. Compared to the results in
Table 7.3, the improvement of PC over the 1 ~ 20 km baselinesin Figure 7.9 is obvious,
which is due to the implementation of the LAMBDA searching algorithm implemented in

Figure6.1.

Both Figure 7.8 and Figure 7.9 aso exhibit that instantaneous ambiguity resolution for
combined GPS/ GALILEO within 10 km from a reference station is possible according to
the results under the medium ionospheric conditions. In this case, only GPS only on the

20 km basdline has afew incorrectly fixed ambiguities.
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Table 7.4 shows the PC in the incorrectly fixed sets, which indicates that even among the
few incorrectly fixed ambiguity sets, the percentage of correct ambiguities is till quite

high for GPS only.

Table7.4 PC in a Set of Incorrectly Fixed Ambiguitiesfor GPS Only, GALILEO
Only, GPSGALILEO at the Medium lonospheric Level (3 ppm) using CAR in Case
of Three Frequencies

Baselines | GPS Only GALILEO Only GPSGALILEO
1km N/A N/A N/A
10 km N/A N/A N/A
20km 74.9 N/A N/A

7.4.1.2 High lonosphere

The second tests were conducted under a high ionospheric level (6 ppm). Figure 7.10

shows the MTTCF for baselines ranging from 1 to 20 km. As expected, shorter baselines
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(1 and 10 km) are accompanied by better results due to the short time it takes to correctly
fix the ambiguities. However, the performance in al three cases on the 20 km baseline is
much worse, among which GPS only degrades more than ten times with respect to the 10
km case, and GALILEO performs considerably better than GPS only, and even better
than GPS/GALILEO. The good performance over short baselines (1 ~ 10 km) is due to
correlated errors (ionosphere and troposphere) cancelled through differencing. The worse
performance on the 20 km baseline is directly related to increased residual errors. In
Figure 7.10, athough combined GPS/GALILEO has longer MTTCF than GALILEO
only on 20 km, it has a much higher PC in Figure 7.11. The longer MTTCF for the
combined GPS/GALILEO case might be due to the much larger number of ambiguities to

resolve than GALILEO only.
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Figure 7.0 MTTCF of GPS Only, GALILEO Only and GPS/GALILEO at High
lonospheric Leve (6 ppm ) Using CAR in the Three-frequency Case

The PC under high ionospheric conditions is shown in Figure 7.11, where two consistent
trends with previous results can be identified. One is both the individual and combined
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systems perform very well over short baselines (1 ~ 10 km), but worse on the 20 km
baseline in terms of the percentage of correctly fixed ambiguities. The other is that
GALILEO only performs much better than GPS only on the 20 km baseline. The
combined GPS/GALILEO case has the highest percentage of correct ambiguities (98.6%),
which means that combined GPS/GALILEO has the highest reliability in ambiguity
resolution due to the interoperability between GPS and GALILEO. Compared with the
performance on the 10 km baseline, the PC of GPS only drops drastically from 99.9% to
33.1%, and GALILEO degrades much less from 99.9% to 88.9%, whereas combined

GPS GALILEO only decreases dightly from 100.00% to 98.6%.
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Figure 7.11 PC of GPS Only, GALILEO Only and GPS/GALILEO at High
lonospheric Leve (6 ppm) Using CAR in the Three-frequency Case

At the high ionospheric level, the PCs remain 100% only on the 1 km baseline. The PC in
the incorrectly fixed sets listed in Table 7.5 shows that the shorter the baseline, the higher

the percentage of correct as expected.
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Table 7.5 PC in a Set of Incorrectly Fixed Ambiguitiesfor GALILEO Only, GPS
Only, GPSGALILEO for the Medium Ionospheric Level (6 ppm) Using CAR In
Case of Three Frequencies

Baselines | GPSOnly GALILEO Only GPS/GALILEO
1km N/A N/A N/A
10 km 73.3 60.0 N/A
20km 39.8 40.4 56.3

It should be mentioned that under high ionospheric conditions, the influence of one
limitation of the CAR becomes obvious. The problem is that if any new satellite appears
in the second or third step of CAR (i.e. the step of EWL to WL or WL to L1/E1), CAR
must either be reset or the new satellite discarded because each cascading step is based on
the previous step. Under high ionospheric conditions it takes a longer time to fix the
ambiguities, so the problem occurs at higher frequencies than under medium ionospheric
conditions. In the results presented, the new satellites appearing in the second or third

step are discarded.

7.4.1.3 Comparison of the lonospheric Effects

As the main error source, the ionosphere always has a large influence on ambiguity
resolution. To assess the impact of the ionosphere on the performance of individual and
combined systems, the research conducts comparative analysis on MTTCF versus

ionospheric level with respect to different basdines.
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The results in Figure 7.12 shows that on the 1 km baseline, the MTTCF remains almost
unchanged under both medium and high ionospheric conditions for GPS only, GALILEO
only and combined GPS/GALILEO. This results from a very short baseline, whereby the
ionospheric errors at the reference station and remote station are highly correlated and
hence are efficiently cancelled by double differencing. Figure 7.12 shows that for
combined GPS/GALILEO on a 1 km basdline, instantaneous ambiguity resolution is

aways feasible for both medium and high ionospheric activities

Figure 7.13 shows alonger MTTCF with respect to Figure 7.12 due to the longer baseline
length. Along with the increase of the baseline length, the correlation between the
ionospheric errors at the reference station and those at remote station diminishes, which
therefore leads to decreasing efficiency of canceling inonspheric errors. In addition, the
increased ionospheric level aso results in increased residual ionospheric errors. As a

result, the MTTCFs at medium and high ionospheric levels are no longer the same.

Figure 7.14 shows an even longer MTTCF with respect to Figure 7.12 and Figure 7.13,
which is again due to the increased baseline length, where the residual ionospheric errors
increase accordingly. The results in the figures show that the longer the baseline, the
longer the MTTCEF. In addition, the results also indicate that the ionospheric errors can
only be cancelled efficiently on very short baselines such as 1 km and 10 km, and on
longer baselines such as 20 km they will become the main factor impairing the
performance of ambiguity resolution. As shown in Figure 7.14, although combined

GPS/GALILEO has longer MTTCF than GALILEO only due to the larger number of
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ambiguities to resolve, the PC for combined GPS/GALILEO is obviously higher than

GALILEO only.

N

T
M GPs
[1 GALILEO o
I GPS/GALILEO

=
©

=
©

=
u

=
o

MTTCF (s)
-
[6)]

=
N

=
w

=
N

=
[N

=

3 6
lonosphere Level (ppm)

Figure 7.12 lonospheric Effect on the MTTCF for GALILEO Only, GPSOnly and
GPS/GALILEO on thel km Basdine Using CAR in the Three-frequency Case

| §
Il GpPs
[ cALILEO H
I GPS/GALILEO

N
o

N
o

N
I

N
N

MTTCF (s)
N

=
0

[
(2]

=
N

[y
N

3 6
lonosphere Level (ppm)

Figure 7.13 lonospheric Effect on the MTTCF for GALILEO Only, GPS Only and
GPS/GALILEO on the 10 km Basdline Using CAR in the Three-frequency Case
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Figure 7.14 lonospheric Effect on the MTTCF of GPS Only, GALILEO Only, and
GPS/GALILEO on the 20 km Basdlineusing CAR in the Three-frequency Case

The ionospheric impact on the PC remains unremarkable until the baseline length extends
to 20 km. Under medium ionospheric conditions, the ambiguity sets on the 1 ~ 20 km
baselines can amost be 100% correctly fixed (There is only one exception for GPS only
on 20 km, se Figure 7.9), however only on the 1 km baseline can the ambiguities be

100% correctly fixed a a high ionospheric leve.

