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Preface

The ability to navigate has been an essential skill for
survival throughout human history. As navigation has
advanced, it has become almost inseparable from the ability
to tell time. Today, position, navigation, and timing (PNT)
technologies play an essential role in our modern society.
Much of our reliance on PNT is the result of the availability
of the Global Positioning System (GPS) and the growing
family of Global Navigation Satellite Systems (GNSSs). Sat-
ellite-based navigation and other PNT technologies are
being used in the many fast-growing, widespread, civilian
applications worldwide. A report sponsored by the US
National Institute of Standards and Technology (NIST)
on the economic benefits of GPS indicated that GPS alone
has generated a $1.4 trillion economic benefit in the private
sector by 2019, and that the loss of GPS service would have a
$1 billion per-day negative impact.® PNT has become a
pillar of our modern society. Knowledge and education
are essential for the continued advancement of PNT
technologies to meet the increasing demand from society.
That is the rationale that led to the creation of this book.

While there are many publications and several outstand-
ing books on satellite navigation technologies and related
subjects, this two-volume set offers a uniquely comprehen-
sive coverage of the latest developments in the broad field of
PNT and has been written by world-renowned experts in
each chapter’s subject area. It is written for researchers,
engineers, scientists, and students who are interested in
learning about the latest developments in satellite-based
PNT technologies and civilian applications. It also exam-
ines alternative navigation technologies based on other sig-
nals and sensors and offers a comprehensive treatment of
integrated PNT systems for consumer and commercial
applications.

The two-volume set contains 64 chapters organized into
six parts. Each volume contains three parts. Volume 1
focuses on satellite navigation systems, technologies, and

1 RTI International Final Report, Sponsored by the US National
Institute of Standards and Technology, “Economic Benefits of the
Global Positioning System (GPS),” June 2019.

applications. It starts with a historical perspective of GPS
and other related PNT developments. Part A consists of
12 chapters that describe the fundamental principles and
latest developments of all global and regional navigation
satellite systems (GNSSs and RNSSs), design strategies that
enable their coexistence and mutual benefits, their signal
quality monitoring, satellite orbit and time synchroniza-
tion, and satellite- and ground-based systems that provide
augmentation information to improve the accuracy of
navigation solutions. Part B contains 13 chapters. These
provide a comprehensive review of recent progress in satel-
lite navigation receiver technologies such as receiver archi-
tecture, signal tracking, vector processing, assisted and
high-sensitivity GNSS, precise point positioning and real-
time kinematic (RTK) systems, direct position estimation
techniques, and GNSS antennas and array signal processing.
Also covered are topics on the challenges of multipath-rich
urban environments, in handling spoofing and interference,
and in ensuring PNT integrity. Part C finishes the volume
with 8 chapters on satellite navigation for engineering and
scientific applications. A review of global geodesy and refer-
ence frames sets the stage for discussions on the broad field
of geodetic sciences, followed by a chapter on the important
subject of GNSS-based time and frequency distribution.
GNSS signals have provided a popular passive sensing tool
for troposphere, ionosphere, and Earth surface monitoring.
Three chapters are dedicated to severe weather, ionospheric
effects, and hazardous event monitoring. Finally, a compre-
hensive treatment of GNSS radio occultation and reflectom-
etry is provided.

The three parts in Volume 2 address PNT using alterna-
tive signals and sensors and integrated PNT technologies
for consumer and commercial applications. An overview
chapter provides the motivation and organization of the
volume, followed by a chapter on nonlinear estimation
methods which are often employed in navigation system
modeling and sensor integration. Part D devotes 7 chapters
to using various radio signals transmitted from sources on
the ground, from aircraft, or from low Earth orbit (LEO)
satellites for PNT purposes. Many of these signals were
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intended for other functions, such as broadcasting, net-
working, and imaging and surveillance. In Part E, there
are 8 chapters covering a broad range of non-radio fre-
guency sensors operating in both passive and active modes
to produce navigation solutions, including MEMS inertial
sensors, advances in clock technologies, magnetometers,
imaging, LiDAR, digital photogrammetry, and signals
received from celestial bodies. A tutorial-style chapter on
multiple approaches to GNSS/INS integration methods
is included in Part E. Also included in Part E are chapters
on the neuroscience of navigation and animal navigation.
Finally, Part F presents a collection of work on contem-
porary PNT applications such as surveying and mobile
mapping, precision agriculture, wearable systems, auto-
mated driving, train control, commercial unmanned air-
craft systems, aviation, satellite orbit determination and
formation flying, and navigation in the unique Arctic
environment.

The chapters in this book were written by 131 authors
from 18 countries over a period of 5 years. Because of the
diverse nature of the authorship and the topics covered
in the two volumes, the chapters were written in a variety
of styles. Some are presented as high-level reviews of prog-
ress in specific subject areas, while others are tutorials with
detailed quantitative analysis. A few chapters include links
to MATLAB or Python example code as well as test data for
those readers who desire to have hands-on practice. The
collective goal is to appeal to industry professionals,
researchers, and academics involved with the science, engi-
neering, and application of PNT technologies. A website,
pnt21book.com, provides chapter summaries; downloada-
ble code examples, data, worked homework examples,
select high-resolution figures, errata, and a way for readers
to provide feedback.

A comprehensive project of this scale would not be pos-
sible without the collective efforts of the GNSS and PNT
community. We appreciate the leading experts in the field
taking time from their busy schedules to answer the call in
contributing to this book. Some of the authors also

provided valuable input and comments to other chapters
in the book. We also sought input from graduate students
and postdocs in the field as they will be the primary users
and represent the future of the field. We want to acknowl-
edge the following individuals who have supported or
encouraged the effort and/or helped to improve the con-
tents of the set: Michael Armatys, Penina Axelrad, John
Betz, Rebecca Bishop, Michael Brassch, Brian Breitsch,
Phil Brunner, Russell Carpenter, Charles Carrano, lan
Collett, Anthea Coster, Mark Crews, Patricia Doherty,
Chip Eschenfelder, Hugo Fruehauf, Gaylord Green,
Richard Greenspan, Yu Jiao, Kyle Kauffman, Tom
Langenstein, Gerard Lachapelle, Richard Langley, Robert
Lutwak, Jake Mashburn, James J. Miller, Mikel Miller,
Pratap Misra, Oliver Montenbruck, Sam Pullen, Stuart
Riley, Chuck Schue, Logan Scott, Steve Taylor, Peter Teu-
nissen, Jim Torley, A. J. van Dierendonck, Eric Vinande,
Jun Wang, Pai Wang, Yang Wang, Phil Ward, Dongyang
Xu, Rong Yang, and Zhe Yang. The Wiley-IEEE Press
team has demonstrated great patience and flexibility
throughout the five-year gestation period of this project.
And our families have shown great understanding, gener-
ously allowing us to spend a seemingly endless amount of
time to complete the set.

This project was the brainchild of Dr. James Spilker, Jr. He
remained a fervent supporter until his passing in October
2019. A pioneer of GPS civil signal structure and receiver
technologies, Dr. Spilker was truly the inspiration behind
this effort. During the writing of this book set, several pio-
neers in the field of GNSS and PNT, including Ronald Beard,
Per Enge, Ronald Hatch, David Last, and James Tsui also
passed away. This set is dedicated to these heroes and all
those who laid the foundation for the field of PNT.

Jade Morton

Frank van Diggelen
Bradford Parkinson
Sherman Lo

Grace Gao
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future? The history will be addressed in this introductory
chapter, and selected applications will be summarized
here, but expanded in later chapters.

While GPS has been the pioneer in satnav, other nations
are in the process of fielding their own systems. Three exam-
ples of newer Global satnavs are the upgraded GLONASS
built by the Russians, the EU-sponsored system called
Galileo,! and the Chinese system, called BeiDou (formerly:
Compass). In addition, a number of countries are fielding
Regional satnav systems (RNSSs). In Volume I, Part A of this
book, we devote a chapter to each of these global and regional
systems. With these systems, an individual user is able to use
well over 40 satellites simultaneously for determining posi-
tion. The key enabler for the user is that the satnav systems
are at least interoperable, if not interchangeable. The simila-
rities and differences among the GNSSs as well as the chal-
lenges for interoperability are also addressed in this book.

Reliance on satnav alone is imprudent for many users.
What techniques and processes can be used to increase
robustness and accuracy? This first chapter will introduce
the topic, and later chapters will expand on this in depth.
The program to ensure PNT availability has been a major
subject for the US PNTAB and is called “PTA.” PTA stands
for Protect, Toughen, and Augment and will be further ela-
borated in this introduction.

An example of GNSS augmentation is the US FAA’s Wide
Area Augmentation System (WAAS). Driven by the need to

1 The recent Brexit will probably change Galileo management. There
is the possibility of an added British navigation satellite constellation.

ensure integrity for aviation, WAAS became operational on
10 July 2003. This pioneering system performs real-time
measurements of all GPS satellites and sends the user an
integrity message in near real time that also corrects any
real-time ranging errors. An example of the GPS measure-
ment accuracy performance: for the 22 WAAS ground sta-
tions in the third quarter of 2015, it was better than 2.2 m
of horizontal error at the 95th percentile [4]. The European
Geostationary Navigation Overlay Service (EGNOS) and
Japanese Multi-functional Transport Satellite (MTSAT)
Space-based Augmentation System (MSAS) perform simi-
lar functions. All of these are examples of satellite-based
augmentation systems (SBAS) for satnavs. A similar, more
local augmentation technique, called the Local Area Aug-
mentation System (LAAS), and other ground-based aug-
mentation systems (GBAS) and techniques are designed
for high-integrity, blind landing of aircraft. Furthermore,
numerous ground-based accuracy augmentation networks,
such as the Continuously Operating Reference Station
(CORS) networks, are the results of combined efforts by
government organizations, self-funding agencies, universi-
ties, and research institutions from over 100 countries
[5-7]. These networks and their combined super-networks
play a fundamental role in enabling broad areas of appli-
cations. These essential GNSS augmentation systems will
be discussed in this book.

Numerous innovative PNT algorithms and metho-
dologies have been developed since the inception of the
GPS concept. Volume | of this book focuses on the
progress made and future trends in satnav technologies



and applications, while Volume Il focuses on non-GNSS
sensors, integrated PNT systems, and applications. The fun-
damental purposes of these volumes are to offer technical
explanations of the many satnav and other techniques that
provide civil PNT and to explore selected applications that
are useful to the global community. The chapters have been
written by world-class experts on the current state of the art
of these PNT technologies.






The first development occurred on 4 October 1957, when
the entire world was fascinated by the launch of the Rus-
sian Sputnik satellite. The American public greeted this
event with both apprehension and curiosity. In 1958, the
Applied Physics Laboratory (APL) of Johns Hopkins Uni-
versity employed an extremely competent team of engi-
neers and scientists. Two of those scientists, Drs. William
Guier and George Weiffenbach, began to study the orbits
of the new Sputnik satellites. The satellites were broadcast-
ing a continuous tone signal, so their velocity, relative to the
ground, created a Doppler shift of the signal that was
unique. After some innovative work, Guier and Weiffen-
bach discovered they could determine the Sputnik’s orbit
with a single pass of the vehicle.

At that point, Frank McClure of APL made a very crea-
tive suggestion: why not turn the problem upside down?
Using a known satellite position, a navigator could deter-
mine their location anywhere in the world after receiving
and processing the satellite signal for 15 minutes. His
insight became the basis for the Navy’s Transit satellite
program, also known as the Navy Navigation Satellite
System. This pioneering satellite system was developed
under the leadership of Dr. Richard Kershner, head of
APL (see his photo with Dr. Bradford Parkinson, who led
the development of GPS in Figure 1.2). Transit’s main
purpose was to provide position updates to the inertial

navigators of the United States Submarine Ballistic Missile
Force then being deployed. These submarines were a major
deterrent during the Cold War. Transit was first tested in
1960 and by 1964 the system was operational.

Although limited in scope as a 2D shipboard navigation
satellite system, Transit was a major contributor to
satellite navigation as the first worldwide operational nav-
igation satellite system. Table 1.2 lists key information on
Transit.



By 1962, engineers at Aerospace, under Air Force spon-
sorship, were heavily immersed in studying the system
alternatives for a new navigational satellite system. From
1964 to 1966, the Air Force directed Aerospace to perform
an extensive, formal system study whose principal authors
were James Woodford and Hiroshi Nakamura, both highly
regarded space-systems engineers.

The Woodford/Nakamura study was summarized as a
DoD (Department of Defense) secret briefing in August
1966. As a result of the classification, it was unavailable
to anyone outside the project until 13 years later in 1979,
when it was finally declassified. Figure 1.3 shows the front
page of the GPS system study.

This report was a very complete system study that exam-
ined the following topics:



a variation of a new communications modulation known
as CDMA. Pioneering this signal were several outstand-
ing scientists and engineers, including Dr. James Spilker
(Figure 1.6) and Dr. Fran Natali (both of Stanford Telecom),
as well as Dr. Charlie Cahn and Bert Glaser (both of
Magnavox).

This signal has many names. In addition to CDMA, it is
sometimes called “spread spectrum” or “spreading code”
since the energy of the signal was spread over a wide range
of spectrum frequencies. It is also sometimes called PRN or

pseudorandom noise because the encoded (but repeated)
sequence appears to be random transitions of +1 and —1.

It is called Code Division because each satellite is
assigned its own coded signal. Each was a binary (digital)
sequence selected to be uncorrelated with other signals
and also uncorrelated with time shifts of the signal itself.
The expected, powerful advantage of this technique was
that all satellites would broadcast on exactly the same fre-
guency. It was clear that it would lend itself to digital
signal processing. Furthermore, and very importantly,
any time shifts induced by the receiver for the various sat-
ellite signals would be identical and effectively eliminated.

However, there were still a number of significant ques-
tions concerning CDMA that needed to be resolved. These
included the following:



mathematician, Dr. Robert Gold of the Magnavox Corp. Nat-
urally these are now known as the Gold codes, and they par-
tially resolved the third CDMA issue stated above. But that

was not the whole story.






guidance systems. The first officer Col. Parkinson brought
aboard was Air Force Major Gaylord Green (Figure 1.8),
who had worked for him on ABRES. Maj. Green’s creativ-
ity, focused on satellites and orbits, had an extremely
important impact on the success of GPS. The result of Par-
kinson’s hunting license was a cadre of about 25 of the best
and brightest people that the Air Force had to offer. Many
names and photos of these and other “GPS heroes” can be
found in the GPS World magazine article “The Origins of
GPS” in the issues of May and June 2010.

In addition, there was a small, hand-selected group
of Aerospace technical support personnel led by Walter
Melton. This fine group of engineers and scientists was
experienced in all technical aspects of Space Navigation
Programs and particularly skilled at issues relating to
signal modulation, satellite position prediction, and build-
ing long-life satellites. The Aerospace contingent continued
to enjoy the strong support of the president of the Aero-
space Corporation, Ivan Getting.

During early spring of 1973, the newly appointed
Director of Defense Research and Engineering (DDRE),
Dr. Malcolm Currie, formerly of Hughes Aircraft, would
fly round-trip to Los Angeles from Washington, D.C., on
most weekends (Figure 1.9). His secondary purpose was
to oversee the relocation of his family, but he needed an
“official” reason to travel to Los Angeles. So, each Friday
afternoon he would visit SAMSO in Los Angeles for a pres-
entation. After a few weekends, Gen. Schultz, his host, ran
out of subjects to present and instead invited Dr. Currie to
spend an afternoon with his new program director, Col.
Parkinson.