7.4.2 Dual Frequency Ambiguity Resolution

For the purpose of comparison, two frequencies (L1 and L2 for GPS, E1 and E5b for

GALILEO) were dso tested using atwo-step cascading approach (WL and L1/EL).

119



7.4.2.1 Medium lonosphere

First, the dual frequency cascading ambiguity resolution approach was tested at the
medium ionospheric level. Figure 7.15 exhibits the performance of GALILEO only, GPS
only and combined GPS/GALILEO on different baselines in terms of MTTCF, where a
consistent phenomenon is obvious that combined GPS/GALILEO aways performs the
best on al baselines, GALILEO only the second, and GPS only the worst. Increases in
the baseline length do not result in significant increases in MTTCF, (for example, the
MTTCEF for the combined GPS/GALILEO case only increases very dightly from 1.0 son
the 1 and 10 km baselines, to 1.5 s on the 20 km baseline). In another words, very fast
ambiguity resolution is possible with two frequencies under medium ionospheric
conditions on a 1 km baseline. The increase in the MTTCF for GALILEO only is adso
small (from 2.6 s on the 1 km, to 3.3 s on the 10 km, and to 7.3 s on the 20 km baseline)
with the increase of baseline length. However, the MTTCF for GPS only increases
drastically as the baseline length increases, especialy on the 20 km baseline, the MTTCF
has increased aimost nine times compared to that on the 1 km, and five times compared
to that on the 10 km baseline. Meanwhile, the increase of the MTTCF from 10 to 20 km
exceeds significantly that from 1 to 10 km, which means that the residual errors rise
greatly on a 20 km baseline. Since on this baseline, the MTTCF for GPS only increases
most significantly compared to the dight increase for combined GPS/GALILEO, GPS
only is the most susceptible to residual errors and combined GPS/GALILEO is the most

immune.
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Figure7.15 MTTCF of GPSOnly, GALILEO Only, and GPS/GALILEO at Medium
lonospheric Levd (3 ppm) Using CAR in the Two-frequency Case

At medium ionospheric levels, the ambiguities are aimost 100% correctly fixed on both
the 1 and 10 km baselines for GALILEO only, GPS only and the combined
GPS/GALILEO cases as shown in Figure 7.16. Since GPS only is the most susceptible to
residua errors, its PC drops slightly to 97.7% on the 20 km baseline, whereas GALILEO

only and combined GPS/GALILEO remain dmost 100%.

In a comparison to the results in Figure 7.4, Figure 7.16 shows a significant difference in
PC with two frequencies. Due to the implementation of LAMBDA in Figure 6.1, the PC

has been greatly improved.
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Figure 7.16 PC of GPS Only, GALILEO Only, GPS/GALILEO at Medium
lonospheric Levd (3 ppm) Using CAR in the Two-frequency Case

7.4.2.2 High lonosphere

At high ionospheric levels, the MTTCF shown in Figure 7.17 increases tremendously, not
only for GPS only as the baseline length increases, but also for GALILEO only and
combined GPS/GALILEO. Even for combined GPS/GALILEO, the MTTCF on the 20
km baseline increases b 34.87 s from 1.0 s on the 1 km baseline (Table 7.8). For
GALILEO only and GPS only, the increased magnitude of the MTTCEF is even larger,
both increasing amost 100 times compared to that on the 1 km baseline. As the number
of fixes for both GPS only and GALILEO only is very small on the 20 km baseline, the
MTTCEF for both may not be representative, however they indicate a trend that under high
ionospheric conditions, the performance of both GPS only and GALILEO only in terms

of MTTCF degrades significantly. Although the performance of combined
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GPS/GALILEO aso degrades, the degradation is obvioudly less significant than GPS

only and GALILEO only.
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Figure 7.17 MTTCF of GPS Only, GALILEO Only, GPSGALILEO at High
lonospheric Levd (6 ppm) Using CAR in the Two-frequency Case

Under the high ionospheric conditions, 100%-fix case, which appears under medium
inonspheric conditions, vanishes for both the individual and combined systems on the 20
km baseline according to the results shown in Figure 7.18. Again, the results show
identical performance for all systems (individual and combined) except for the case of 20
km baseline where large differences gopear. Combined GPS/GALILEO has the highest
PC, GALILEO only the second, and GPS only the lowest, which exhibits a consistent

trend with that a medium inonspheric leve.
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Figure 7.18 PC of GPS Only, GALILEO Only, GPSGALILEO at High lonospheric
Leved (6 ppm) Usng CAR in the Two-frequency Case

7.4.2.3 Comparison of the lonospheric Effect

In an effort to evaluate the influence of the ionosphere on two-frequency ambiguity
resolution, the performances of GPS only, GALILEO only and combined
GPS/GALILEO under the two ionospheric conditions on different baselines were
compared. Figure 7.19 gives the comparisons based on the MTTCF, and Figure 7.22 to

Figure 7.24 provide the comparisons according to PC.

From Figure 7.19, a small difference between medium (3 ppm) and high (6 ppm)
ionospheric levels can be found in MTTCF for GPS only, GALILEO only and combined
GPS/GALILEO, which means that the influence of the ionosphere on ambiguity
resolution on a1 km basdlineistoo trivid to take into account.
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Figure 7.20 shows a comparison on the 10 km basdline. As the ionospheric level
increases from 3 to 6 gom, the MTTCF increases accordingly for all the cases of GPS
only, GALILEO only and combined GPS/GALILEO, among which, the increase of GPS
only is the largest, from 9.0 s at 3 ppm level to 26.6 s a 6 ppm. The MTTCF for
GALILEO only and combined GPS/GALILEO under the two ionospheric conditions is at
the same level. This reconfirms that GPS only is more susceptible to ionospheric levels

than GALILEO only and GPSGALILEOQ.
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Figure 7.19 lonospheric Effect on theMTTCF of GPS Only, GALILEO Only, and
GPS/GALILEO on the1 km Basdine Using CAR in the Two-frequency Case
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Figure 7.20 Effect of the lonospheric Level on the MTTCF of GPS Only, GALILEO
Only, and GPSGALILEO on the 10 km Basdline Usng CAR in the Two-frequency
Case

On the 20 km baseline, the ionospheric level shows much greater influence on ambiguity
resolution as shown in Figure 7.21. As the ionospheric level increases from 3 to 6 ppm,
even for combined GPS/GALILEO, the MTTCF increases 10 times from 1.4 sto 149 s.
The MTTCF for GPS only and GALILEO only increases almost 100 times and 40 times
at the 6 ppm level with respect to that at the 3 ppm level. Although the results of GPS
only and GALILEO only on the 20 km baseline at the 6 ppm ionospheric level might not
be representative because there are very few fixes for both. The trend indicates that only
combined GPS/GALILEO has the least susceptibility to the ionosphere even on a 20 km

basdine.
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Figure 7.21 lonospheric Effect on the MTTCF of GPS Only, GALILEO Only, and
GPSGALILEO on the 20 km Basdine Usng CAR in the Two-frequency Case

The influence of the ionospheric level on ambiguity resolution on the 1 km baseline is
insignificant according to the PC shown in Figure 7.22, which exhibits little difference

between the PCs at the two ionospheric levels.

However, on the 10 km baseline, ionospheric influence turns larger on the PC as shown
in Figure 7.23. It seems that only the PC of GPS only at the 6 ppm ionospheric level is
influenced. The ionospheric influence on the ambiguity for the 10 km baseline is till

sndl.
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Figure 7.22 lonospheric Effect on PC of GPS Only, GALILEO Only, and
GPS/GALILEO on the1 km Basdline Using CAR in the Two-frequency Case
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Figure 7.23 lonospheric Effect on PC of GPS Only, GALILEO Only, and
GPS/GALILEO on the 10 km Basdine Using CAR in the Two-frequency Case

Figure 7.24 shows a much greater ionospheric impact at the 3 ppm ionospheric level, the
PC for al the cases of GPS only, GALILEO only and GPS/GALILEO combined is over

97%. However, the PC degrades significantly as the ionospheric level increases to 6 ppm.
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The PC of GPS only degrades the most severely from 97.7% to 36.4%. The PC of
GPS/GALILEO at the 6 ppm level remains the highest, but still decreases to 83.9% from

100% at the 3 ppm level.
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Figure 7.24 |l onospheric Effect on PC of GPS Only, GALILEO Only, and
GPSGALILEO on the 20 km Basdine Using CAR in the Two-frequency Case

It can be concluded that ionosphere has significant influences on two-frequency
ambiguity resolution for baselines around 20 km. GPS only with two frequencies is the
most susceptible to ionospheric influence, and combined GPS/GALILEO is of the highest

insuscentibility.

7.4.3 Comparison between Dual and Triple Frequency Results

Table 7.6 and Table 7.7 list the comparisons of the results of dua and triple frequency

ambiguity resolution usng CAR under medium and high ionosphere conditions.
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Under medium ionospheric condition, with three frequencies, al the cases of GPS only,
GALILEO only and GPS/GALILEO combined always come out better results than those
with only two frequencies in terms of MTTCF, PC and Number of Failures shown in

Table7.6.

Table 7.6 Comparison of Dual and Triple Frequency Ambiguity Resolution
Performance at the Medium lonospheric (3 ppm) Level Usng CAR

Number GPS (km) GALILEO (km) GPS/GALILEO (km)
of Freq | 1 10 | 20 1 10 20 1 10 20

MTTCF 3 13|16 | 39| 14 | 18 | 31 | 10 | 10 1.4
(9 2 56 | 90 | 541 | 26 | 33 73 | 10 1.0 15

PC (%) 3 100 | 100 | 982 | 100 | 100 | 100 | 100 | 100 | 100
2 999 (999|977 | 999 | 100 | 100 | 100 | 100 | 100
Number 3 0 17 | 24 0 15 20 0 0 7
of
Failures 2 28 | 30 | 27 1 15 22 0 0 7

Table 7.6 shows that improvements in GPS only due to the additional frequency L5
introduced by GPS modernization are most significant, while such improvements in
GALILEO appears much smaller. Combined GPS/GALILEO is accompanied by the
dightest changes in results due to the improvements from two-frequency to three-
frequency results, which indicates that the interoperability between GPS and GALILEO
benefits ambiguity resolution regardless of using two or three frequencies, and the
number of correct fixesin Table 7.7 aso shows the same fact. For the Number of Failures,
the three-frequency results are dightly better than the two-frequency results. However,
compared to GPS only and GALILEO only, combined GPS/GALILEO has much less

Number of Fallures due to the interoperability of GPS and GALILEO.
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Table 7.7 Comparison of the Number of Correctly Fixed Ambiguitiesfor Dual and
Triple Frequency Ambiguity Resolution at the Medium lonosphere (3 ppm ) Using
CAR, over 24 Hours

Number of Correct Fixes 1km 10 km 20 km
GPS 3 Freq 65375 43498 7234
2 Freq 12055 6214 337
3 Freg 61040 41879 9640
GALILEO 2 Freq 31104 20847 3592
3 Freq 86394 85404 29064
GPS/GALILEO 2 Freq 86093 84437 27390

Table 7.7 shows that switching from two to three frequencies enables an increase in the
fixed ambiguities. Meanwhile, in terms of the number of fixed ambiguities, combined
GPS/GALILEO is shown to possess a stronger capability of fixing ambiguities than GPS

only and GALILEO only on dl basdines usng both three and two frequencies.

The results listed in Table 7.8 also show the advantages of three frequencies over two
frequencies under high ionospheric conditions. As shown in the table, three frequencies
produce better results than two frequencies in terms of the MTTCF, PC and Percent
Correct in an Incorrect Set. However, several exceptions exist on the 20 km baseline.
Since under high ionosphere conditions, the Number of Correctly Fixed Ambiguities falls
significantly, especialy on the 20 km baseline (only about 200 over a day), the statistics
of the MTTCF and PC hecomes less representative. As to the Number of Failures, the
combined GPS/GALILEO case always has fewer failures on all the baselines than for the

GPS only and GALILEO only cases.
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Table 7.8 Comparison of Dual and Triple Frequency Ambiguity Resolution
Performancefor the High lonospheric (6 ppm) Level Using CAR

Number GPS (km) GALILEO (km) GPS/GALILEO (km)

of Freg 1 10 20 1 10 20 1 10 20

MTTCF 3 130 267 | 4376 | 141 | 240 | 856 | 1.0 | 1.30 | 14.87

(9 2 560 | 2663 | 537.7| 356 | 478 | 3450 | 1.0 | 1.32 | 34.87
PC (%) 3 100 | 99.95 | 33.07 | 100 | 99.97 | 88.96 | 100 | 100 | 98.59

2 999 | 99.72 | 36.36 | 99.99 | 99.96 | 71.43 | 100 | 100 | 83.88
Nugbef 3 0 87 32 0 82 33 0 40 21
Failures 2 23 79 32 1 64 21 0 40 21

As the ionospheric level increases from 3 to 6 ppm, the number of correct fixes drops
significantly even for combined GPS/GALILEO. On the 20 km baseline, even combined
GPS/GALILEO only has 140 and 228 correct fixes using three and two frequencies
respectively, which means that the statistics of the MTTCF in this case is no longer

representative.