Gen. Schultz’s invitation resulted in an astonishing meet-
ing because a newly promoted colonel does not usually
have the opportunity to confer with the number three per-
son in the DoD over an uninterrupted three- or four-hour
period. This informal one-on-one meeting was held in pri-
vate, in a very small cubicle within Parkinson’s Program’s
offices. Currie, with his PhD in physics, was a very quick
study, so the interaction was lively and deep, delving into
every aspect of the 621B proposal. After that meeting,
Dr. Currie became a good friend to and a sponsor of the
new satellite-based navigation program. He later played a
critical role in ensuring DoD support for GPS, especially,
during the Air Force’s subsequent attempts to cancel the
infant program.

On 17 April 1973, the Deputy Secretary of Defense
issued a memorandum which designated the Air Force as
the executive service in an effort to develop a Joint Service
navigation system. This would build on the technological
achievements of the predecessor Air Force and Navy
programs, and also incorporate the position/navigation
requirements of the US Army and Defense Mapping
Agency (DMA). The Navstar Joint Program Office (JPO),
still located at SAMSO in El Segundo, California, was the
first Joint Services Development Program. In addition to
the US Air Force Program Manager, the JPO initially
included Deputy Program Managers representing the
Army, Navy, Marine Corps, and the DMA.

DSARC 1 and Failure On 17 August 1973, Parkinson
was invited to the Defense Systems Acquisition Review



Council meeting to make a presentation on 621B. The
meeting’s purpose was to determine whether to proceed
with the concept demonstration program. It was held in
the Pentagon, and attended by general officers of all ser-
vices, with Dr. Currie presiding. At the meeting’s conclu-
sion, the Council voted against approving the 612B
program. Dr. Currie immediately invited Parkinson into
his private office and told him he wanted Parkinson to
develop a new system proposal that would incorporate
the best features of all the technical alternatives. He empha-
sized the need for a joint program involving all services.

Regrouping: The “Lonely Halls” of the Pentagon
Meeting Parkinson immediately called a meeting in
the Pentagon over Labor Day weekend in September
1973. The purpose of the meeting was to define modifica-
tions to the 621B proposal that would meet Dr. Currie’s
directive. Parkinson wanted the 2500-mile isolation (from
his home base) to ensure unfettered creativity in defining
the new proposal.

Leading up to this, an updated systems study had been
performed by The Analytical Sciences Corporation
(TASC) under the guidance of (then USAF Major) Gaylord
Green. This study was a review and update of the earlier
systems study directed by Jim Woodford and H. Nakamura
for project 621B in 1964-1966.

Over that weekend, the world’s largest office building
seemed to be a series of poorly lit, uninhabited tunnels
because almost everyone was away on holiday. The light
at end of those tunnels, both figuratively and literally,
was in a small conference room, on the top floor, D-ring,
seating about a dozen attendees. All were Air Force officer/
engineers from Parkinson’s Los Angeles Office except for
three Aerospace Corporation engineers. Lt. Col Steve Gil-
bert (USAF Deputy), Captain Robert Rennard (the Deputy
Chief Systems Engineer), and Major Gaylord Green
(Satellite Project Manager) were essential contributors to
the discussion and definition of GPS.

After Parkinson’s team had completed the modified
design, they met with NRL officials to disclose the result
and request that NRL continue their clock development
under his program office, which they agreed to do.



which would be a refurbished Qualification Model.
They would be launched on refurbished Atlas-Fs,
which were retired intercontinental ballistic missiles
(ICBMs), to minimize cost, although they limited the
number of solar panels that could be carried because
of weight. As a result of that power limitation, the sec-
ond frequency signal to calibrate the ionosphere could
not be transmitted with both the civilian and the mil-
itary modulations at once. There was a switch allowing
either to be selected, but the second civilian signal was
seldom turned on.






incorporated for the single-frequency user. In addition, to aid
the rapid acquisition of new satellites just rising over the
horizon, the ephemerides of all other satellites in the whole
constellation had to be included. Each digital word had to be
defined in terms of scaling, bias offset, and precision in terms
of the number of bits transmitted.

About 95% of the GPS message has endured with no
changes needed at all. In a few cases, because the newer
user equipment is more accurate, greater precision is desir-
able (i.e. more bits). It is a great tribute to the dedicated
engineers and scientists, who designed the signal structure
in 1975 that it has endured for over 45 years with so little
need for modification (Figure 1.10).



placed at an orbital altitude of 7500 nautical miles
(Figure 1.11).

The renamed NTS-1 included two small, lightweight
rubidium oscillators as clocks. A German commercial com-
pany called Efratom had independently developed these
models. Amazing at the time, they consumed only about
13 watts of power and weighed some four pounds each.
Efratom will be further discussed later. While NRL made
some electronic modifications, the clocks were unable to
withstand the radiation of the GPS orbits. Because of this,
the NTS-1 clocks could not be used as prototypes for the
operational GPS satellites.

Tests run at NRL also showed that the modified rubidium
clocks had an unacceptable level of sensitivity to tempera-
ture variations. Al Bartholemew of the NRL later wrote “the
lack of attitude stabilization system on NTS-1 resulted in
large temperature variations which ultimately masked
any quantitative evaluation of Rubidium standard perfor-
mance” [20]. This apparently occurred because the satellite
used a two-axis gravity gradient stabilization system that
did not function well at these altitudes.

Later, NRL developed their last satellite (NTS-11) for the
GPS Program Office. The vehicle included two modified
cesium beam oscillators developed by Frequency and Time
Systems Inc. (FTS) of Danvers, Massachusetts. The key
clock developer was the engineer and creative entrepre-
neur, Robert Kern. This clock showed great initial promise,
but it was not yet a space prototype in terms of radiation
hardening and parts life. In addition, the USAF/JPO

provided a Rockwell-developed Navigation Payload for
NTS-11 that the JPO had developed for the operational
GPS satellites. This would enable the NRL satellite to
broadcast the GPS CDMA signal and participate in the ini-
tial GPS test constellation.

NTS-11 was launched on 23 June 1977 from Vandenberg
AFB. Unfortunately, the NRL ranging transmitter in NTS-
Il failed, rendering the NRL satellite unusable for the
Yuma Proving Ground testing. “Of the two experimental
Cesium standards carried on NTS-II,” Ron Beard wrote,
“one experienced a power supply failure after a period
of satisfactory operation.” The other cesium clock contin-
ued to operate for over a year, but quantitative drift rates
on orbit were never available. As a result of these failures,
these cesium clock tests were inconclusive [21]. Only tests
with the first four JPO/Rockwell (NDS) satellites were
available to support the full-scale GPS development
approval on 5 June 1979.

For the next step, NRL defined a radiation hardening
program and then contracted with FTS to develop a hard-
ened cesium clock. This new clock was flown on the fourth
operational GPS satellite (NDS 4, launched 10 December
1978). Unfortunately, the clock also suffered a premature
failure of the power supply after only 12 hours of operation.
FTS soon found the root cause and fixed the design. Begin-
ning with NDS 5, the on-board cesium clocks performed as
well or better than the rubidium clocks.

Based on the progress that NRL had made, the JPO,
during the 1973 “Lonely Halls” meeting, had earlier
decided to commit to atomic clocks in the first operational
GPS satellites. Ironically, it was only the backup clocks
independently developed by the JPO/Rockwell that were
operational on the initial NDS satellites.

First Operational GPS Clocks The operational GPS
space-based rubidium atomic clock technology was
derived from a unit produced by Efratom, the same Ger-
man company that had originally worked with NRL. This
breakthrough laboratory device was designed by two bril-
liant German Engineers, Ernst Jechart and Gerhard
Huebner.

By the summer of 1974, the JPO selected Rockwell Inter-
national to build the GPS operational satellites, including a
separate development of space-hardened rubidium clocks
as a backup to the NRL cesium clock effort in case the
NRL effort faltered. Hugo Fruehauf of Rockwell had inde-
pendently discovered and directly contacted Efratom, and
his interaction with Efratom was totally independent of
that of the NRL. In addition, Fruehauf’s relationship with
Efratom was simplified because of his fluency in German,
since Jechart was not an English speaker.

A summary of the early clock program is shown in
Table 1.4. In spite of NRL’s development difficulties, GPS
users owe a debt to NRL for pursuit of this technology. It



was NRL’s apparent progress in developing atomic clocks
that induced the JPO’s critical decision at the “Lonely
Halls” meeting to depend on atomic clocks from the begin-
ning. The support of Ron Beard of NRL in this joint effort
has been invaluable to the program over many years. Over
450 atomic frequency standards have now flown in space.
By far the greatest user has been GPS.






satellite lifetime. The problem of short lifetimes is easily
illustrated in Figure 1.13.

The light blue line shows the trade-off between the aver-
age satellite lifetime, L, and the required number of satel-
lites per year for a 24-satellite constellation (it is a plot of
24/L). The yellow box illustrates the US GPS experience
of lifetimes of 10 years or more, which requires only two
to three launches per year. Also shown is the initial expe-
rience of GPS during Phase I. Even the first 10 GPS satellites
had an average age of 7.6 years. This is an enormous credit
to Rockwell International, particularly the Program Man-
ager Richard Schwartz. GLONASS, the Russian system sim-
ilar to GPS, had the early experience shown in the darker
blue box. With satellite lifetimes averaging two to three
years, the corresponding requirement for GLONASS was
8 to 12 satellite launches per year. GLONASS satellites
now have design lifetimes of 10 years. The following are
the keys to long-lived GNSS satellites:



the GPS Manpack receivers carried by solders in 1978 (cen-
ter right); the T1 4100 GPS Navigator was the first commer-
cial GPS receiver by Texas Instruments first offered for sale
in 1981 (right). Now, more than 35 years later, consumer
GNSS chips have over 100 channels and cost about one
dollar.

The Phase One user equipment had applications across a
wide variety of military uses. Another major goal was
demonstrating a very low-cost GPS receiver. In the interest
of brevity, we will not describe each of these development
efforts. Table 1.5 summarizes the development of user
equipment from 1974 to 1978.



summary test results confirmed GPS system accuracies of
7 m at the 50th percentile and 17 m at the 90th percentile.

An indication of the system capability is shown in
Figure 1.15, which plots the errors at “decision height” for
25 GPS landing approaches. These results are for three differ-
ent types of aircraft: a large transport (C-141), a fighter type
airplane (F4), and a helicopter (UH — 1H). Note that these
displacements are a combination of GPS and pilot errors.

There was no GPS receiver specifically designed for time
transfer, but an initial test was also performed on this capa-
bility. A synchronized cesium clock was flown from Wash-
ington, DC, to Vandenberg Air Force Base for this
evaluation. The result was a measured capability of about
50 ns. This error included any drift in the cesium clock
between the time it was synchronized at the Naval Observ-
atory in Washington, DC, and the comparison at the Yuma
Proving Ground. Of course, GPS time transfer receivers of
today have capabilities better than 10 ns.

For the details of these results, please consult [24, 25]. In
summary, virtually every performance claim in the original
GPS proposal of 1973 was met.



The specifications on GPS service are extremely conserva-
tive; all independent test data indicate very comfortable mar-
gins against all parameters. It is hard to make an exact
comparison of existing measurement data against the speci-
fications. The GPS specifications are for a worldwide distri-
bution and include certain assumptions about the Age of

Data, which is the time since the last upload for a particular
satellite. In addition, the geometric distribution of satellite
ranging can drive the accuracy by factors of 10 or more.
However, the FAA Technical Center publishes a quarterly
evaluation of GPS performance as measured by their WAAS
North American monitoring stations [27]. A monthly report



from January 2019 is shown in Table 1.7. This report showed
that the median horizontal accuracy (95%) has been better
than 3 m.

It is a tribute to the United States Air Force operators
that the historical trends of GPS Signal-in-Space (SIS) ran-
ging errors (SISRE) have been steadily improving. SISRE
is defined as the accuracy considering satellite location
and timing errors as well as the ionospheric correction.
While it does not include user-centered errors, such as
multipath and troposphere, it represents the foundation
system capability. Against the 4 m Standard Positioning
Service (SPS) Performance Standard (see Figure 1.19),
recent measurements show accuracies that are at least
four times better.



accuracy from the satellite. The degraded “raw” accuracies,
for civil use, were 50 to 100 m at the 50th percentile.

Unfortunately, this degradation scheme had the opposite
effect. Such degradation could easily be corrected using dif-
ferential GPS techniques. In fact, well-established differen-
tial techniques would enable accuracies about 50% better
than the best military sets. It was expected by some obser-
vers that this would accelerate the deployment of differen-
tial systems and indeed this was the case. The US
government was in the ironic situation that the DoD was
degrading the GPS signal, while the FAA and the US Coast
Guard were freely broadcasting the differential corrections
to undo that effect and more.

The government finally recognized the flaw of this
policy, and in May 2000, President Clinton announced
the following:

Today, | am pleased to announce that the United
States will stop the intentional degradation of the
Global Positioning System (GPS) signals available
to the public beginning at midnight tonight. We call
this degradation feature Selective Availability (SA).
This will mean that civilian users of GPS will be able
to pinpoint locations up to ten times more accurately
than they do now. GPS is a dual-use, satellite-based
system that provides accurate location and timing



data to users worldwide. My March 1996 Presiden-
tial Decision Directive included in the goals for
GPS to: “encourage acceptance and integration of
GPS into peaceful civil, commercial and scientific
applications worldwide; and to encourage private
sector investment in and use of US. GPS
technologies and services.” To meet these goals,
I committed the U.S. to discontinuing the use of
SA by 2006 with an annual assessment of its contin-
ued use beginning this year.

On 2 May 2000, SA was discontinued. Figure 1.20 shows
the abrupt improvement in positioning accuracy at the
fourth UTC hour. Also visible is the much smoother charac-
teristic of errors, which implies that differential corrections
will be valid for a much longer period of time. The DoD
has announced that the latest generation of satellites (GPS
11) will no longer have SA capability built into their hard-
ware. Thus, it is reasonable to expect that SA is gone forever.



111 series of satellites, which are the latest to incorporate
new civil signals. Table 1.8 summarizes all 10 of the current
and planned GPS signals.

Especially noteworthy is L5 (1176.45 MHz), which is a
new civilian safety-of-life (SOL) signal (see GPS moderniza-
tion). This frequency falls into an internationally protected
band for aeronautical navigation, promising little or no
authorized interference under all circumstances. The first
Block IIF satellite to permanently provide this signal was
launched in 2010. L5 is expected to be fully operational
in the early 2020s. The first block 111 satellite was launched
in December 2019. The 4™ GPS civilian signal, L1C, became
available for use in January 2020.



1.10.2.3 BeiDou

The fourth GNSS is being developed by China and is called
BeiDou Satellite Navigation System (BDS). It began opera-
tion as a limited test system in the year 2000, denoted BeiDou
I (BDS-1). BDS-1 used Radio Determination Satellite Service
(RDSS) to provide coarse two-dimensional positioning and
timing via two-way transmissions with geostationary Earth
orbit (GEO) satellites. It was decommissioned at the end
of 2012. The second generation of the systems, BDS-2,
became fully operational in 2012 to provide regional services.
It has 14 satellites, including 5 GEO, 5 inclined geosynchro-
nous orbit (IGSO), and 4 MEO satellites, adding radio navi-
gation satellite service (RNSS) via passive trilateration to the
BDS-1 functionality. In 2014, BDS was officially enrolled as a
part of the worldwide radio navigation system. In 2015,
China started the build-up of the third-generation systems,
the BDS-3, in the global coverage constellation and launched
the first BDS-3 satellite. By 2018, BDS-3 has established a
baseline constellation with 18 MEO satellites and 1 GEO sat-
ellite to provide PNT services to global users. BDS aims to
provide global services from at least 24 MEO satellites, while
retaining a regional overlay constellation of at least 6 satel-
lites in GEO and I1GSO to provide a richer coverage over the

longitudes of East Asia and Oceania by 2020. BDS-3 also
offers a number of unique capabilities, including an inte-
grated SBAS from its satellites at GEO, integrated operation
of ground and space segments, intersatellite links for precise
orbit determination (POD), a global SAR service, and a
regional precise point positioning (PPP) service. The designs
of BDS-3 signals build on concepts developed for GPS and
Galileo, but with differences that make them unique yet
interoperable. A unique feature of the BDS-3 signal is a
highly flexible multi-carrier constant envelope multiplexing
technique. It allows the efficient transmission of a legacy
BDS-2 civil signal in the upper L band for backward interop-
erability, and the new BDS-3 civil signal that is interoperable
with the corresponding Galileo and GPS signals. BDS is cov-
ered in Chapter 6.

1.10.2.4 Navigation with Indian Constellation (NavIC)

and QZSS

Japan and India are both developing RNSS to serve a sector
of their corresponding world. The QZSS relies on four satel-
lites in highly inclined, slightly elliptical, geosynchronous
orbits to provide highly precise and stable positioning ser-
vices in the Asia-Oceania region. The primary purpose of



QZSS is to increase the availability of navigation satellite
signals in Japan’s numerous urban canyons, where only
satellites at very high elevation can be seen. The QZSS satel-
lites transmit signals compatible with the GPS L1 C/A, L1C,
L2C, and L5 signals. Additionally, QZSS satellites also
broadcast GPS augmentation messages on the GLS L1 fre-
guency. The combined system GPS plus QZSS delivers
improved positioning performance via ranging correction
data provided through the transmission of augmentation
messages from QZSS. It also improves reliability by means
of failure monitoring and system health data notifications.
In addition, QZSS also provides other support data to users
to improve GPS satellite acquisition. QZSS became fully
operational in November 2018.

The India Regional Navigation Satellite System (IRNSS)
was approved by the Indian government in 2006. IRNSS
was renamed as NavIC later. Its primary service area is
intended to cover India and regions around extending to
1500 km around it. NavIC will provide two levels of ser-
vices: the SPS for civilian use and a restricted service (RS)
for authorized users. NavIC satellites transmit an SPS signal
and a Precision Service (PS) signal. Both will be carried on
L5 and S bands. The SPS signal is modulated by a Binary
Phase Shift-Keying (BPSK) signal, while the PS signal uses

Binary Offset Carrier (BOC). A messaging interface is
embedded in the NavIC system which allows warnings to
be sent to a specific geographic area. NavIC has already
launched seven satellites: three in GEO and four in IGSO.
Its full operation was expected in 2018. Due to failures of
one of the satellites and its replacement effort, no new date
for operational status has been set. There is a plan to extend
the full constellation to 11 in the future.

NavliC and QZSS are covered in Chapters 7 and 8,
respectively.



Note that all the constellations have orbital periods that
are integral fractions of a sidereal day: the GPS orbit period
is ¥z sidereal day, GLONASS 8/17, etc. This means that the
apparent orbits, as viewed from a stationary observer on
Earth, repeat in an integral number of sidereal days. Here
is why: any such satellite with an orbit period of M/N side-
real days will complete N orbits in M sidereal days; mean-
while, the Earth will have completed exactly M rotations,
and the satellite will appear in the same place in the sky
as it started M sidereal days ago.

Because GPS satellites last so long, replenishments are
infrequent, and their launch rate has greatly tapered since
the 1995 era. On the other hand, the three newer GNSS con-
stellations continue to sustain the worldwide launch rate of
GNSSs. To date, over 200 GNSS satellites have been
launched by these four providers. This history of cumula-
tive launches is shown in Figure 1.22. More details on
the newer GNSSs and RNSSs and their innovations will
be covered in later chapters.



made GPS as precise as it is today [30, 31]. GPS is now rou-
tinely used to achieve millimeter-level position precision,
an improvement of accuracy by four orders of magnitude
over the original design specifications. Moreover, techni-
ques such as differential GPS, real-time kinematic (RTK)
positioning, and PPP all rely on augmentation services that
combine GPS and communication technologies to support
awide range of consumer, engineering, and scientific appli-
cations to meet the demand of markets at various levels
from local, regional, and national to global.

The backbones of the accuracy augmentation services are
the numerous CORS networks established in many coun-
tries by consortia of stakeholders: GNSS equipment manu-
facturers, communication service providers, product
agents, government agencies, professional associations,
academic institutions, standard organizations, etc. These
networks and their associated data analysis centers provide
GNSS data products consisting of carrier phase and code
range measurements and station information in support
of precision PNT applications. For example, the US CORS
network, managed by the National Geodetic Survey (NGS),
an office of the NOAA'’s National Ocean Service, currently
consists over 2000 stations contributed by over 200 govern-
ment, academic, and private organizations [7, 32]. While
these stations are independently owned and operated, their
data are shared with NGS, and NGS, in turn, analyzes and
distributes the data free of charge. A variety of networks,
each with its own unique characteristics and managed by
organizations in other countries, exist. They range from
the densely populated GNSS Earth Observation Network
System (GEONET) in Japan [33] to Geoscience Australia’s
widespread regional networks covering the Australia and
South Pacific regions [34], and to the focused Hong Kong
Satellite Positioning Reference Station Network (SatRef)
[35], etc. The powerful “super-network” of the Internal
GNSS Service (IGS) [36] produces high-quality real-time
and post-processed GNSS data products, such as precise sat-
ellite orbit, ionosphere total electron content (TEC) map,
tropospheric path delays, Earth rotation parameters, etc.
for public open access. There are also privately operated
networks, such as the OmniSTAR network [37] and John
Deere’s StarFire™ network, which offer augmentation ser-
vices for users with special equipment via subscriptions.

The proliferation of these ground-based networks and the
high-quality services provided by their data centers have
led to the gradual abandonment of the need for users to
operate GPS base station receivers [6]. Being able to per-
form differential positioning using a single receiver greatly
reduces the cost and complexity. Moreover, recently estab-
lished CORS networks are capable of providing real-time
services to enable RTK functions. These accuracy augmen-
tation networks and applications, such as RTK, PPP, global

geodesy, geodetic sciences, ionosphere effects and monitor-
ing, survey and mobile mapping, precision agriculture, that
rely on the services of the network will be covered in Chap-
ters 19, 20, 27, 31, 55, and 56, respectively.



for the use of non-US GNSS, it is probable that they will be
included after suitable techniques are available to ensure
integrity. These subjects will be further explored in Chapter 61.



3 seconds of bad data per year. That is more easily under-
stood than availability, which tends to 99.9XXX%. The ulti-
mate goal is that unavailability be zero. The following
paragraphs summarize the main techniques for ensuring
integrity.

External, Independent, Integrity Monitoring Cur-
rently, the US GPS control segment continuously monitors
GPS satellites. If a fault is recognized (which may take
many minutes or even hours) the satellite is set “inopera-
tive” until the problem is resolved. This is not fast enough
to find a fault during aircraft landing and approach (the
requirement is 6 seconds to alarm). For rapid integrity
alarms, the United States relies on WAAS, and Europe uses
EGNOS to independently monitor the integrity of the GPS
L1 C/A signal. As Galileo becomes operational, integrity
assessments should be expanded to include it.

Unfortunately, the United States does not yet have a plan
for reciprocal WAAS monitoring of Galileo signals. In fact,
formal approval for even using these signals has just been
granted by the US FCC. Fortunately, there is another real-
time tracking network of 200+ sites, known as the Global
Differential System (GDGPS). Although GDGPS is admi-
nistered by NASA, these individual sites are maintained
and operated by local country engineers. They currently
monitor GPS with very high precision (centimeters) and
potentially will be monitoring Galileo. This technique
could be a powerful measure of satellite integrity, but it
is not yet officially part of the current GPS control segment.

Self-Integrity (RAIM) If an all-GNSS receiver has six
or more satellites in view, the user can use RAIM
(Receiver Autonomous Integrity Monitoring). RAIM is a
well-established concept that checks all satellite ranging sig-
nals against the common solution to find erroneous satellites
and guard against spoofing. Recently GLONASS experienced
an extended outage that created problems for certain users.
However, receivers that had built-in RAIM reportedly were
successfully inoculated against the problem.



Note: The focus is assured PNT, not simply the satnav-
derived position. The following sections will expand on
each of the three strategies.



for GPS jamming, both in terms of jail time and fines. The
goal is to deter low cost GPS jammers that can be purchased
on the Internet. The US FCC website lists penalties for
using a GPS jammer, including forfeitures of up to
$16,000 and possible jail sentences. The Australians take
a much stronger view: up to five years imprisonment or
$850,000 fines in some cases.

Pre-Action Three: Stop Manufacturing and Sales of
Jammers The third pre-action is to prevent proliferation
by shutting down manufacturing and Web sales of jam-
mers. The FCC website states that manufacturers should
comply with the law: stop marketing these devices in the
United States and stop selling and shipping to addresses
in the United States. The loophole is that these devices
apparently can be manufactured in United States, if sold
outside the United States. This loophole seems to contradict
the underlying purpose of the law.

In addition, the authority should take steps to shut down
all Web sales of such devices. A casual Web search shows
jammers for everything from cell phones to GNSS.

When Jamming has occurred, the following are the
responses:

Reaction One: Detect Jamming To stop the act of
jamming, the first step is to know when it is occurring.
There are a variety of ways to do this. Some devices or con-
cepts, such as the Chronos CTL3510 GPS Jammer Detec-
tor, Exelis Signal Sentry Jammer Detector, and NavSys
J911 cell phone detection and reporting of jamming, are
products that are already available. The idea behind the
NavSys J911 is that all GPS-equipped smartphones have
the capability to detect jamming. This does not pinpoint
the jammer location, but alerts authorities to the problem.
The phone location can be reported to a central database
for the next two actions.

Reaction Two: Pinpoint Jammer Location Techni-
ques range from directional antennas to computing the time
difference of arrival (TDOA) using fast Fourier transforms
(FFTs). The latter was demonstrated for the FAA over
10 years ago, with the location pinpointed within 5 m.
Cell towers could implement such techniques, since they
have accurate time and could run correlations to get the
precise location. There are already commercial GPS
jamming locators (called JLOCs, e.g. NavSys jammer loca-
tor). The British are using similar techniques for jammer
detection on some of their freeways.

Reaction Three: Eliminate Jammer Having pin-
pointed the jammer, the next step is to physically eliminate
it. Some progress has been made. At Newark Airport, there
is an FAA-owned GPS GBAS antenna close to the New Jer-
sey Turnpike. It is part of a blind landing system (LAAS). In
early 2010 there was an infamous jammer interfering with
the FAA GPS receiver. It took three months to locate the

truck and shut down the jammer. The progress is that, more
recently, in the same general location, a similar moving
jammer was located within 24 hours after the interference
started. However, these are very special locations. Recent
studies have suggested that interference sources are much
more widespread. Note that only certain law enforcement
personnel are authorized to seize the jammer and arrest
its operator.

Reaction Four: Prosecute Having apprehended the
offender, the law should then be applied to prosecute. Lee-
way should be applied, commensurate with the circum-
stances. In this New Jersey case, the authorities say the
offender is liable for a forfeiture of $31,875.












is to timestamp with accuracies of better than a microsec-
ond, which is easily attained by GPS.



scale. The joint Taiwan and US Constellation Observing
System for Meteorology, lonosphere, and Climate
(COSMIC)/Formosa Satellite mission is a successful exam-
ple that has led to a new era of remote sensing research
based on GPS signals. The upcoming COSMIC 2 mission
promises ~6,000 atmospheric profiles on a daily basis over
the ocean and land terrains on Earth’s surface [41].
Figure 1.29 contrasts the densely populated locations of
atmospheric profiles by the COSMIC 2 satellites with those
of three other dedicated satellite-based remote sensing

satellite systems: KOMPSAT-5 (Korea Multi-Purpose

Satellite-5), Metop-AB (Meteorological Operational
Satellite Program of Europe), and PAZ (Spanish
for “peace”).

GNSS Reflectometry Multipath reflections of GPS
signals were considered one of the major obstacles for
high-accuracy PNT applications. Two decades ago, this
“nuisance” factor was utilized as a passive altimetry for air-
borne and space-based observation platforms. In recent
years, it has evolved into a sub-discipline of its own referred



to as GNSS-R and become a major focus of Earth observa-
tion applications. GNSS-R exploits the propagation effects
of GNSS signals, their reflection and scattering off the
Earth’s surface to retrieve surface properties such as ice
and snow coverage, soil moisture, ocean surface roughness,
wave heights, salinity levels, and wind speed. Several satel-
lite-based GNSS-R missions have been successfully
launched in recent years and are already generating useful
information. For example, NASA’s Cyclone Global Naviga-
tion Satellite System (CYGNSS) mission lead by the Univer-
sity of Michigan has successfully launched a constellation
of eight microsatellites in LEO orbit. These satellites are
equipped with GPS receivers to receive reflected signals
over the ocean surface, and the measurements are used
to retrieve wind speed [42]. GNSS-R remote sensing com-
plements other existing active and passive Earth observa-
tion systems. The vast number of GNSS satellite and
signals provide much needed continuity of measurements
and has the potential to provide the foundation for opera-
tional applications in Earth observation.

Natural Hazardous Event Monitoring and Warning
GPS receivers at various monitoring stations worldwide
could be used to increase the speed and accuracy of earth-
qguake and tsunami warnings. While large-magnitude
earthquake and tsunami events are rare, these unpredicta-
ble events can have a disastrous impact on human lives.
Seismic instruments used to detect the earthquake’s vibra-
tions and issue tsunami warnings may take more than
20 minutes to obtain information about the exact strength
and reach of the resulting tsunami. For earthquakes of very
large magnitude, seismic measurements become less accu-
rate and have led to devastating consequences. For exam-
ple, inaccurate tsunami warnings generated for the
Tohoku, Japan 2011 earthquake underestimated the
qguake’s magnitude at 7.9, which is 30 times weaker than
the actual event. On the other hand, real-time GPS data
gathered at hundreds of geophysical monitoring stations
around the world have the potential to determine tsunami
strength within 2-3 minutes with much greater accuracy,
especially for larger movements on the ground. Moreover,
solid-Earth and ocean-wave-generated perturbations create
disturbances in the ionospheric plasma, and hence the TEC
values, which can be detected by remote GPS stations to
produce warnings ~20 minutes to over 1 hour in advance.
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coordinate systems, absolute Earth-centered and Earth-
fixed coordinate systems, and universal coordinated
time, not relative to another location or time epoch.

— Three-dimensional positioning: Accuracy on the order
of meters without augmentations, centimeters with
real-time augmentations, and millimeters with non-
real-time augmentations.

— Timing accuracy: Accuracy to tens of nanoseconds
without augmentations.

— Consistency: Consistent accuracy over time and location.



introduction to satnav basics by describing the overall
architecture of a satnav system, setting the stage for further
sections that address the constituent components of the
architecture in more detail.