7.5 TEST OF CAR OVER MEDIUM BASELINES (30 ~ 70 km)

As a continuous effort, the cascading ambiguity resolution approach was further tested
over medium basalines ranging from 30 to 70 km augmented with ionospheric modeling

techniques.
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7.5.1 WL Ambiguity Resolution

Over the 20 km baseline, it has become somehow difficult to fix L1/E1 ambiguities using
the basic CAR, especidly at the 6 ppm ionospheric level for GPS only and GALILEO
only as shown in Figure 7.8. It is estimated that it would become even more difficult for
L1/E1 ambiguity resolution over medium baselines. The purpose of this section is to find
the weak point of the basic CAR method when applied over medium baselines, by

investigating the ambiguity resolution performance step by step usng CAR.

The investigation was started with the step of bridging EWL to WL by carrying out the
first two cascading steps as represented in Figure 6.1. The WL ambiguity resolution was
set as the destination instead of the L 1/E1 ambiguity resolution in the tests, and the limits

for TTF shownin Table 7.2 were sdected.

Table 7.9 lists the number of failures, PC and MTTCF for WL ambiguity resolution over
the 30 to 70 km baselines, and the MTTCF is aso plotted in Figure 7.25. It is evident
that there are very few failures for GPS only, GALILEO only and the combined
GPS/GALILEO cases. Although the number of failures in WL ambiguity resolution
increases with an increase in ionospheric level from 3 to 6 ppm, the PC for all cases
remains at 100%. In addition, according to the MTTCF, the WL ambiguities can be fixed
at an instantaneous level under medium ionospheric conditions for GALILEO only and
combined GPS/GALILEO. The increase of ionsopheric level leads to the MTTCF

increases accordingly which however is less significant than depicted in Table 7.13 in
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terms of magnitude. In a comparison, & both 3 and 6 ppm ionospheric levels, GALILEO

only outperforms GPS in terms of MTTCF, which is consistent with the results obtained

in Section 7.4.1 when ionospheric residuals become the main error source. The

combination of GPS and GALILEO definitely berefits, as the combined case always

performs the best at both ionospheric levels over dl the medium basdline lengths.

Table 7.9 MTTCF, PC and Number of Failuresof WL Ambiguity Resolution
through CAR over Medium Basdinesduring 24 Hours

GPS (km) GALILEO (km) GPS/GALILEO (km)
30 [ 50 | 70 | 30 | 50 | 70 30 | 50 | 70
MTTCE | 3ppm | 2.7 | 23 | 29 | 11 | 11 | 1.3 | 10 | 11 | 12
(9 6ppm | 26 | 46 | 93 | 1.8 | 28 | 42 | 12 | 26 | 31
PC (%) 3ppm | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
6ppm | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
Nugf‘bef 3ppm| 0 | © 0 0 1 1 0 0 1
Falures | 6ppm | O 4 5 8 8 9 1 4 5
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Figure 7.25 MTTCF of WL Ambiguity Resolution through CAR over Medium
Baselines during 24 Hours
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It has been shown in Section 7.4.1 that the lack of ionospheric modeling results in an
increasing impracticability of the L1/E1 ambiguity resolution through the three-step CAR
at the 20 km baseline, especially at the 6 ppm ionospheric level for GPS only and
GALILEO only. However, the results here show that ionospheric modeling causes little
influence on the first two steps of CAR, where the ambiguities, namely the WL
ambiguity resolution, still can be 100% correctly fixed within only a few epochs even
over the 70 km baseline at the high ionospheric level until the third step. Therefore, the
final step of CAR (LL/E1) plays crucial role in the degradation of the overall performance
in ambiguity resolution and the weak point of the three-step CAR must lie in the step
bridging WL to LY/E1. This necessitates the implementation of ionospheric modeling
techniques in the last step of CAR to extend acceptable performance of L1/E1 ambiguity

resolution to medium basdines.

7.5.2 Stochastic lonospheric M odeling

To overcome the weak point in the basic CAR, the stochastic ionospheric model
described in Section 5.3 was implemented in the final step of CAR. In this section, the
test results of this approach over medium baselines at the 3 and 6 ppm ionospheric levels

are presented.
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7.5.2.1 Number of Failures

The number of faillures in Table 7.10 indicates that the failed trials account for a large

part of the test duration (86400 s) over each baseline at both ionospheric levels. Generally

speaking, combined GPS/GALILEO possess fewer fallures than GPS only and

GALILEO only (with one exception in green). Comparison of the number of failures

among varying baselines is meaningless. But when taking into account the different

limits of TTF, longer baselines are provided with more epochs of failed trials than shorter

basdines.

Table 7.10 Number of Failures over medium Basdlines usng Stochastic |onospheric
Modedling in CAR during 24 hours

lonospheric Baseline Number of Failures

L evel Length GPS GALILEO GPSGALILEO
30 km 23 22 19

3 ppm 50 km 21 21 17
70 km 15 17 9
30 km 13 24 21

6 ppm 50 km 23 17 20
70 km 19 15 13

7.5.2.2 Number of Fixes

The total number of fixes (including both correct and incorrect ones) shown in Table 7.11

reflects the efficacy of each system or combined systems from another perspective. As

shown, in most cases, neither GPS nor GALILEO works well aone, but combined

GPS/GALILEO performsfar better.
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Table 7.11 Number of Fixesover medium Basdines using Stochastic |onospheric
Modding in CAR during 24 hours

lonospheric Baseline Number of Fixes

Level Length GPS GALILEO GPS/GALILEO
30 km 1842 2817 23123

3 ppm 50 km 375 403 8828
70 km 397 44 2962
30 km 243 314 18016

6 ppm 50 km 278 135 2162
70 km 79 41 216

7.5.2.3 Percentage of Correct (PC)

As shown in Table 7.12, for combined GPS/GALILEO, the PC is aways impressive over

different baselines at both 3 and 6 ppm, which shows that once the ambiguities are fixed,

they are almost always correct. For GPS only and GALILEO only, the statistics of PC in

red is not representative since the total number of fixed ambiguity sets is very small. In

most cases, neither GPS nor GALILEO performs well by their own. The advantage of

combining GPS and GALILEO is more significant over the 30 to 70 km baselines than

over the 1 to 20 km basdlines when implementing the stochastic ionospheric modd.

Table 7.12 PC over medium Baselines using Stochastic lonospheric Modeling in

CAR during 24 hours

lonospheric Baseline =

Level Length GPS GALILEO GPS/GALILEO
30 km 67.30 % 87.00 % 99.98 %

3 ppm 50 km 9.06 % 71.96 % 99.90 %
70 km 2.27 % 43.18 % 99.67 %
30 km 4.53 % 70.06 % 99.95 %

6 ppm 50 km 3.24% 8.89 % 99.21 %
70 km 0.50 % 1.46 % 93.06 %
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7.5.24 Mean TimeTo Correctly Fix (MTTCF)

Since only the correct fixes are adopted in the calculation of MTTCF statistics, the fewer
correct fixes, the less the MTTCF is representative. In Table 7.13, the statistics of
MTTCF in red is not representative because the total number of correctly fixed ambiguity
sets does not exceed 100. But fast LI/E1 ambiguity resolution can still be obtained
through combined GPS/GALILEO over 30 to 70 km baselines at both medium and high

ionospheric levels.