In this algorithm, the initial estimate for the unknowns
(Rr0, Yr 01 2r0, Dr o) can be either a set of recently calculated
values, or the center of Earth with zero time offset:
(%r0,Yr0:2r0, Arg) = (0,0,0,0). At the €th iteration, the
estimate of the unknowns ()?r,g, Ve Zr s Ar,g) is used to form
the €th estimates of the pseudoranges
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which are then used to form the £th estimates of the unit
direction vectors from the receiver to each satellite
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from which an estimate of the €th geometry matrix is
formed
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Linearizing Eqg. (2.2), using a Taylor expansion around the
initial estimate [3], produces the linear system of equations
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that relates the differences between the receiver’s measure-
ments of the pseudoranges and €th estimates of the pseu-

doranges 3p," = p® —p, to the corrections of the £th
estimates. This linear equation is now solved in the stand-
ard way, premultiplying by the left pseudoinverse of the
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geometry matrix estimate: (H;) = ((Hg) HE> (He) .
The result is the ordinary least-squares (OLS) estimate
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enabling the updated estimate of receiver location and
clock offset
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Subsequently, the left-hand side of Eq. (2.10) is (with £
incremented) substituted into Eq. (2.5), then Egs. (2.6)-
(2.10) are computed again.

The iteration stops when the vector norm ||Byo.s| is
small. Typically, no more than five or so iterations are
needed, and only one or two iterations if the error in the
initial estimate is within a few kilometers [4]. The left-hand
side of Eq. (2.10) is then the final estimate.

If the pseudorange measurements have an invertible
covariance matrix that is different from the identity matrix
and is known a priori
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a weighted least-squared (WLS) variation of the above
algorithm can be employed in the above algorithm by using
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dA .
COAr 5PE(K)
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instead of Eq. (2.9).

Variants of these equations can be used under special cir-
cumstances [3]. If the receiver’s altitude is known a priori
(altitude hold), then the receiver can use a variation of
the above equations that needs as few as three measure-
ments. Similarly, if the receiver time offset is accurately
known or modeled (clock hold), only the three dimensions
of position need to be found, again requiring as few as three
measurements.



unknown. One measurement alone can be used to directly
solve the system of equations
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for the time offset A,. As long as >1, then either the OLS or

WLS solution to (2.12) is used, with the OLS solution, as
K

. . R 1
well as the solution for K = 1, given by A, = — [p(k)
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well as altitude hold, clock hold, and stationary timing recei-
vers, appropriately using more than the minimum number of
measurements enhances accuracy and robustness.

The time offset A, can be used to estimate system time,
enabling synchronization among receivers all using signals
from the same satnav system. Data modulated onto the sat-
nav signals can also be used to calculate coordinated uni-
versal time (UTC) from system time, making the satnav
receiver a precision clock.



The ground segment monitors the broadcast signals for
accuracy, quality, and integrity, controlling the satellite
buses and payloads, and uplinking to the satellites data that
is modulated onto the broadcast signals and used by the
receivers.

While the satnav system operator designs and controls
the space and ground segments and the signals, the opera-
tors have little control, or even influence, over the user seg-
ment. This situation is both a boon, enabling tremendous
diversity and innovation in the use of satnav, and a concern,
since user equipment may use signals in ways that are
flawed or fragile with resulting problems blamed on the sat-
nav system.

These components enable the functionality described in
Sections 2.2.1, 2.2.2, and 2.2.3. However, the functions they

actually perform involve many subtleties beyond the basics
described in these previous sections. Without the many
detailed steps that address these subtleties, positioning
errors would be hundreds or even thousands of meters,
with corresponding timing errors. The many steps needed
to achieving meter-level or even centimeter-level position-
ing, and correspondingly small timing errors, are outlined
in subsequent sections of this chapter.



at one or more different carrier frequencies. Signals are
amplified to high power, combined, and then broadcast
from a transmit antenna.

Many satnav systems have adopted or are moving toward
use of S band or C band for TT&C. AFS technologies
include cesium, rubidium, and hydrogen maser clocks.
Typically, a satellite is equipped with several of these
clocks, so that if one fails it can be replaced with another.
The signal generator produces satnav signals, which are
described in Section 2.4. Multiple signals are typically used,
often with two or more on each carrier frequency, and mul-
tiple carrier frequencies, to meet the needs of different user
groups, and provide frequency diversity for robustness and
to assist receivers in mitigating the deleterious effects of sig-
nal propagation.

Signals are typically formed digitally at baseband, after
which those to be transmitted on the same carrier fre-
guency are digitally combined. The resulting composite
signals on each carrier frequency may then be upcon-
verted to RF, or may be directly synthesized digitally into
an RF waveform. Power amplifiers typically operate in
saturated mode for highest efficiency, so the composite
signals are constant envelope, motivating the use of
sophisticated signal-combining approaches [3]. The
power amplifier outputs typically have tens of watts of
power. RF power combining is accomplished by a multi-
plexer that must handle the signals at high power,
bandpass filtering around each carrier to meet the require-
ments for out-of-band emissions, and combining the com-
posite signals at different carrier frequencies into a single
higher-power RF waveform for transmission. Transmit
antennas typically are an array of antennas — helices or
patches are common — pointed at nadir. Their gain pat-
terns may be shaped to provide higher gain at angles off
nadir, to provide approximately the same received power
to near the edge of Earth as at nadir. Such a gain pattern is
known as isoflux.

Other satellite architectures exist, including those that use
transponders, where the signal is generated on the ground,
broadcast at a different carrier frequency up to the satellite,
then frequency-translated on the satellite to the desired car-
rier frequency for the broadcast signals. Such a bent pipe
configuration simplifies the satellite payload but requires
continuous communication connectivity with the ground
segment.

Satnav satellites are three-axis stabilized. They typically
have a dry mass (not including the propellant) on the order
of 1000 to almost 4000 kg. Satellite power is provided by
solar arrays producing several kilowatts of power used by
the bus and the payload. While the RF power entering
the transmit antenna ranges from tens of watts to hundreds
of watts, the transmit antenna focuses this power on the

service region, providing a gain on the order of 20 to
40 (13 dBi to 16 dBi)* for MEO satellites, and approximately
100 (20 dBi) for satellites at geosynchronous equitorial orbit
(GEOQ). Thus, the effective isotropic radiated power, or
EIRP (the apparent RF power when viewed from the serv-
ice region), typically exceeds 500 watts for MEO satellites
and 1000 watts for GEO satellites.



Closely related to the number of satellites in the constel-
lation is the satellite altitude. While low Earth orbit satel-
lites can provide a given level of received power with
lower RF power due to less propagation loss, hundreds of
low Earth orbit (LEO) satellites would be required to serv-
ice Earth with four or more satellites at reasonable eleva-
tion angles. By contrast, satellites at MEO altitudes or
higher provide visibility to a much larger portion of Earth,
allowing a smaller constellation — one that can provide
global service with on the order of two dozen satellites.

Interestingly, the RF power needed to provide a given
level of received power to the edge of Earth is essentially
invariant with satellite altitude from MEO to GEO, since
the transmit antenna beamwidth can be reduced at higher
altitudes, increasing the transmit gain commensurate with
the greater path loss.

For satnav systems having a global service region, MEO
constellations are best, as shown by early studies for GPS,
and confirmed by the adoption of MEO constellations for
all global systems. Satellites in these MEO constellations
are typically placed in three to six inclined planes, with
inclinations typically exceeding 55° to provide service to
receivers at higher latitudes.

Satnav systems providing regional service employ a blend
of geostationary satellites and inclined geosynchronous
satellites to provide an adequate number of satellites with
the desired geometry over the service region. The inclina-
tions and eccentricities of the geosynchronous orbits vary,
depending upon the latitude of the service region.



International Telecommunications Union, with 1575.42
MHz the most widely used carrier frequency. Various phys-
ics-related considerations motivate the choice of the L band
or S band, with significant disadvantages attached to the
use of either higher or lower carrier frequencies.

Received signal power for terrestrial receivers is typically
in the range of —160 dBW to —150 dBW out of a 0 dBi
receive antenna for civil signals, depending upon geometry
between satellite and receiver, propagation conditions, and
other loss factors, including polarization losses. This range
of power corresponds to feasible transmit power levels, and
also ensures that even an aggregation of a constellation’s
signals produces a received power spectral density (PSD)
whose peak value is comparable to the receiver’'s noise
floor — limiting multiple access interference.

The corresponding transmit power is found using a free
space propagation loss at 1575.42 MHz of approximately
185 dB from MEO altitudes, and approximately 189 dB
from GEO altitudes, to a receiver near the edge of Earth.
The EIRP must then be approximately 30 dBW (1 kilowatt)
from MEO and approximately 34 dBW (2.5 kilowatt) from
GEO. If the transmit antenna gain from MEO is 15 dBi and
from GEO 19 dBi (as described in Section 2.3.1, higher gain
is possible from GEO while maintaining Earth coverage)
RF power into the transmit antenna is approximately
15 dBW, or approximately 30 W.

The polarization of transmitted satnav signals is approx-
imately circular, to accommodate all possible relative orien-
tations between transmit and receive antennas, and the
effects of Faraday rotation in the ionosphere. By conven-
tion, right-hand circular polarization is used by all current
systems.

Since a receiver must process multiple signals, multiple
access techniques must be used. Almost all satnav signals
employ CDMA, using different spreading codes from a fam-
ily of spreading codes. The only exception is original GLO-
NASS signals that use FDMA, although modernized
GLONASS signals employ CDMA. Some different signal
types are also transmitted in distinct frequency bands
(a form of FDMA) and some different signal types also
employ different spectral shapes, even when sharing the
same carrier frequency, to reduce multiple access interfer-
ence (MAI).

The signal type’s spreading modulation and bandwidth
are also key characteristics. The spreading modulation is
defined by the shape of the spreading symbols, with each
biphase modulated by a spreading code bit. The bandwidth
is the frequency extent over which the transmitted signal is
defined to provide a given received power and to meet the
signal quality specifications. The original GPS and GLO-
NASS signals employ binary phase shift keying with rectan-
gular spreading symbols, known as BPSK-R. A BPSK-R

spreading modulation with a chip rate of f, = n x 1.023 x
10° Hz is denoted BPSK-R(n).

Many new and modernized signals employ more
advanced spreading modulations that provide more design
parameters, allowing shaping of the spectrum to reduce
MAI, and enabling receivers to obtain improved measure-
ment accuracy. Binary offset carrier (BOC) spreading mod-
ulations employ spreading symbols that are segments of a
square wave, providing two design parameters: the chip rate
and the fundamental frequency of the square wave. A BOC
spreading modulation with a square wave fundamental fre-
quency, or subcarrier frequency, f;=m x 1.023 x 10° Hz and
chip rate f, = n x 1.023 x 10° Hz is denoted as BOC(m, n).
Other spreading modulations such as alternative BOC
(AItBOC), multiplexed BOC (MBOC), and binary coded
symbols (BCS) offer even greater design flexibility. These
are described in detail in Chapter 3 of [3].

Spreading modulations are commonly defined by their
PSDs, computed under the assumption of an ideal long
spreading code [3]. The unit-power PSD of a BPSK-R(n)
spreading modulation is

1

Ppskrn) () = f—SInC 2(nf/fe) (2.15)

where sinc(x)  sin (X)/x.

For BOC(m, n) spreading modulations, the PSD depends
upon the BOC ratio, defined as kgoc  2f/f. = 2m/n and
constrained to an integer value.

A sine-phased BOC spreading modulation is produced
when the rising edge of the square wave is aligned with
the time that the chip values change. In that case, the
unit-power PSD is
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A cosine-phased BOC spreading modulation is produced
when the chip values change at a time half way between the
rising edge and falling edge of the square wave. In that case,
the unit-power PSD is
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The default BOC spreading modulation is sine-phased,;
often the subscript is not employed for sine-phasing, but
only for cosine-phasing.

Several modern signals employ spreading modulations
that have a multiplexed-BOC (MBOC) PSD that is the con-
vex sum of two different BOC PSDs, each having different
subcarrier frequencies and the same spreading code chip
rate. A unit-power MBOC PSD is given by

Prvsoc(ms,myna ( F) = (1= 0)Peocmyn ()

+ aPgoc(m,m () (2.18)
with0<a<1.

Several signals also use AItBOC spreading modulations.
There are different variants, each having slightly different
PSDs. An AItBOC signal having BPSK-R(n) signals on
both carrier phases of both subcarriers, with independent
data messages, is denoted AItBOC(m, n) where the subcar-
rier frequency is f, = m x 1.023 x 10° Hz and the chip rate
is f, = n x 1.023 x 10° Hz. The unit-power PSD of the
resulting constant envelope AItBOC(m, n) signal, when
Kgoc is odd-valued, is [3]
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Correlation functions for these spreading modulations
can be calculated from the inverse Fourier transform of
these PSDs, or in some cases for infinite bandwidth signals
using explicit formulas found in Chapter 3 of [3].

Figures 2.4 and 2.5 show the PSDs of representative
spreading modulations, all having unit power. The different
spreading modulations have very different PSD shapes;
BPSK-Rs have a dominant peak at the carrier frequency,
while BOCs have two dominant peaks offset from the car-
rier frequency by approximately the subcarrier frequency.
The null-to-null width of the dominant peaks is twice the
spreading code chip rate.

Spreading codes are unique binary-valued sequences.
One bit modulates the phase of each spreading symbol,
spreading the spectrum of the signal and enabling a
receiver to distinguish each signal from others of the same
signal type. While some signals use cryptographically gen-
erated non-repeating spreading codes, signals available for
open use employ repeating spreading codes, in many cases
generated using linear feedback shift registers. A family of
spreading codes is developed for each signal type, designed
to be nearly balanced (taking on each binary value approx-
imately half the time), having low autocorrelation side-
lobes, and low cross-correlation among members of the
family.

The data message provides the time of transmission, satel-
lite ephemeris, corrections between satellite time and system
time offset, constellation almanac, status of the signals and



the satellites, coordinate conversions, and other correction
factors and system information, represented as digital data.
Data messages are typically composed of frames that each
contain hundreds of bits of information. Frames may consist
of different subframes, each containing different types of
information. Some data message structures are rigid, with
pages of frames in a fixed repeated sequence to describe
all the needed information. Other signal types use flexible
message formats where different message types, each con-
taining information needed by receivers, can be transmitted
in an arbitrary sequence by each satellite.

Data message error correction and detection involves
redundant bits added to the data message bits. The redun-
dancy allows a receiver to correct some data demodulation
errors and detect the presence of other errors, even when
they cannot be corrected, using standard techniques from
digital communications [7]. Forward error correction
(FEC) enables a receiver to correct errors in demodulating
data message bits, and allows a receiver to detect some
errors even when they cannot be corrected. Different
FEC codes are employed in different signals, and in some
cases the encoded symbols are also interleaved to add pro-
tection against burst errors. Cyclic redundancy checks
(CRCs) are part of many data messages, ensuring a very
high probability that receivers can detect random errors
that cannot be corrected. In that case, the receiver can wait
for the next repetition of the same message content. Data
message bit rates are relatively slow, with different signal
types using data message bit rates between 25 bits per sec-
ond to 1000 bits per second.

Data modulation encodes onto a signal the symbols pro-
duced by error correction and detection. Biphase keying is
used in many cases, although several higher data rate signal
types employ code shift keying.