Table7.13 MTTCF over medium Basdlines using Stochastic onospheric M odeling
in CAR during 24 hours

lonospheric Basdine MTTCF

Leve Length GPS GALILEO GPS/GALILEO
30 km 215s 178s 18s

3 ppm 50 km 39.3s 250s 19s
70 km 77.0s 404 s 3.0s
30km 36.1s 50.3s 16s

6 ppm 50 km 35.7s 1399s 8.2s
70 km 165.2 s 470s 49.1s

7.5.2.5 lonospheric Etimations

In Figure 7.26 and Figure 7.27, there are some representative segments extracted from
24-hour results illustrating the convergence process of GPS and GALILEO ionospheric
estimations over the 50 km basdline at the 3 ppm ionospheric level. Since the
ionospheric modeling is only implemented in the last step of CAR, the following figures
only illustrate how the ionospheric estimation converges in the last step of CAR. The

discontinuities existing in the following figures correspond to the first two steps of CAR
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(EWL/WL) in those trials, during which ionosphere is not estimated. However, due to the
density of points, the discontinuity is visible only when the first two steps take a long

time

The filters are reset, following where either all ambiguities are fixed, or the ambiguity
resolution times out (as shown in Table 7.3, different time limits for different baselines).
Some of the resets are marked with vertical solid lines. During 24- hour tests, the duration
of convergence of the ionospheric estimation in each trial varies, ranging from severa
epochs to several thousand epochs. For some trials, the ionospheric estimation even fails
to converge, due to the variation of the ionospheric level during the 24-hour period or the
mismatching of the tuned variances and actual ionospheric error levels. The tuning
strategy of the ionospheric variances adopted in the test was simply based on baseline
lengths and the predefined ionospheric levels. Therefore, variance tuning is unable to
reflect the complicated variations of the ionospheric errors and very slow convergence or
even divergenceislikdy. Anayss shows that:

(1) Successful L1/E1 ambiguity resolution always corresponds to successful

convergence of the ionospheric estimate;
(2) Failures of L1/E1 ambiguity resolution usually correspond to divergence of the

ionospheric estimates.
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Figure 7.26 lonospheric Estimations of GPS and GALILEO over the 50 km Basdline
at the 3 ppm lonospheric Leve
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7.5.2.6 Podtioning Errors

The positioning errors that correspond to the convergence of ionospheric estimates at the
3 ppm ionospheric level over the 50 km baseline are shown in Figure 7.29. The resets of
filters are marked with vertical solid lines. Some resets in the dashed box are too frequent
to mark. Frequent filter resets represent fast ambiguity fixing and position convergence.
An andyss shows that:
(1) Theinitia positioning accuracy in the last step of CAR affects the time to fix the
LVE1 ambiguities,
(2) Large initial positioning errors may result in slow ambiguity fixing and slow
convergence of pogtion, or even lead to afalure in ambiguity fixing;
(3) Smadl initid postioning errors enable fast fixing of LI/EL ambiguity sets,
(4) Once the L1/E1 ambiguities are fixed, a positioning accuracy can be obtained at
the centimetre level.
The initial positioning errors in L1/E1 ambiguity resolution are caused during the first
two steps, which, without the implementation of an ionospheric model, are subject to

ionospheric errors.
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Figure 7.28 Postioning Errors of GPS and GALILEO over the 50 km Basdline at
the 3 ppm lonospheric Level

Figure 7.29 gives the positioning errors which correspond to the convergence of
ionospheric estimates at the 6 ppm ionospheric level over the 50 km baseline shown in
Figure 7.27. Although stochastic ionospheric modeling is implemented, the positioning
results are still somehow subject to ionospheric changes according to the results at 3 and
6 ppm, which is due to the following reasons.

(2) Some ionospheric influenceisintroduced in the first two steps;

(2) The variance tuning for the pseudo-ionosphere observable does not exactly reflect

the ionospheric variation.
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Figure 7.29 Pogtioning Errors of GPS and GALILEO over the 50 km Baseline at

the 6 ppm lonospheric Level

7.5.2.7 Multipath influence on CAR when the Stochastic lonospheric Model is

implemented

The purpose of the tests in this section is to give some numerical ideas of the way in

which multipath impacts PC and MTTCF for L1/E1 ambiguity resolution through CAR

over medium baselines when the stochastic ionospheric model is implemented. After

presenting some simulated tests, Joosten et al. (2002) concludes that the more satellites,

the more robust ambiguity resolution is against multipath; and hence it is recommended

to combine GPS and GALILEO to take advantage of all available satellites. The

following are the multipath levels simulated in the tests conducted, with each referred

through its scale factor (MpS).

O

MpSF=0 Multipath free

Phase: 0.00 cycles
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L5/E5a/E5h Code: 0.00m
o MpSf=0.25
Phase: 0.0125 cycles
L5/E5a/E5b Code: 0.07m
o MpSf=050
Phase: 0.025 cycles

L5/E5a/E5b Code: 0.14m

The above multipath errors are expressed by means of 1 sigma error on single
measurements. The reason that the above scale factors are adopted is that they are used in
the GPS/IGALILEO simulator SImGNSS2™, where multipath at different levels are
simulated by applying different scale factors to a pre-determined error level. For the
scenario with a mulitpath scale factor of 0.50, it corresponds to multipath error at the pre-
determined level multiplied by 0.50, which is usualy regarded as a normal multipath

levd.

The statistics of the PC of the L1/E1 ambiguity resolution for combined GPS/GALILEO
at the above three multipath levels over medium baselines is presented in Table 7.14, and
is aso plotted in Figure 7.30. It can be observed that on a specified baseline, with the
increase of the multipath level, the PC of the combined GPS/GALILEO gets worse by
0.01% ~ 6.39%, and ower different baselines, the influence of multipath on PC differs

dightly except over the 70 km basdine a 6 ppm ionospheric level.
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The multipath influence on the PC is more significant at higher ionospheric levels. At the

3 ppm ionospheric level, the difference is as trivia as 0 ~ 0.08%; a the 6 ppm

ionospheric levd, it ranges from O to about 6%.

Table 7.14 PC of Combined GPSGALILEO over Medium Basalines at Differ ent

Multipath Levels

lonospheric Baseline PC

L evel Length MpSF=0.0 MpSF =0.25 MpSF =0.50
30 km 99.99 % 99.99 % 99.98 %

3 ppm 50 km 99.98 % 99.97 % 99.90 %
70 km 99.67 % 99.66 % 99.63 %
30 km 99.99 % 99.99 % 99.95 %

6 ppm 50 km 99.93 % 99.78 % 99.21 %
70 km 99.45 % 94.97 % 93.06 %

Parcent Comact (%)

an a0 7a
Basslines [km)

(3 ppm)

Percent Comrect (%)

8 2 ® B 459 # 8
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Figure 7.30 Multipath I nfluence on PC of Combined GPSGALILEO over Medium
Baselines

The presence of multipath at high ionospheric level deteriorates the PC by a higher

degree than at low ionospheric levels, as shownin Table 7.14 and Figure 7.30. For the

errors in each phase measurement, there is a certain critical magnitude, exceeding which

the ambiguity resolution turns impracticable. Under medium ionospheric condition where
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the residual ionospheric errors are relatively small, the addition of multipath errors can

only lead to limited paces closer to the criticd magnitude for the errors in most

measurements. However, under high ionospheric conditions the residual ionospheric

errors are much larger and closer to the critical magnitude, so it is very likely that the

addition of the multipath errors might cause the errors in much more measurements to

exceed the critica magnitude. Therefore, at different ionospheric levels, changes in

multipath errors even by the same magnitude might obviously cause different impacts on

the performance of ambiguity resolution.

Table 7.15 represents the multipath influences on PC for GPS only and GALILEO only

over the 30 km baseline, which is exhibited as well by Figure 7.31, together with the

influence on combined GPS/GALILEOQ.

Table 7.15 Multipath Influence on PC of GPS Only and GALILEO Only over the 30

km Baseline at the 3 ppm lonospheric Level

System MpSF=0.0 M pSf =0.25 MpSf =0.50
PC GPS 90.28 % 83.47 % 67.30 %
GALILEO 98.07 % 93.68 % 77.05 %
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Figure 7.31 Multipath Influence on PC of GPS, GALILEO and combined
GPS/GALILEO over the 30 km Basdline at the 3 ppm | onospheric Leve

According the above results, it can be noted that GPS is more subject to the increase of

multipath errors than GALILEO, and combined GPS/GALILEO is the most immune to

the multipath errors.

The statistics of MTTCF of L1/E1 ambiguity resolution for combined GPS/GALILEO at
different multipath levels are presented in Table 7.16 and Figure 7.32. Similar to the
phenomena existing in Table 7.14 and Figure 7.30, the multipath influence on MTTCF is
more significant at the high ionospheric level than at the medium ionosheric level, and
more significant over longer baselines than over the shorter baselines. It can be explained

by the same interpretation as made for Table 7.14 and Figure 7.30.
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Table7.16 MTTCF of Combined GPSGALILEO over Medium Basdines at
Different Multipath Levels

lonospheric
Level

Baseline

MTTCF

Length

MpSf=0.0

MpSf =0.25

M pSf = 0.50

3 ppm

30km

11s

1.2s

18s

50 km

12s

16s

19s

70 km

27s

29s

30s

6 ppm

30 km

12s

1.3s

16s

50 km

3.2s

3.8s

8.2

70 km

23.0s

25.2s

49.1s

=1}
Easelines (o)

(3 ppm)

i

0

Basalines fm)

(6 ppm)
Figure 7.32 Multipath Influence on MTTCF of Combined GPS/GALILEO over

Medium Baselines

In Table 7.17, the multipath influence on MTTCF for GPS only and GALILEO only is
compared over the 30 km baseline at the 3 ppm ionospheric level, and together with the

influence on combined GPS/GALILEOQ, the results are plotted in Figure 7.33.

Table 7.17 Multipath Influence on MTTCF of GPS Only and GALILEO Only over
the 30 km Baseline at the 3 ppm lonospheric Leve

System

MpSf = 0.0

MpSf = 0.25

MpSf = 0.50

MTTCF

GPS

6.0s

11.7s

215s

GALILEO

2.3s

95s

178s
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Figure 7.33 Multipath influence on MTTCF of GPS Only and GALILEO Only over
the 30 km Baseline at the 3 ppm lonospheric Level

In a summary, for a 3 ppm ionospheric level over the 30 km baseline, the increase of
multipath from MpSf 0.25 to 0.5 deteriorates the GPS MTTCF by 5.7 ~ 15.5 s, and PC by
6.81% ~ 12.98%; the GALILEO MTTCF by 7.2 ~ 15.5 s, and PC by 5.35% ~ 11.02%;
the combined GPS/GALILEO MTTCF by 0.1 ~ 0.7 s, and PC by 0.0% ~ 0.01%. The
combination of GPS and GALILEO shows the lowest susceptibility to an increase in
multipath errors. Under the same multipath condition, GALILEO aways performs better
than GPS, and also shows a dlightly stronger ability to tolerate an increase in multipath
errors. The results presented in this section are consistent with the conclusion drawn in

Joosten et a. (2002).

150



753 |IF Mode

As another effort to overcome the weak point in the basic CAR, the ionosphere-free
model described in Section 5.2 was implemented in the last step of CAR. Tests over
medium baselines at the 3 and 6 ppm ionospheric levels were conducted and the results

are presented below.

7.5.3.1 Number of Failures

According to the number of failures shown in Table 7.18, the implementation of the IF
model in the third step of CAR is unable to exclusively eliminate the ionospheric
influence due to the exposure to ionospheric influence in the first two steps. Generaly
speaking, an increase in the ionospheric level leads to the increase of failures for al
scenarios, among which, the combined GPS/GALILEO case possesses less failures than
GPS only and GALILEO only. Compared to Table 7.10, in most cases, the numbers of

faluresin Table 7.18 are usudly smdler.

Table 7.18 Number of Failuresover Medium Basdines when Implementing | F
Modé in thelast Step of CAR during 24 Hours

lonospheric Baseline Number of Failures

Level Length GPS GALILEO GPS/GALILEO
30 km 8 5 1

3 ppm 50 km 12 11 3
70 km 14 12 2
30 km 9 4 2

6 ppm 50 km 7 12 7
70 km 11 12 6
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7.5.3.2 Number of Fixes

In Table 7.19, it can be noted that over 30 km, there are an equivalent number of fixes for
3 and 6 ppm; however, the difference between 3 and 6 ppm magnifies with an increase of
the baseline length to 50 and 70 km. The advantage of combined GPS/GALILEO is
gignificant with the number of fixes 1 ~ 2 magnitudes larger than GPS only and
GALILEO only in al cases. In addition GALILEO aways has more fixes than GPS (with

one exception over 70 km at 6 ppm).

Table 7.19 Number of Fixes over Medium Basdines when Implementing IF Model in
the last Step of CAR during 24 Hours

lonospheric Baseline Number of Fixes

L evel Length GPS GALILEO GPSGALILEO
30 km 196 3820 23529

3 ppm 50 km 179 1176 10694
70 km 79 286 4795
30 km 205 2182 20755

6 ppm 50 km 145 157 3911
70 km 72 69 552

7.5.3.3 Percentage of Correct (PC)

As shown in Table 7.20 and Figure 7.34, for individual and combined systems over a
specified baseline, the PCs under different ionospheric conditions are at an equivalent
level. It can be further noted that, although the influence of the ionosphere on PC till
exists, it is not too much. In terms of PC, the combined GPS/GALILEO case shows a
consistent advantage over GPS only and GALILEO only on different baselines at

different ionospheric levels. The GPS PC is always worse than GALILEO, the reason of
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which is that the GPS IF L1/E1 integer ambiguities are aways subject more to the

enlarged measurement noise and geometrical errors according to Table 5.1.