Many modern signals typically employ separate pilot and
data components. Each component is a signal having a differ-
ent role, with the same carrier frequency, different spreading
codes, and spreading modulations that can be the same or dif-
ferent. Only the data component is modulated by the encoded
data message bits. The pilot component has no data modula-
tion, and hence after synchronization its waveform is com-
pletely known to the receiver, since there is no unknown
data modulation. Consequently, the receiver can use more
capable processing approaches on the pilot component,
enhancing its ability to make measurements. Different signal
designs combine the two components in different ways. They
can be multiplexed in time on a spreading symbol by spread-
ing symbol basis, placed in phase quadrature, or added in the
same phase using code division multiplexing.

Although spreading codes are the easiest to design and
implement when they are short, short spreading codes
introduce several disadvantages [3]. Overlay codes extend
the effective length of short spreading codes, biphase-
modulating each duration of a spreading code by a single
binary value, and thus extending the period of the spread-
ing code by a factor of the number of bits in the overlay
code. Like the spreading code itself, overlay codes are docu-
mented in the signal specification, so that receivers can
exploit knowledge of the overlay code bit values in their
processing.



In many cases, each satnav satellite transmits two or more
signals or components on each carrier frequency, requiring
multiplexing of these multiple signals onto the same physical
carrier. While the different signals and components could
simply be added together at baseband, with the resulting com-
posite signal used to modulate the carrier, this sum would not
have a constant envelope, and thus would require less effi-
cientpower amplification on the satellite. More complex mul-
tiplexing approaches are typically employed to produce a
composite signal that has a constant envelope, enabling more
efficient power amplification on the satellite. If there are only
two signals or components, and each is itself a constant envel-
ope, they can modulate the carrier in phase quadrature, yield-
ing a constant envelope signal. With more than two signals or
components, various other more complicated multiplexing
techniques are employed, as discussed in [3].

Table 2.2 provides a list of signal characteristics used to
describe each signal from each satnav system in Chapters 3
through 8. This description allows for separate data and pilot
components, although some signals have only a data
component.

Table 2.3 provides a corresponding set of data message
characteristics used to describe each signal. These signal
summaries provide a succinct way to compare the charac-
teristics of different signals from different systems.






Monitoring stations may also receive TT&C messages
describing the status of the payload, as well as that of the
bus. Occasionally, a payload may need to be taken out of
service if a component is to be switched in or switched
out (payloads carry backup clocks and duplicates of other
components to extend the payload life), to perform testing,
or if the satellite itself is maneuvering for station-keeping.
Such maintenance of the payload, bus, and satellite is typ-
ically scheduled in advance, users are warned, and signals
are either disabled or marked with indicators that they
should not be used during maintenance.
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Synchronization involves initial synchronization and
subsequent synchronization, both of which must be per-
formed when the receiver first begins processing, or when
a new satellite signal is to be processed.

Initial synchronization involves a “guess and check”
strategy, where a replica of a desired signal is generated
in the receiver using information in the signal’s interface
specification of the signal’s interface specification. The
frequency-shifted replica is cross-correlated against the
received signals plus noise plus interference at different
delays and frequency shifts. A large-magnitude output indi-
cates that the desired received signal is present, with delay
and frequency shift indicated by the delay-frequency coor-
dinates of the peak.

Subsequent synchronization involves alignment to the
data message symbol edges, overlay codes, and data mes-
sage framing. The details vary with the construction of each
signal and its data message.

Once synchronization is complete, a conventional
receiver transitions to steady state processing, where it
repeatedly estimates the time and frequency of arrival,
demodulates the data message, and forms observables. In
a conventional receiver, this processing is replicated for
each signal in a separate receiver channel. The results then
are used to produce updated PVT estimates.

The primary measurement of time of arrival involves
“wiping off,” or removing, the carrier, exposing the base-
band spreading modulation and spreading code of the sig-
nal. Since there is relative motion between the receiver and
satellites, the time of arrival changes over time. Code track-
ing involves cross-correlation of a replica of the spreading
modulation, spreading code bits, and (when applicable)
overlay code bits with the received signals plus noise plus
interference. The cross-correlation samples drive a so-
called “code tracking loop” that provides time-varying

estimates of the time of arrival, while suppressing jitter
due to noise, interference, and hardware imperfections.

Frequency-of-arrival measurements are made by “wiping
off” the spreading modulation and spreading code (the
spreading modulation and spreading code are known from
the signal’s interface specification, while their delay is
obtained from the time-of-arrival measurement), revealing
the carrier, which may still be biphase-modulated by data.
Some receivers only measure the carrier frequency, while
the carrier phase is more commonly measured in modern
receivers. When the signal has a pilot component, the over-
lay code can also be wiped off, exposing a pure sinusoidal
carrier not modulated by data or overlay code bits. More
capable and robust carrier tracking approaches can be used
on this unmodulated carrier. If the carrier phase is esti-
mated, the carrier frequency can be determined from the
rate of change of the carrier phase. Also, the carrier phase
provides an additional measurement of the signal’s time of
arrival, although it is ambiguous in the number of integer
carrier cycles between the receive antenna and transmit
antenna.

Other approaches to producing repeated time-of-arrival
estimates involve block processing, essentially repeating
initial synchronization processing over narrow ranges of
delay and frequency shift, and using the resulting sequence
of estimated delay and frequency shift in subsequent
processing.

Reading the data message uses conventional techniques
from digital communications [7] that vary depending upon
the data modulation, interleaving, forward error control,
and error detection used in the signal. Essential informa-
tion read from the data message includes the time of trans-
mission (in satellite time), correction from satellite time to
system time, and satellite ephemeris, along with various
system and signal status data.



Measurements are transformed to high-accuracy obser-
vables by the various steps detailed in [3]:



As described in Section 2.6.2, conventional signal proces-
sing uses independent tracking loops for code and carrier
tracking of each signal. Since carrier frequency tracking
produces accurate measurements of line-of-sight Doppler
between receiver and satellite, the carrier frequency mea-
surements can be used to aid the code tracking loop, remov-
ing dynamics from the code tracking to allow more robust
processing when (C/Ng)ess is low, either due to noise and
interference, or to weak-signal conditions.

More generally, individual tracking loops for each
signal can be replaced by cross-coupled tracking loops that
jointly process measurements from multiple signals. Such
processing, sometimes called vector-locked loops, pro-
vides increased robustness and faster resynchronization
when tracking of a signal is temporarily lost. The compu-
tational complexity, however, can increase significantly.

Inertial sensors can also be used to aid signal tracking
using what is called tight coupling between inertial sensors
and satnav processing [3]. Transformed into line of sight
between receiver and satellite, receiver dynamics measured
by inertial sensors can be removed from both the carrier
and code tracking loops, enabling more robust processing
in low (C/Np)er conditions. When cross-coupled tracking
loops and inertial assistance are combined in a single joint
process for tracking all signals, the resulting ultratight cou-
pling (also known as deep integration) provides even more
robust tracking performance.



If a signal’s data message, signal quality, or pseudorange
error is unacceptable, the master station determines that
there is a loss of integrity in that signal. In addition, the
master station uses many measurements to attribute the
errors to ionospheric delay, broadcast clock corrections,
and broadcast ephemeris. The master station constructs
augmentation messages containing a map of ionospheric
delays, indicators of each signal’s integrity, and corrections
to each signal’s broadcast clock corrections and ephemeris.
The augmentation messages are passed to an uplink station
that forms a signal modulated by the augmentation mes-
sage, and transmits this signal (typically at C band,
K band, or Ku band) to a transponder on a geostationary
satellite. The transponder frequency shifts the signal to
an L-band frequency, amplifies it, and broadcasts it toward
Earth. Receivers use the augmentation message to deter-
mine if satnav signals have adequate integrity, and also
to correct measurements made with the satnav signals.
Although SBAS signals are primarily communications sig-
nals, in some cases the receiver can also make measure-
ments using them.

The third type of augmentation system, shown in
Figure 2.11, makes differential measurements between a
user receiver, or rover, and a reference receiver or network
of reference receivers that are accurately surveyed to
known locations. The rover uses code or carrier phase mea-
surements, along with information transmitted via a com-
munications link from the reference receiver or network, to
accurately determine the rover receiver’s location relative
to the reference. When the reference and rover receivers

make measurements on the same satellites, the rover can
compute differences between pairs of measurements in
ways that remove many sources of error. Decimeter accura-
cies can be obtained using code measurements, and centi-
meter accuracies can be obtained using carrier phase
measurements, once the carrier phase ambiguities have
been removed.
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predicts the clock and ephemeris values to be at some time
in the future, and what they actually turn out to be. Curve
fit errors reflect the fact that the predicted value cannot be
perfectly represented using parametric models with limited
precision. One additional contributor to clock error is clock
stability error, which results from fluctuations in instanta-
neous clock characteristics. Group delay error is caused by
delay variations introduced in signal paths within the sat-
ellite, and is included in the clock correction parameters
broadcast in the data message. Differential group delay
describes relative delays between different signals broad-
cast by the satellite.

Before May 2000, civil GPS signals also exhibited a dom-
inant source of ground and space segment error that was

intentionally introduced: Selective Availability (SA) intro-
duced errors to limit the accuracy of civil signals. Now that
SA is turned off, it need no longer be considered; the major
contributors introduced in the preceding paragraph are
now the dominant sources of ground and space segment
errors.

Propagation errors include delays introduced by the ion-
osphere® and troposphere, along with the effects of multi-
path, discussed in Chapter 22 of this book and in
Chapter 24 of [3] — additional copies of received signals



whose amplitude, delay, and carrier phase differ from those
of the direct path signal. Multipaths sum with the direct
path signal, distorting receiver measurements of carrier
and phase. When the direct path is shadowed or blocked
by structures or vegetation, a receiver may process only a
multipath, mistaking it for the direct path signal and mak-
ing grossly incorrect measurements of the time of arrival as
a result.

User equipment also introduces group delay errors in the
antennas and RF electronics, as well as errors in measure-
ments caused by noise and interference in the receiver.

Ranging errors differ significantly for stand-alone and
differential operations. The following discussion applies
to stand-alone receivers. SISRE is typically under 1 m
root-mean-squared (RMS) for well-operated systems. lono-
spheric error can approach 10 m RMS, depending upon ion-
ospheric conditions, for a single-frequency receiver that
uses the broadcast ionospheric model to partially remove
this error. A dual-frequency receiver that produces iono-
sphere-free measurements can drive the ionosphere error
to less than 1 m, depending upon multipath and other
errors in receiver measurements. Multipath errors can be
multiple meters or even tens of meters, with even larger
errors if shadowing blocks the direct path and the receiver
erroneously extracts measurements from a multipath.

Depending upon the type of differential system and the
separation between the rover and the base, differential sys-
tems can cancel some or effectively all the SISRE, as well as
the contributions to the user equipment error (UEE) from
the ionosphere and troposphere. Multipath is often the
dominant error; using carrier phase measurements can
reduce this error to the centimeter level, if shadowing is
not involved.

Error analysis involves either exquisite knowledge of a
particular situation of interest, or a systems engineering
approach based on several simplifying assumptions. While
these assumptions rarely apply in practice, the resulting
systems engineering error analysis is useful for assessing
overall trends and capabilities, and is summarized here.

The first step is to describe the effect of the above error
sources on pseudorange errors, projecting these errors onto
the line of sight between receiver and satellite. Typically,
each error source is assumed to be uncorrelated from others
for that signal, so that their standard deviation is the root
sum squared (RSS) of each error source’s standard devia-
tion. The SISRE is the RSS of all ground segment and space
segment errors, projected onto the line of sight between
receiver and satellite. The RSS of all propagation and user
equipment errors, projected onto the line of sight between
receiver and satellite, is called the UEE. The RSS of the

SISRE and the UEE is the total pseudorange error between
receiver and a satellite, called the user equivalent range
error (UERE):

UERE = [(S|SRE)2 + (UEE)Z} 1/2

(2.24)

The second step is to project the UERE, the line-of-sight
errors between receiver and satellites, onto errors in esti-
mating position and time. When many simplifying and typ-
ically unfounded assumptions are made (including that the
UERE is the same to each satellite, and that the UERE to
each satellite is uncorrelated with the UERE to other satel-
lites), a beautiful and simple relationship is found between
the UERE and positioning or timing error:

Standard Deviation of Positioning Error = DOP x UERE
(2.25)

While the UERE has dimensions of length, dilution of
precision (DOP) is dimensionless. DOP depends upon the
measurement being made, with different expressions for
positioning (vertical, horizontal, three-dimensional) and
timing. Further, DOP involves only the geometry between
receiver and satellites, as expressed in the geometry matrix
H defined in Eq. (2.3).

The DOP matrix is

1_ | D12 Dz D3 Dy

D=(HH)" (2.26)

When the unit direction vectors in H are defined in a
local-horizontal coordinate system, different DOP mea-
sures can be developed from the DOP matrix. Geometric
DOP (GDOP) for estimating time and three-dimensional
position, position DOP (PDOP) for estimating three-
dimensional position, horizontal DOP (HDOP) for estimat-
ing position in the horizontal plane, vertical DOP (VDOP)
for estimating height, time DOP (TDOP) for estimating
time, are each expressed as

GDOP = /Dy + Dy + D33 + Das
PDOP = /Dj; + D3y + D33
HDOP = /Dy + D2

VDOP = /Ds3

TDOP = \/Das/c

(2.27)

Substituting any of the first four into Eqg. (2.25) yields an
error having units of distance, while TDOP is divided by the
speed of light to yield an error having units of seconds.



When the UERE in Eq. (2.24) is an RMS quantity in units of
meters, using PDOP in Eq. (2.25) provides the RMS error in
three dimensions, using HDOP in Eq. (2.25) describes the
RMS horizontal error (useful for positioning on the
ground), using VDOP in Eg. (2.25) describes the RMS ver-
tical error, and using TDOP in Eq. (2.25) describes the RMS
time error.

Typically, values of PDOP less than six are considered
acceptable, and less than two are considered very good.
PDORP is typically a factor of 2.1 greater than HDOP. Good
values of HDOP are less than unity, and VDOP is typically a
factor of 1.9 times HDOP. An intuitive explanation for
VDOP being larger than HDOP is that low-elevation satel-
lites with diverse azimuths provide excellent geometrical
diversity for horizontal positioning, but ground-based
receivers cannot use satellites below the receiver (since
Earth blocks their signals), limiting the diversity for vertical
positioning.

Different communities use different accuracy measures
that can all be approximately related to these RMS values
and to each other. See Chapter 6 of [3, 13] for these
relationships.









Operation Desert Storm in 1991 involved the first signif-
icant use of GPS in military operations. Ground troops used
GPS to maneuver with unprecedented accuracy through
featureless desert terrain, in sandstorms, and in the dark.
GPS receivers were also used in aircraft to enable more
accurate air strikes, and to enhance combat search and res-
cue. Since there were not sufficient numbers of military
receivers, thousands of civil receivers were purchased
and employed. Consequently, SA was temporarily turned
off to enhance the accuracy provided by these civil
receivers.

The Desert Storm experience led the military to more
fully recognize the benefits of GPS. GPS began to be widely
integrated into systems, operations, and tactics, eventually
influencing the US military force structure. In 1993, the
24th operational satellite was launched and brought into
use, leading the Department of Defense (DoD) and Depart-
ment of Transportation (DOT) to announce Initial Opera-
tional Capability (I0C). By 1995, 27 satellites were
operating, leading to declaration of Full Operational Capa-
bility (FOC).

Meanwhile, the US Coast Guard began development of
differential GPS (DGPS) service for coastal coverage of
the continental United States, the Great Lakes, Puerto Rico,
portions of Alaska and Hawaii, and portions of the Missis-
sippi River Basin. Maritime DGPS uses fixed reference sta-
tions with radio beacons that broadcast corrections to
receivers. The receivers use the corrections to remove errors
from their measurements, enhancing accuracy. 10C for
maritime DGPS was declared in 1996, and the system
was expanded subsequently to provide nationwide
coverage.

Almost simultaneously, in 1994, the DOT and FAA began
to develop the Wide Area Augmentation System (WAAS), a
nationwide differential correction service whose signals are
broadcast by transponders on geostationary satellites, using
signals like the GPS C/A-signal. The primary motivation for
WAAS was to provide enhanced accuracy and integrity to
aircraft equipped with satnav receivers. Aircraft equipped
with certified GPS/WAAS receivers could perform preci-
sion approach and landing without the need for infrastruc-
ture at every airport. The WAAS signal was activated for
general aviation, covering much of the continental United
States as well as portions of Alaska.

WAAS became the first Satellite-Based Augmentation
System (SBAS). As described in Chapter 13, other SBASs
are deployed and under development. Although each sys-
tem is regional, their combined service regions promise
to cover most of the Northern Hemisphere’s landmass, with
increasing coverage of the Southern Hemisphere as well.
All SBASs conform to a set of standards maintained by

the International Civil Aviation Organization (ICAO),
allowing the interoperability of receivers with differ-
ent SBASs.

Ironically, the corrections provided by DGPS and SBAS
remove the effects of SA. Thus, in parallel with the devel-
opment of SA by DoD, civil agencies were investing in tech-
nologies that counter it. In May 2000, at the direction of
President Bill Clinton, the US government discontinued
its use of SA to make GPS more responsive to civil and com-
mercial users worldwide.

In September 2007, the US government announced its
decision to procure the future generation of GPS satellites,
known as GPS 111, without SA [8]. This statement makes
the policy decision in 2000 permanent, and eliminates a
source of uncertainty in GPS performance that had been
of concern to civil GPS users worldwide.

While the original GPS was still being deployed and uses
were still developing, the National Research Council per-
formed a seminal, forward-looking study. Among the
recommendations in the study’s report [9] are the follow-
ing: eliminating SA, adding a new civil signal to provide
dual-frequency civil service, adding more monitor stations,
and evaluating prospects for a new military signal. Similar
recommendations followed from other groups. These
recommended GPS enhancements led to what is now called
GPS Modernization.

In 1996, recognizing the importance of GPS to civilian
users as well as military users, US President Bill Clinton
issued a policy directive [10]. This directive reaffirmed that
GPS is a dual-use system. It also established a governance
structure, the Interagency GPS Executive Board (IGEB),
led by representatives of the DoD, and the Transportation
Department, to manage GPS as a national asset.

The timeline for GPS Modernization thus begins with
turning SA off in 2000. Subsequent events, described in
more detail in subsequent sections, involve adding new
civil signals, new military signals, and new monitor sta-
tions. Related upgrades and replacements to GPS satellites,
the GPS ground segment, and military GPS receivers are
ongoing. It is increasingly apparent that GPS Moderniza-
tion is not an event or even a phase in the history of
GPS, but an ongoing process that will continue indefinitely.

Yet another event in the 1990s turned out to have great
influence on the 21st century, and on satnav more gener-
ally. In recognition of the increasing use of mobile devices,
the Federal Communications Commission introduced
requirements [11] that mobile phones become “location-
capable” when making emergency E911 calls — reporting
position to first responders. While the requirements were
technology-agnostic, there was a widespread selection of
GPS as the most desirable way to meet this mandate. The



result was two important contributions to the utility and
use of GPS:



Repetition of spreading codes within a data bit intro-
duced issues with radio frequency interference, and the
biphase transitions due to data message modulation disrupt
long coherent integration times in receiver processing,
making tracking of the signal more fragile. While these lim-
itations were recognized at the time of the design, they were
adopted in the C/A-signal design to simplify receiver pro-
cessing [21]. A third fundamental limitation of the C/A-
signal is the rigid structure of the data message, which does
not allow adaptation as needs change.

The GPS program office agreed to adopt a modified C/A-
signal design for the L2 civil signal, as long as the changes
had minimal impact on satellite cost and schedule. Thus,
the BPSK-R(1) spreading modulation was maintained,
but time division multiplexed pilot and data components
were introduced, with longer spreading codes. A flexible
data message design was also introduced. Unfortunately,
the aviation community eschewed the L2C-signal since it
was not in an ITU-protected Aeronautical Radio Naviga-
tion Service (ARNS) frequency band.

Subsequently, the L5-signal was designed, with primary
emphasis on its ability to meet the needs of civil aviation.
The history of its development is summarized in [22]; its
design includes a spreading modulation like that of P(Y)-
signal, pilot and data components in phase quadrature,
and a flexible data message turned to the needs of civil
aviation.

Almost in parallel, a new military signal was being
designed to overcome the projected inherent limitations
of the P(Y)-signal [23]. This signal, to be known as the
M-signal, or military signal, uses the BOC spreading mod-
ulation invented to concentrate the signal’s power at fre-
guencies away from those used by civil signals sharing
the same center frequency.

The fourth civil signal and eighth GPS signal, L1C,
resulted from political considerations. As the United States
and European Community negotiated concerning GPS and
Galileo in the 2002 through 2004 time frame, European
representatives encouraged the United States to adopt a
civil signal at 1575.42 MHz - the frequency that GPS calls
L1 and Galileo calls E1 — that would have common charac-
teristics with the corresponding Galileo signal. The United
States committed to this in the 2004 agreement [24], open-
ing the possibility for a modernized GPS civil signal in the
most commonly used frequency band. After the agreement,
European experts proposed changes to the commonly
adopted BOC(1,1) spreading modulation, but US experts
disapproved of these proposed changes. Finally, the United
States proposed an improved spreading modulation that
was mutually acceptable, and it was jointly refined and
adopted. The result is a common spectrum shape, although

the GPS and Galileo signals differ in the waveforms that are
used, and in many other aspects of their signal designs.

The received power of GPS signals continues to evolve. In
the early 2000s, the specified minimum received power of
C/A-signals and P(Y)-signals was increased by 1.5 dB to
accommodate increased interference as GPS shared spec-
trum with other satnav systems; this was a “paper” power
increase effected by reducing the excess atmospheric loss in
link budget calculations. Actual increases in minimum
received power have occurred for some signals with Block
IIF satellites, and will occur for L2C-, L2P(Y)-, L5-, and
both M-signals with GPS |11 satellites, compared to Block
Il satellites.

Figure 3.1 depicts the evolution in GPS signals, accompa-
nied by the satellites that implement the changes. In this
graphic, the power spectral densities are all portrayed at
the same power, not reflecting the actual different received
power levels of the different signals.






in two orbits per sidereal day, and hence each satellite had a
repeating ground track every day. The specified minimum
number of satellites is 24, and 30 or 31 satellites have been
operational more recently.

A complete listing of GPS satellite launches is found at
[31]. Ten more Block | satellites were launched from
1978 through 1985, one of which was lost to launch failure
[32]. These satellites were used to validate the fundamental
concepts of GPS, leading to the decision to deploy a full
operational system. Block | satellites were three-axis stabi-
lized and nadir pointing using reaction wheels. Dual solar
arrays supplied over 400 W at end of life, and nickel-
cadmium batteries supplied power during eclipses. TT&C
used S-band Space-Ground Link Subsystem (SGLS) com-
munications, and UHF cross-links were implemented
between spacecraft. Like subsequent GPS satellites, a
hydrazine propulsion system was used for station-keeping.
Block I satellites transmitted the C/A-signals and P-signals.

In 1989, the launch of the first operational GPS satellites,
termed Block |1, began. These launches had been delayed,
since the initial plan was to deploy the GPS satellites using
the space shuttle, but the 1986 Challenger disaster caused a
change of plans, leading to the use of Delta Il rockets. Nine
Block 11 satellites were launched in 20 months. Block I1A
(“Advanced”) satellites, first launched in 1990, were
updated with the capability to operate for 180 days without
contact from the control segment. (Block Il satellites could
only operate for 3.5 days.) Both types of satellites broadcast
C/A-signals and P(Y)-signals, using solar panels that pro-
duced 700 W at end of life. With 19 Block 1A satellites
launched, the Block Il and IlIA satellites became the

mainstay of the GPS constellation for many years, lasting
far beyond their 7.5 year design life. Two of the Block
A satellites were equipped with laser retroreflectors.
A Block | and a Block Il or IlIA satellite are shown in
Figure 3.3.

The first operational Block IR (“Replenishment”) satel-
lite was launched in 1997 after the first IR satellite was lost
toalaunch failure earlier that year. Block IIR satellites were
functionally like I1A satellites, except that the IIR satellites
were equipped with Autonav capability to maintain full
system accuracy for at least 180 days [34]. Block IIR solar
panels produced 1136 W of power at end of life.

As discussed in Section 3.1.2, modernized GPS signals
were being designed while Block IIR satellites were being
constructed and launched. A decision was made to modify
the final 8 of the planned 20 satellites, adding M-signals on
L1 and L2, as well as the L2C-signal. Adding the L5-signal
at a new carrier frequency was deemed too great a modifi-
cation. These Block 1IR-M (*Modernized Replacement™)
satellites were launched starting in 2005. When the second
to the last Block IIR-M satellite was being completed, it
became clear that the Block IIF (“Followon”) satellites,
which were also to transmit the L5-signal, would not be
ready for launch in time to satisfy the ITU requirement
for bringing into use the GPS frequency filing for the L5-sig-
nal. If GPS were to miss this deadline, it would lose priority
in spectrum coordination relative to other satnav systems
that had subsequently filed for that frequency. Conse-
quently, it was decided to add a “test transmitter” to this
Block 11R-M satellite to bring the L5 filing into use. Unfor-
tunately, this modification was not properly implemented



and tested, and after the satellite was launched it was found
that there was a reflection within the satellite’s RF signal
chain, causing a multipath-like distortion of the broadcast
signals [35]. Consequently, while it succeeded in satisfying
the ITU criterion for bringing the L5-signal into use, this
satellite has never been made operational. Thus, there
are only seven operational Block 1IR-M satellites. Block
IIR and Block 1IR-M satellites are shown in Figure 3.4.

Block 11F (“Followon”) satellites were designed to be the
first to transmit an operational L5-signal. Block IIF solar
panels provide 2440 W at end of life. At one time, modifi-
cation of later Block I1F satellites to transmit higher-power
regional M signals (known as a spot beam) was considered,
but this modification was not pursued because of technical,
schedule, and cost concerns with the basic satellites. The
design life of Block IIF satellites was extended from the
7.5 years in earlier blocks to 12 years. Meanwhile, some
1A and IIR satellites had been operating for more than
20 years.

The GPS Block Il program was intended to provide
32 satellites in three different sub-blocks, each providing
increasing capabilities. The first eight Block I11A satellites
would develop the basic design using a satellite bus archi-
tected to enable capability growth. It would provide the
Earth coverage M signals at higher power than provided
by the Block Il satellites, and broadcast the L1C-signal.
Block I11B and I1IC satellites would provide an M-signal
spot beam, modern cross-links, and other more advanced

capabilities. Technical, schedule, and cost problems pla-
gued the GPS Block 111 program, however, causing a change
in plans. As of 2017, it appears that the first 10 GPS Block 111
satellites will all have similar capabilities. The Air Force
re-competed the contract for the final 22 Block 111 satellites.
The additional capabilities to be provided, and at what
point in the procurement of these 22 satellites they will
be added, have not yet been determined. Early Block 111
satellites have a design life of 15 years, and their solar
panels produce 4480 W at end of life [36]. Block IIF and
Block I11 satellites are shown in Figure 3.5. Block I11F (“Fol-
low-on”) satellites will be introduced after the first ten
Block Il satellites, offering additional benefits including
provision of a regional high power M-signal.

Table 3.1 summarizes characteristics of these satellites,
showing an increase in capability with commensurate
increases in mass.



Segment (ICS). The ICS, consisting of a control station,
ground antenna, and monitor station, was installed at Van-
denberg AFB, California, in the late 1970s. Other monitor
stations were located at EImendorf AFB, Alaska; Andersen
AFB, Guam; and the Naval Communication Station,
Hawaii [37].

Development of the Operational Control System (OCS)
began in 1980. The OCS began operations at Vandenberg
AFB in 1985. In 1988, command and control of the satellites
was transitioned to the 2nd Satellite Control Squadron
(2SCS) located at Falcon Air Force Station (renamed
Schriever Air Force Base in 1998) in Colorado Springs, Col-
orado [38]. By the early 1990s, system testing had been com-
pleted, demonstrating interoperability between the ground

segment and the satellites, and operations commenced
using an architecture based on an IBM mainframe com-
puter. Five monitor stations were employed in Hawaii, Col-
orado Springs, Ascension Island, Diego Garcia, and
Kwajalein, communicating with the Master Control Station
(MCS) at Falcon Air Force Station.

Ground antennas for TT&C of the satellites were located
at most of the monitor stations, as well as at Cape Canav-
eral, Florida. The ground antennas uplinked data to the
satellites via SGLS. This data includes ephemerides and
clock correction information transmitted within the navi-
gation message, as well as command telemetry from the
MCS. While data could be uplinked to each satellite three
times per day, it was usually updated just once a day.



Modernization of the GPS ground segment began with
the Legacy Accuracy Improvement Initiative (L-All).
New monitor stations, operated by the National Geospatial
Agency, were incorporated into the GPS ground segment.
These additional monitor stations provided greater visibil-
ity of the constellation, and hence greater accuracy: Cape
Canaveral was incorporated in 2001, and in 2005 six new
stations were added at Adelaide (Australia), Buenos Aires,
Hermitage (United Kingdom), Manama (Bahrain), Quito
(Ecuador), and Washington, DC. In 2006, five more stations
were added at Fairbanks (United States), Osan (South
Korea), Papeete (Tahiti), Pretoria, and Wellington (New
Zealand). L-All was completed in 2008, yielding a 10% to
15% improvement in the accuracy of clock and ephemeris
information provided by the broadcast GPS signals. At
any time, each satellite could be monitored by at least three
monitor stations.

In conjunction with L-All, the Air Force implemented
the Architecture Evolution Plan (AEP). AEP replaced the
IBM-mainframe-based architecture in the MCS with the
then-modern distributed architecture of Sun workstations.
AEP improved the flexibility and responsiveness of GPS
operations, and paved the way for operation of Block IIF
satellites. AEP also introduced an alternate MCS
(AMCS), a fully operational backup for the MCS located
at Vandenberg AFB, CA. The final version of AEP was
declared fully operational in 2011. The current GPS MCS
can command and control an operational constellation of
up to 32 satellites.

In 2007, 2SOPS fielded the Launch, Anomaly Resolution,
and Disposal Operations (LADO) system to control GPS
satellites outside the operational constellation: newly
launched satellites undergoing checkout, satellites taken
out of service for anomaly resolution, residual satellites
stored in orbit, and satellites requiring end-of-life disposal.