Table 7.20 PC over Medium Basdlines when Implementing IF Model in the last Step

of CAR during 24 Hours

Farcant Comrect (3]
Pemcanl Corract (941
=]

Fli]
Eazelinges (k)

(3 ppm)

lonospheric Baseline PC
Level Length GPS GALILEO GPS/GALILEO
30 km 45.92 % 98.95 % 100 %
3 ppm 50 km 30.73 % 98.47 % 99.97 %
70 km 31.65% 97.90 % 100 %
30 km 39.02 % 99.13 % 100 %
6 ppm 50 km 28.28 % 94.90 % 99.97 %
70 km 25.0 % 88.41 % 99.77 %
— 10
wb
W S
.--| [ cALLED 4 Fin]
{;FQ_GA:ULED

a0
Baselings (ki)

(6 ppm)

Figure 7.34 PC over Medium Basdlineswhen Implementing |F Modé in the last

Step of CAR during 24 Hours

7.5.34 Mean TimeTo Correctly Fix (MTTCF)

The advantage of combined GPS/GALILEO is very impressive as shown in Table 7.21

and Figure 7.35. Due to the same reason as explained in Section 7.5.3.3, GALILEO

aways performs better than GPS in terms of MTTCF. Compared to the results in Table
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7.13, the MTTCF when implementing an ionospheric model in CAR is aways longer

than when implementing the stochastic model in CAR (except for GALILEO at over 30

km a 6 ppm). It is comprehensive since the influence of measurement noise and

geometricd errors is enlarged when forming the ionosphere-free mode (Table 5.1).

Table7.21 MTTCF over Medium Basdlines when Implementing IF Modd in the last
Step of CAR during 24 Hours

MTTCF (s)

lonospheric Baseline MTTCF
Level Length GPS GALILEO GPSGALILEO
30 km 734.3s 20.1s 3.6s
3 ppm 50 km 560.38 s 47.9s 74s
70 km 1323.3s 152's 16.8s
30 km 688.0 s 31l.1s 40s
6 ppm 50 km 661.71s 292.2s 16.9s
70 km 1040.3s 3415s 113.0s
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Figure7.35 MTTCF over Medium Basglineswhen Implementing IF Model in the
last Step of CAR during 24 Hours

7.5.3.5 Pogtioning Errors

The positioning errors for both GALILEO only and GPS only at both 3 and 6 ppm

ionospheric levels are plotted in Figure 7.36 and Figure 7.37. The spikes in the figures
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correspond to filter resets. For each filter run, the three-step procedure is demonstrated in
Figure 7.38. In the first step, sub-metre positioning accuracy can be obtained with EWL,
followed by the second step, where a positioning accuracy of the decimetre level can be
obtained with WL. These two steps take place immediately after the filter starts, and then

in the third step, the pogition is further converged to the centimetre levdl.

The process of positioning convergence shown in Figure 7.36 and Figure 7.37
corresponds to the convergence of the L1/E1 ambiguities. Before the L1/E1 ambiguities
are fixed, a positioning accuracy of several tens of centimetres can be obtained, and once
L1/E1 ambiguities are fixed, the positioning accuracy can immediately reach several

centimetres. In Figure 7.36, only the positioning results of the third filter in CAR are
presented. Those straight sopes in the figures correspond to the periods of the first two

ambiguity resolution sepsfor thetrids.

The positioning accuracies in Figure 7.36 and Figure 7.37 are calculated using both float
and fixed LI/E1 ambiguities. So only taking into account the fixed solutions, the
statistics of the positioning accuracy should be definitely better. In a comparison
between Figure 7.36 and Figure 7.37, it can be seen that the GPS L 1 positioning accuracy
is lower than the GALILEO E1 positioning accuracy. In both figures, some positioning
divergences can be observed, which aways correspond to failures or incorrectness in
ambiguity fixing. A degradation d constellation geometry might serve as one of the
reasons for position divergence, since the new satellites appearing in the middle way of

CAR are discarded. So, if the ambiguity fixing takes a long time, the number of

155



measurements will become smaller with time, so that the geometry will become worse

with time. A comparison of Figure 7.36 and Figure 7.37 aso shows that, athough an IF

model is implemented in the third filter in CAR, the positioning results are still somehow
subject to ionospheric changes. The possible reasons are:

(1) Even if ionospheric influence has been completely removed in the last step with the
IF model, some ionospheric influence has been introduced in the first two steps.
Although the EWL/WL ambiguities can usually 100% correctly fixed (according to
Table 7.9) during the first two steps, since the IF model is not used, the ionospheric
influence is absorbed in the position estimates and passed to the last step.

(2) The variance tuning does not exactly reflect the measurement noise and residual

errors at different ionospheric levels.

1 I
£ 05} il
ol met MML]--LL-_ lJ-.L,«M l.—mrﬂ-'ﬁf-ﬂ--'-
2 as}
1 St T 10044 m
uiac% 1%‘&” 2?%%] %&%ﬁl aﬁ%ﬂ S”Ju%] i
= £ 04 J{
:—G" ; i} .I‘h.—"‘_hl'l.w__lﬁjk Hnﬁ_.d‘i.‘\l: ﬂi.r'x.....l_ .
0 - 4 asf :
- i i . 2t =0 145 1
0 14400 E‘EEEIII 4300 STRON T EEdIII
D18I1I 12:00 16:00 000 on:00 0a:00 m:0
T T T
E 5 0
2 £ 05
A 1] 14 ~aa00 43200 SYEID 7000 Eh
0z00 12m 16:00 X000 00:00 04:00 [5.00
3PS Tene (ex Looal Tima [hhorrmg GPS Tena (5); Lo Time (hi mim]

(3 ppm) (6 ppm)

Figure 7.36 Positioning Errorsof GALILEO Only over the 70 km Basdlinewhen
Implementing IF Model in the Last step of CAR
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Figure 7.37 Positioning Errors of GPS Only over the 70 km Basdline when
Implementing IF Modd in the Last step of CAR

Figure 7.38 isan illustration of the three-step position convergence procedure of CAR. A
period of EWL, WL and E1 positioning results for GALILEO only over the 70 km
baseline are plotted. As shown, it usualy takes only a few epochs to fix EWL/WL
ambiguities, however much more epochs to fix E1 ambiguities. Also, even if EWL
ambiguities are fixed, the positioning errors might still remain as large as about 1 m.
When WL ambiguities are fixed, the positioning accuracy is further improved. Only

when E1 ambiguities are fixed, can a centimetre leve positioning accuracy be obtained.
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8 CONCLUSIONSAND RECOMMENDATIONS

In this research, a significant amount of work focused on triple-frequency cascading
ambiguity resolution. The general form of triple frequency phase linear combinations was
studied for both GALILEO and modernized GPS, by using some combinations of
cascading wavelengths. A method of cascading ambiguity resolution was then derived
and comprehensively studied. Meanwhile, in order to deal with the residual ionospheric
errors, both the ionosphere-free and stochastic ionospheric models were explored and
implemented. Besides, the combination of modernized GPS and GALILEO was
investigated, followed by the implementation of al the studied methods in a three-step
cascading ambiguity resolution scheme. For both the individual and combined systems,
tests were conducted on the scheme over short (1 ~ 20 km) to medium baselines (30 ~ 70
km), a medium and high ionospheric levels (3 and 6 ppm), in different multipath

scenarios (MpSF: 0.25 ~ 0.50) through smulation.

From the results discussed in previous chapters, the following conclusions can be drawn:

(1) Cascading ambiguity resolution is a promising method, which makes best use of the
characteristics of different phase linear combinations with cascading wavelengths that
are enabled by both modernized GPS and GALILEO due to their frequency
alocations. Generally speaking, the best combinations for both systems are (0O, 1, -1),

(1, -1, 0) and (1, O, 0) according to the analyses and testsin previous chapters.
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(2) Compared to the conventional ambiguity resolution method, the cascading ambiguity
resolution method possesses higher computational efficiency, since the dimensional
size of the filter in each step is only around one third of the filter compared to using a
conventional method. Particularly in the combination of GPS and GALILEO, the
filter' s dimensional size becomes an implementation issue. The cascading ambiguity

resolution therefore shows great advantages over the conventional method.

(3) Compared to the integer rounding, integrating the LAMBDA method to cascading
ambiguity resolution is of great benefit in improving the percentage of correct fixes.
According to Table 7.3 and Table 7.6, the PC improvements for three-frequency case
over the 1 to 20 km baselines range from 2.29% to 11.1%; with two frequencies over

the 1 km basdline, the improvement even amounts to 56.35%.

(4) For the basic CAR, the CAR integrating geometry-free model, ionosphere-free model,
and stochastic ionospheric model, each has its own limitations. Under different
conditions, to achieve the best ambiguity resolution performance, different models

should be adopted.

Over very short baselines (1 ~ 10 km), since atmospheric errors are efficiently
canceled in differencing, the measurement noise dominates the error sources. Among
the aforementioned methods, the basic CAR suffers the least from measurement
noise, so it performs the best under this condition. However, with the increase of

baseline length or ionospheric level, the resdua ionospheric error becomes the
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dominant error source, so that the basic CAR no longer shows any advantage. In this
case, the ionosphere-free model can be integrated in CAR for augmentation. But the
ionosphere-free model has the limitations of enlarged measurement noise, so this
model is beneficial only when the ionospheric residuals dominate the error sources.
Stochastic ionospheric modeling is able to deal with the increased ionospheric
residuals without enlarging the measurement noise. However, the stochastic
ionospheric model is very sensitive to the variance tuning for the ionospheric
measurements, and sufficient a priori knowledge of the ionospheric activities and
proper tuning of the variance is the prerequisite for good performance. With a further
increase of baseline length, the geometrical residuals are no longer negligible, so the
geometry-free integer ambiguity model is of merit under the condition of an accurate

ionospheric correction.

(5) Generally speaking, according to the MTTCF and PC in the test results, the combined
GPS/GALILEO aways performs the best, followed by the GALILEO system only,
and then by the modernized GPS system only. Table 7.12 shows a clear contrast, in
which the PC of combined GPS/GALILEO remains over 90% even on a 70 km
baseline at the 6 ppm ionospheric level, however the PCs for GPS only and
GALILEO only aready degrade to few percentiles. Other results also show that the
ambiguity resolution in each cascading step for GPS only seems the most susceptible
to both ionospheric and multipath errors, while GALILEO only seems the most
susceptible to measurement noise. Combined GPS/GALILEO shows the best

insusceptibility in the presence of any errors.
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(6) Under the assumption of the measurement noise adopted in this thesis, using triple
frequencies, although very fast ambiguity resolution can be obtained, it is still
difficult to achieve instantaneous ambiguity resolution for either GPS only or
GALILEO. However, for combined GPS/GALILEO, at medium ionospheric level (3
ppm), over 98.85% or 97.7% of the time, ambiguities can be fixed instantaneously
using triple or dual frequencies on 1 ~ 10 km baselines. For instantaneous ambiguity
resolution over short baselines, the reduction of measurement noise through receiver
technology is necessary, and in addition, external ionospheric corrections are also
indispensable to extend the successful instantaneous ambiguity resolution to longer

basdines.

(7) Generdly speaking, triple frequency systems are much better than dua frequency
systems. According to the results, the longer the baselines or the higher the error
levels, the more significant advantages triple-frequency systems have over the dua-
frequency systems. Over the short baselines (1 ~ 20 km), as the ionospheric level
increases from 3 to 6 ppm, the maximum PC difference between triple and dual-
frequency systems increases from 0.5% to 11.53% (Table 7.6 and Table 7.8). In the
case that the two systems are combined, although the triple-frequency still shows
advantage over the dual-frequency, the advantage is less impressive than for single
system under the same conditions. As shown in Table 7.6, at 3 ppm ionospheric
level, from the 1 to 20 km basdlines, the MTTCF of triple-frequency system only

might be up to 14 times faster than the dual-frequency system only, however, with
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combined GPS/GALILEO, the triple-frequency only outperforms dual-frequency by

1.1 times at most.

(8) The cascading ambiguity resolution scheme aso has its drawbacks especidly in the
case that one ambiguity resolution trial lasts too long before timing out. The worst
result would be a failure due to insufficient measurements because the new satellites
appearing in the last two cascading steps are always discarded. As shown in both
Figure 7.36 and Figure 7.37, the straight slopes correspond to long trials of ambiguity

resolution, most of which ended up with failuresin ambiguity resolution.

Here are some recommendations for the future work on the cascading ambiguity

resolution;

(1) For simplicity purposes, the measurements on different frequencies are assumed
uncorrelated, and the measurement correlation among different satellites is neglected.
In addition, for the stochastic ionospheric modeling, the elevationdependent feature,
temporal correlation and spatial correlation are not taken into account. From optimal

point of view, dl these factors should be carefully dedt with in future work.

(2) Asthe CAR still suffers from ionospheric influence after augmented with ionospheric
modeling in the third step, it is necessary to apply ionospheric modeling to the first

two cascading steps to better diminate the ionospheric influence.
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(3) It is necessary to switch the redlization of CAR algorithm from sequential LSQ to

Kaman filter to better handle random processes and dynamic applications.

(4) In case that real datais used, many simplifications or assumptions can no longer be
made. The first is to deal with the different coordinate frames for the two systems.
One system can be converted into another through published conversion parameters,
so that combination of the two systems can be carried through. The second is to
handle the two different time systems. It is expected that the parameters of time
difference between the two systems will be avalable in either future GPS or
GALILEO'sreal time broadcast ephemeris. In case that the parameter correction does

not suffice the accuracy need, it would be necessary to add a new state for estimation.
(5) When real data becomes available, it is necessary to consider how to apply external

differential corrections, in order to extend the application of the CAR to long

basdlines.
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