The LADO system serves three primary functions. The
first is telemetry, tracking, and control. The second is the
planning and execution of satellite movements during
LADO. The third function is LADO simulation of different
telemetry tasks for GPS payloads and subsystems. The
LADO system uses only the Air Force Satellite Control Net-
work (AFSCN) remote tracking stations, not the dedicated
GPS ground antennas.

The LADO system has been upgraded several times since
2007. In October 2010, the Air Force operationally accepted
a new version adding GPS Block IIF capability, following
testing during the launch of the first GPS IIF satellite.

In 2010, the Air Force awarded a contract to Raytheon for
development of the Next Generation Operational Control
System, called OCX. OCX would involve new hardware
and software architectures, enhanced cybersecurity, and
the ability to fully control the modernized signals: M,

L1C, L2C, and L5. It would also perform launch, checkout,
and control for GPS 111 satellites, and replace AEP for oper-
ating the remaining Block 11 satellites. Eventually, it would
also perform monitoring of civil signals, while controlling
more than 32 satellites.

In 2016, after years of delays and cost overruns in the
OCX program, the Air Force declared a Nunn-McCurdy
breach, indicating that costs would increase by more than
25% over the original plan. Later that year, the Office of the
Secretary of Defense certified that continuing the OCX pro-
gram was essential and preferred over alternatives. OCX
capabilities will now be delivered in stages after 2020.



and antenna electronics that formed spatial nulls in the
direction of jammers.

More recent military receivers provided similar function-
ality with reduced size, weight, and power. The Defense
Advanced GPR Receiver (DAGR), introduced in 2004,
weighs less than half of the PLGR, while the Miniature Air-
borne GPS Receiver (MAGR) weighs one-third of the
RCVR-3A [41]. They are portrayed in Figure 3.7. Distinc-
tively, the helical antenna of the PLGR is replaced by
embedded patch antennas in the DAGR.

Development of next-generation military receivers,
known as Military GPS User Equipment (MGUE), has pro-
ceeded since the mid-2000s. These receivers are known as
YMC/A receivers for their ability to receive P(Y)-, M-, and
C/A-signals. After delays and cost overruns, MGUE full
production is currently planned for sometime after 2020.

3.1.5.2 Civilian GPS Receivers

Civil receivers rapidly caught up with military receivers,
before surpassing them in many ways such as lower cost,
size, weight, and power (CSWaP); sensitivity; and user inter-
face. The first commercially available receiver used analog
electronics to perform dual-frequency sequential processing
of C/A-signals and P(Y)-signals [44]. A codeless receiver, the
Macrometer [45], was also developed, exploiting the cyclos-
tationarity of GPS signals [25] to produce sinusoidal
waveforms that could be tracked for relative positioning
without use of the spreading codes.

The Texas Instruments Tl 4100 NAVSTAR Navigator
was the first widely used commercial GPS receiver. Sold
from 1981 to 1989, it was distinctive for its use of digital
circuitry, processing C/A-signals and P-signals on L1
and L2 from four satellites. A geodetic version was also
available that provided higher-accuracy differential posi-
tioning. These receivers were used for surveying even
when four Block | satellites were in view only for several
hours a day. The Macrometer and T1-4100 were primarily
used for professional applications such as geodesy and sur-
veying, pioneering the concepts of single- and double-
difference measurements that are widely used in precision
satnav applications today.

The first handheld GPS receiver was marketed in 1989,
using sequential processing of C/A-signals from different
satellites. Consumer receivers became more common in
the 1990s, with the first GPS receiver in a mobile phone
introduced in 1999 [46]. Figure 3.8 shows some of these pio-
neering civil GPS receivers.

Professional civil receivers also matured during the
1990s, with more receiver channels, “semicodeless” proces-
sing of the encrypted P(Y)-signal for dual-frequency iono-
spheric measurements, use of carrier phase differential
processing for decimeter accuracy, and the addition of
GLONASS signals for geometric diversity. Use of GPS for
civil aviation also increased during the 1990s, becoming
increasingly popular in the United States as WAAS became
operational in 2003.



As described in Chapter 1, Section 1.1, the FCC’s E911
mandate in 1994 stimulated low-power, low-cost GPS chip-
sets that revolutionized GPS in consumer devices, facili-
tated by assisted-GPS techniques. Billions of GPS
receivers are now in use worldwide, with new chipsets
increasingly capable of also receiving signals from SBAS,
GLONASS, Galileo, BeiDou, and QZSS.

Modern civil receivers employ a front-end integrated cir-
cuit that inputs RF signals from the antenna and outputs
digitized samples at low IF or baseband, followed by a dig-
ital integrated circuit that products PVT measurements.
The newest receivers employ tens or even hundreds of

channels to process signals from GPS as well as other satnav
systems at one, two, or three different carrier frequencies.
Their low CSWaP makes them suitable for embedding in
many devices.



Committee for Space-Based PNT, commonly referred to as
the National PNT EXCOM. Co-chaired by the Deputy Sec-
retary of Defense and Deputy Secretary of Transportation,
National PNT EXCOM members include senior represen-
tatives from the departments, agencies, and organizations
shown on the left side of Figure 3.9. The National PNT
EXCOM is supported by the National Space-Based PNT
Advisory Board (NSBPNTAB), a Federal Advisory Com-
mittee comprised of experts from outside the US govern-
ment. Currently, there are 25 members representing US
industry, academia, and international organizations.
The National Coordination Office (NCO) is the permanent
staff of the National PNT EXCOM, collecting GPS-related
information from multiple federal agencies to support the
operations of the National Executive Committee. The
NCO performs interagency coordination, consensus
development, and issue resolution. It also maintains the
Five-Year National Plan for Space-Based PNT and assesses
its implementation by the member agencies. The office
organizes meetings of the National Executive Committee
and its Executive Steering Group. The office tracks the
implementation of tasks and working groups established
by those bodies. Technical support is provided by the
National PNT Engineering Forum (NPEF), co-chaired
by representatives from the DoD and the DOT. The NPEF
provides a US-government-wide forum for analysis and
discussion of systems engineering issues and technology

development opportunities related to GPS and augmenta-
tion systems.

Not only does this management structure reflect the
diversity of GPS use within the United States but it also
explicitly accounts for the widespread international use
of GPS in three complementary ways:





















relay of the signals to ground stations that contact emergency
services to provide assistance. The SAR payloads on GPS
will be compatible with others on Galileo and GLONASS
satellites.

Future GPS 111 satellites will also host a laser reflector
array that can be interrogated by low-power lasers at
ground stations, enabling highly accurate measurements
of satellite locations. These measurements will allow the
GPS ground segment to better isolate ephemeris errors
from clock errors, yielding satellite orbit determination
with better than 1 cm accuracy [63].
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a significant change in the design layout scheme of the Glo-
nass-M satellite in comparison with the Glonass satellite.
A magnetometer is excluded from the satellite composition;
electromagnets are initiated through the algorithm gener-
ated by the onboard digital computer. The volume of pro-
pellant for orbit correction has been halved based on the
results of the Glonass satellite in-orbit operation. The num-
ber of thrusters has also been halved due to the transition
from a two-thruster to a single-thruster control moment
scheme. The resulting disturbance force on the satellite’s
center of mass is accounted for during the orbit correction
maneuver.

Glonass-M satellites are launched using either a triple
profile — three satellites at a time onboard a Proton-M
launch vehicle with DM and Briz-M upper stages from Bai-
konur, or using a single profile — onboard a Soyuz-2.1b
launch vehicle with a Fregat upper stage from Plesetsk.
The first flight model of Glonass-M was launched together
with two Glonass satellites in 2003. With subsequent
launches of Glonass-M satellites in 2004 (one satellite)
and 2005 (two satellites), in-orbit validation (I0V) of the
modernized satellite was completed, and they were com-
missioned into trial operation. With the launch of three

Glonass-M satellites in 2006, intensive restoration of the
national navigation constellation started.

Glonass-M satellite No. 55 transmits the L30C (CDMA)
signal at 1202.25 MHz.

In 2011, the full OC of 24 Glonass-M satellites was
deployed, and for the first time L1 and L2 signals could
be used by civil users. The use of two signals allowed
users to exclude ionospheric delay. The technical charac-
teristics of the Glonass-M satellite are presented in
Table 4.3.

Currently, the intersatellite radio link is being validated
on Glonass-M satellites. Moreover, an experimental inter-
satellite laser navigation and communication system has
been installed and is being validated onboard two satellites
in one of the orbital planes [17]. Intersatellite links will pri-
marily be used for the elimination of pseudorange errors
caused by onboard time offsets through the exchange of
measurements (collected with the onboard intersatellite
measurement equipment) between satellites. As two pseu-
doranges measured simultaneously between two satellites
are characteristic of errors identical in value but opposite
in sign (determined by onboard time scales offset), the
sum of those pseudoranges has no errors. The onboard



intersatellite measurement equipment will also be used for
other purposes, such as



The shape of the satellite reduces the effects of unaccounted
active forces of a non-gravitational nature, which enables a
fairly accurate examination of all the harmonics of the grav-
itational field.

Etalon satellites were placed in GLONASS orbits (circu-
lar orbit of 20,000 km and 65° inclination) together with
Glonass satellites as part of combined units (two Glonass

satellites and one Etalon satellite per launch) on 10 January
1989 (Etalon-1) and on 31 May 1989 (Etalon-2). Thanks to
their design features and selected orbital parameters, Eta-
lon satellites will be active for hundreds of years. Nowa-
days, they are used by the international community to
perform fundamental tasks of geodesy and Earth dynamics.
The technical specifications of the Etalon satellite are pre-
sented in Table 4.6.

4.1.2.6 Launch Vehicles
Three launch vehicles have been used to launch Glonass
satellites. Their general views are shown in Figure 4.2.



Lavochkin Research and Production Association. The
Fregat upper stage is undergoing flight tests presently.
The Soyuz 2.1b with the Fregat upper stage will be used
to launch 1.7 tonne payloads from Plesetsk and 1.8 tonne
payloads from Baykonur to GLONASS orbit.









the CS time scale. Time scale of the backup CS reference to
the main CS time scale is made in accordance with their
inter-comparison by GNSS signals in the “all-in-view” mode.

The GLONASS reference time scale UTC(SU) is generated
by the Main Time and Frequency Standard, which includes
the primary Cesium Time and Frequency Standard, the set
of hydrogen frequency standards, and the UTC comparison
channels: TWSTFT and GNSS. The difference of the main
CS time scale against the UTC(SU) reference time scale is
controlled based on their comparison by GNSS signals in
the “all-in-view” mode. The data is transmitted to the GLO-
NASS system control center, where the GLONASS system
time scale is generated and where corrections to the system
time scale against the reference time scale are made. Correc-
tions are calculated and uploaded on board once a day.

Corrections to the GLONASS system time scale are made
simultaneously with UTC corrections according to Bulletin
C of International Earth Rotation Service (IERS). It results
in a constant 10,800 s difference between the GLONASS
system time and UTC(SU).






The GLONASS OC is highly stable and does not demand
additional corrections during a satellite’s life cycle. The
maximum satellite drift of the ideal satellite orbital position
does not exceed £5° over a 5-year interval, while the aver-
age orbital plane’s precession rate is 0.59251x10~2 rad/s.
The OC is sustained by the launch of new satellites if the
number of satellites in any plane drops below eight [4].
The launch profile includes the insertion of a head part into
the intermediate circular orbit of 200 km; then transfer to
an elliptical orbit with a perigee of 200 km, an apogee of
19100 km, and an inclination of 64.3°; then transfer to a cir-
cular MEO with 19,100 km altitude. In general, satellite
operation includes the following mission phases:



messages. The GOLRS is used for trajectory and photomet-
ric control of a new satellite’s launch and insertion to its
final orbit phase (including geostationary orbits), and also
for SVs’ deployment and operational control.



ciphers), or with shortening the last month’s line for 1 s
(100 bit); and the shortened lines are discarded by the
receiver.

The FDMA L1SF and L2SF signals are used by authorized
users; therefore, their characteristics are not disclosed here.
The main characteristics of the existing GLONASS signals
are given in Table 4.12.



sequence of lines may change, and new types of lines may
be added. The receiver processes the lines of the known
type marked with the corresponding identifier. This new
approach opens up the possibility of introducing these types
of lines without degrading the operation of the existing
bunch of receivers. The digital data structure allows for
using 64 types of lines. A similar approach of flexible mes-
saging is implemented in GPS L2C and L5 signals.
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5.1 History of the Galileo Program

The success of GPS and the ever-increasing role of satellite
navigation in our lives moved the European Space Agency
(ESA) and the European Commission (EC) back in 2003 to
develop and deploy the Galileo system, the European con-
tribution to global satellite navigation.

Galileo has been designed to provide independent satel-
lite-based positioning worldwide and increased accuracy,
availability, and continuity. Galileo is not only compatible
with all other navigation systems such as GPS, GLONASS,
and BeiDou, but it is also interoperable with them to differ-
ent levels. In particular, Galileo achieves the highest degree
of synergy with GPS, to the benefit of all worldwide users.

The European satellite navigation system began with its
stepping stone EGNOS, the European Geostationary Navi-
gation Overlay Service, which has provided civil comple-
ments to GPS since 2005, when it started operations.
From the very beginning, EGNOS was meant to be the
bridge to Europe’s own full-fledged global navigation satel-
lite system (GNSS).

Galileo shares with other GNSSs the physical principle of
using radio signals to determine the user’s position based
on passive RF trilateration. To achieve this, time plays a
fundamental role, and high-precision clocks are flown on
board each of the Galileo satellites. In fact, already the First
Generation of Galileo (G1G) carries, on top of rubidium
clocks, the most accurate atomic clock ever flown into
space and based on passive maser clock technology.

Galileo’s signal plan is in line with the planned and ongo-
ing modernization of other navigation systems. This ulti-
mately results in a clear benefit for the users in terms of
improved navigation performance and robustness, as more
signals — and from independent systems — are available,
enhancing thus accuracy and resilience against common
modes of failure.

5.1.1 Key Elements of System History: Timeline
Summary

Galileo was officially started in late 2003, triggered by the
European ambition to develop a purely European naviga-
tion system that should be independent of GPS but fully
interoperable with it. However, preliminary work started
earlier around 2000, when the Galileo Project Office was
established at ESA.

The first steps toward the definition of Galileo were made
in 2002 under the Galileo System Test Bed (GSTB) Defini-
tion Study. The outcome of that work was the prototyping
and experimentation of the first Galileo ground segment
algorithms, developed under the GSTB v1, as well as the
definition of the mission for the yet-to-come first Galileo
experimental satellites, which happened under GSTB v2.

Work on the GSTB v1 experimentation activities contin-
ued throughout 2004, allowing the definition of the naviga-
tion and timing performance of today’s Galileo system.
These studies ultimately allowed mitigating future risks
in the development of the operational processing facilities
of the Galileo Ground Mission Segment. Equally important,
these preliminary results helped in building the necessary
confidence in the design, allowing the consolidation of pre-
vious work and accelerating the schedule toward the
deployment of the actual system.

A major step in the brief history of Galileo happened in
2005 when Europe’s first navigation satellite, the Galileo
In-Orbit Validation Element GIOVE-A, was launched on
28 December. Two weeks later, on 12 January 2006, the first
Galileo signals were transmitted and on 3 March 2016, the
frequency filings of Galileo were secured in line with
International Telecommunications Union (ITU) rules.
GIOVE-A was fundamental for the validation of Galileo
key payload technologies such as the rubidium clocks
and the navigation signal generation and also helped in
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gaining crucial knowledge about the MEO environment
that future operational satellites would encounter, by
means of two different radiation monitoring instruments.

Around the same time that the GIOVE-A satellite was
brought into service, the GIOVE mission core infrastructure
completed its development. This was necessary to perform
all routine operations necessary for the generation of the first
Galileo navigation message, which contains the information
needed by user receivers to calculate their position. This hap-
pened for the very first time on 4 May 2007. In this period, a
worldwide network of Galileo Experimental Sensor Stations
was set up in cooperation with the European Space Opera-
tions Centre (ESOC), Germany’s National Research Centre
for Geosciences (GeoForschungsZentrum — GFZ), and the
United States Naval Observatory to collect Galileo and
GPS observables and send them to the GIOVE Processing
Centre, located at ESA’s European Space Research and
Technology Centre (ESTEC) in Noordwijk, the Netherlands.
This center was in charge of generating the navigation mes-
sage that would be broadcast by GIOVE-A at the beginning
and later on by GIOVE-B. This long experimentation and
hands-on experience provided Europe with extremely valu-
able know-how that was used to further consolidate the
design of the system.

On 27 April 2008, GIOVE-A's brother satellite, GIOVE-B,
was launched carrying the most accurate atomic clock ever
flown into space. Unlike GIOVE-A, which only transmitted
two frequencies (E1 and E5), GIOVE-B improved consider-
ably its signal transmission capabilities, being capable of
using the E1, E5, and E6 frequencies in parallel. This
allowed expanded signal experimentation. The details
and definition of the signals and frequencies are provided
in Section 5.7 of this chapter, where the Galileo spectrum
and frequency plan are discussed.

The GIOVE satellites launched in 2005 and 2008 used a
representative ground segment for concept validation and
are today no longer active. Although they were moved to
a higher graveyard orbit, away from the nominal Galileo
orbit, their radiation monitors are still in use today.

In 2011, the development of the in-orbit testing (I0T) sta-
tion at the ESA Centre in Redu, Belgium, was completed.
Redu is equipped with a 20-m-diameter L-band antenna
used for characterization of navigation signals, a C-band
transmit antenna that allows testing the on-board mission
receiver, and a UHF antenna used for transmitting test
search and rescue signals to the satellites. Redu has become
a center of excellence for Galileo 10T, and successfully
managed the characterization of the first four Galileo In-
Orbit Validation (I0V) satellites and so far 14 Full Opera-
tional Capability (FOC) satellites demonstrating to the
world the good quality of the broadcast Galileo Navigation
and Search and Rescue Signal in Space.

0004815226.3D 106

Following the launch of the GIOVE experimental satel-
lites, the program started the 10V phase. The major objec-
tive of this phase was to perform the initial validation of the
system using a reduced constellation of four Galileo satel-
lites (GSAT010x) — the bare minimum number for inde-
pendent position and timing solutions at test locations —
and a reduced network of Galileo ground stations. The four
10V satellites were launched through dual Soyuz launches
on 21 October 2011 and 12 October 2012, and have not only
served for the purpose of completing the IOV phase, but are
indeed part of the operational Galileo constellation. To dif-
ferentiate them from the other family of Galileo operational
satellites, the IOV satellites are referred to under the
nomenclature GSATO01xx, while the others fall under the
nomenclature GSATO02xx.

In 2013, Europe’s new age of satellite navigation passed
a historic milestone — the very first determination of a
ground location using the four Galileo satellites in orbit
together with their ground facilities. This fundamental
step confirmed that the Galileo system worked as planned.
This first position fix of longitude, latitude, and altitude
took place at the Navigation Laboratory at ESA’s technical
heart in ESTEC, Noordwijk, the Netherlands on the
morning of 12 March, and demonstrated an accuracy of
approximately 10 to 15 m. This fix relied on an entirely
new European infrastructure, comprising purely
European satellites in space and two control centers in
Italy and Germany, linked to a global network of ground
stations on European territory. The 10V phase was suc-
cessfully completed by end 2013 with more than
10,000 km driven by test vehicles in the process of picking
up signals, along with pedestrian and fixed receiver test-
ing. Many terabytes of 10V data were gathered in this
lengthy process and used as a reference to predict the
expected performance of the completed Galileo constella-
tion. From this moment, Galileo has been continuously
broadcasting navigation messages.

The long journey toward setting up Galileo has been hard
from the beginning, and adversity has been the companion
of European engineers with every step. One of the most sig-
nificant events in the history of Galileo was after the anom-
alous orbit injection of the first two FOC Galileo satellites in
August 2014. Galileo’s mission control team worked
around the clock to ensure that the satellites were brought
into a more favorable orbit that would allow users to still
benefit from their services. The perigee was raised more
than 3500 km and its elliptical orbit circularized as much
as possible. Finally, on 29 November 2014, the first naviga-
tion signal in space was transmitted from these satellites.
The quality of the signals was such that these satellites
have been used since then by the scientific community
to support relativistic theory experimentation. Eventually,
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on 5 August 2016, the two satellites also started broadcast-
ing navigation messages.

In spite of the difficulties, Europe’s transparency in deal-
ing with adversity and the successful aftermath of this event
have ultimately created a sense of trust and belief in Galileo
all over the world. These two satellites are today transmit-
ting high-quality signals and are soon expected to become
part of the final Galileo constellation. This has also proved
Europe’s capability to withstand the difficult moments.

On 17 November 2016, Europe achieved another world
first by launching four Galileo satellites into orbit with
an Ariane 5. Up to now, Galileo has launched seven dual
Soyuz launches and one quadruple Ariane-5 launch, hav-
ing currently a total of 18 satellites in orbit.

On 15 December 2016, a historic milestone in the Galileo
program was achieved. On that day, the European Com-
mission declared the start of Galileo Initial Services at an
official ceremony held in Brussels in the presence of EC,
European GNSS Agency (GSA), and ESA high-level repre-
sentatives, national space agencies, space industry, Galileo
chip manufacturers, and international media. It was the
result of a successful initial services validation campaign
that had started in March 2016 and the culmination of
the intensive work of previous years.

The incremental approach followed by Galileo and
described above is illustrated in Figure 5.1.

All the deployments discussed above have been accompa-
nied by a continuous system verification and consolidation
of the system. This process culminated at the end of 2016
when the early Galileo services were declared with

Exploitation Phase

Initial Services

18 operational satellites, 16 of them nominal and 2 in
non-nominal orbits. The successful validation of this sys-
tem configuration allowed the start of the exploitation
phase at the end of 2016. This phase will last until 2020,
when Galileo will become officially available. By then,
the deployment of the full system will have been completed,
allowing engineers to focus on routine operations as well as
ground segment maintenance and replenishment of the
satellite constellation. This phase is planned to last over
the design lifetime of the system, nominally 20 years
(Figure 5.2).

5.1.2 Signal Evolution

The history of the Galileo signal plan toward the current
baseline very nicely reflects the evolution in the design
and maturation of Galileo toward an independent Euro-
pean navigation system that should be independent and
at the same time interoperable with GPS.

The Square-Root Raised Cosine (SRRC) was the first
option considered for the Galileo Signal and Frequency
Plan [1]. At the time when the first analyses of the future
Galileo signals were performed, the current frequency band
assignments had not yet been made. This did not, however,
hinder the identification of seven candidate signals based
on an in-phase binary phase shift keying (BPSK)-
modulated spread-spectrum signal and a quadrature
spread-spectrum pilot, each of them independently
assigned to a separate carrier frequency [1, 3]. It is remark-
able that in spite of the many changes that would yet come,

Full Services



Figure 5.2 Galileo Full Operations Capability (FOC)
constellation. Source: © ESA — P. Carril. Reproduced with
permission of ESA.

the presence of a pilot component to achieve robust carrier
phase tracking would remain until the final baseline of
Galileo.

Moreover, the proposed signals allowed a strict occu-
pancy for the narrowband and wideband cases, respec-
tively, and interestingly the Public Regulated Service
(PRS) was not yet contemplated (Figure 5.3).

The first solid alternative frequency and signal plan was
presented in [2], and it slowly became the signal baseline
for the development of Europe’s satellite navigation system.
The Galileo carrier frequency, modulation scheme, and
data rate of all the 10 Galileo navigation signals had, as
of September 2002, undergone very important changes with
respect to the first proposals. Moreover, the band frequency
assignment was not an unknown anymore, and Galileo was
developing similar concepts with regard to signal modula-
tion as GPS, in line with the guidelines from the Transport
Council of the European Union in its meeting on 25-26
March 2002, where it was decided that Galileo should have
compatibility and interoperability with GPS. Consequently,
the SRRC concept was abandoned. From that moment and
until the final signal plan, the Galileo signal plan would not
undergo substantial changes. Figure 5.4 summarizes the
most relevant signal characteristics of the 2002 baseline sig-
nal plan.

The signal plan of 2002 greatly resembles that of today’s
baseline, but further modifications were still needed in the
E1l and E6 bands. Still, the evolution process was not
straightforward at all as [3] clearly evidences. The main
changes until 2004 were as follows:

@ EG6: The PRS changed the phasing of the BOC(10,5) signal
from sine to cosine.

@ E1: The Open Service (OS) signals changed from BOC(2,2)
to BOC(1,1) and the PRS moved from BOC,(14,2)
to BOC,s(15,2.5) in order to fulfill the GPS/Galileo com-
patibility requirements of the EU/US Agreement on the
Promotion, Provision, and Use of Galileo and GPS Satel-
lite-Based Navigation Systems and Related Applications,



signed in Ireland on 26 June 2004 by EC Vice Present
Loyola de Palacio and US Secretary of State Collin Powell.

While the 2004 Agreement between GPS and Galileo
already ensured a high level of interoperability [4], experts
from both sides of the Atlantic started to work together
shortly after the signature to find possible alternatives to
the common BOC(1,1) modulation. It should clearly out-
perform the OS and Civil signals of the baseline and fulfill
at the same time the requirements of the agreement.
The number of assessed solutions was large, but in the
end experts from GPS and Galileo developed an optimized
spreading modulation for the GPS L1C signal and the
Galileo E1 OS signal based on the common MBOC
modulation [5, 6].

The final frequency plan of Galileo is described in detail
in Section 5.7. Figure 5.5 shows E1/L1 in detail.

5.2 Galileo Management Structure:
Organizations, Roles, Relationships

Regulation (EU) 1285/2013 of the European Parliament and
of the Council of 11 December 2013 lays down the rules on
the implementation and exploitation of Galileo. The regula-
tion became applicable on 1 January 2014 and defines Gal-
ileo as a civil system under civil control and an autonomous
GNSS infrastructure consisting of a constellation of satel-
lites and a global network of ground stations (Figure 5.6).



The aim of the Galileo program is to establish and operate
the first global satellite navigation and positioning infra-
structure specifically designed for civilian purposes, which
can be used by a variety of public and private actors in
Europe and worldwide. The system established under the
Galileo program functions independently of other existing
or potential systems, thus contributing among other things
to the strategic autonomy of the European Union.

According to the EU GNSS Regulation 1285/2013[7], EC
retains overall responsibility for the program, delegating to
ESA the technical development and deployment of Galileo,
and to the GSA its operational management. The roles of
the three Galileo key actors are briefly introduced next:

@ EC: The EC represents the general interest of the EU and is
the driving force in proposing legislation (to European
Parliament and Council), administering and implement-
ing EU policies, enforcing EU law (jointly with the Court
of Justice), and negotiating in the international arena. The
EC is responsible for the political dimension and the high-

level mission requirements. Its role is the management of
the GNSS programs and the funding, ensuring coordina-
tion among stakeholders, establishing delegation agree-
ments, monitoring risks and defining the key decision
stages for the implementation of the programs.

@ GSA: GSA is an agency of the EU in charge of preparing
the successful operation, commercialization, and exploita-
tion of Galileo. GSA’s objective is to guarantee Galileo’s
seamless service provision, smooth functioning, and high
market penetration. Moreover, GSA is responsible for the
security accreditation of the system and the establishment
and operation of the Galileo Security Monitoring Centres
(GSMCs). In addition, the GSA also manages the applica-
tion and research funds on behalf of the EU, promoting
satellite navigation applications and services.

@ ESA: ESA is the design authority and procurement agent
of the Galileo program, responsible for the technical
development and its deployment. The definition phase
and the development and 10OV phase of the Galileo pro-
gram were carried out by ESA and co-funded by ESA and
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the EU. The FOC phase of the Galileo program is fully
funded by the EU and managed by the EC. The EC
and ESA have signed a delegation agreement according
to which ESA acts as the design and procurement agent
on behalf of the EC.

Over the last years, ESA has maintained and continu-
ously improved Europe’s competence in satellite navigation
through its European GNSS Evolution Programme (EGEP).
This is an optional program of ESA, initiated in 2007 and
focusing on R&D for infrastructure technology and system
development activities covering the initial definition phases
A and B. In addition, ESA is responsible for managing the
H2020 budget on Galileo Evolutions on behalf of EC
until 2020.

5.3 Galileo Geodetic and Time
Reference System

The most important data that any Galileo satellite provides
are its own orbit and clock corrections. These are used by
receivers to enable the estimation of the distance between
the actual satellite and itself and properly estimate its loca-
tion after RF trilateration of several such measurements.
The ephemeris and clock corrections are referred to the
apparent Centre of Phase (CoP), which is geometrically
close to the center of phase of the navigation transmit
antenna (at the corresponding downlink frequencies,
namely, E1, E5, or E6). The user computes the position
of this common reference point as a function of the Galileo
System Time (GST) [5]. Furthermore, the orbit and data
corrections are aligned to international reference standards
such as the International Terrestrial Reference Frame
(ITRF) and the UTC (Universal Time Coordinated), in
order to enhance interoperability at the system level. This
also permits the use of Galileo data with other navigation
systems to ultimately improve the timing and location
accuracy and robustness of users.

5.3.1 Galileo Geodetic Reference System
and Relationship to ITRF

Galileo’s Terrestrial Reference Frame (GTRF) is the inde-
pendent realization of the International Terrestrial Refer-
ence System (ITRS) and is based on a core of 16 Galileo
sensor stations (GSSs). In order to ensure compatibility
with the latest ITRF, Galileo’s Galileo Terrestrial Reference
Frame (GRTF) guarantees that the three-dimensional dif-
ference between any given position referred to GTRF and
the same position referred to the most recent ITRF does
not exceed 3 cm at 2-sigma. This is fundamental for the pro-
vision of high-accuracy Galileo products and related ser-
vices when long-term stability and high reliability are

5.3 Galileo Geodetic and Time Reference System

required. To this effect, each GSS is equipped with redun-
dant chains and continuously processes Galileo signals to
identify the tiniest clock error or satellite drift.

In practical terms, this implies that the operational GTRF
does not only include all GSSs but also a number of selected
stations including the legacy International GNSS Service
(IGS) tracking network, Galileo Experimental Sensor Sta-
tions (GESSs), and the MGEX-tracking network. These
are necessary for the alignment to ITRF and to further
enhance the accuracy of the realization.

The Galileo Geodetic Reference Service Provider (GRSP)
is responsible for the realization of GTRF, based on a num-
ber of parameters estimated by the Orbit Validation Facility
(OVF). These include the ground tracking station coordi-
nates, precise satellite orbit and clocks data, tropospheric
and ionospheric delay parameters, and signal bias para-
meters. Equally important in the process are the data/pro-
ducts exchange and archiving as well as the Earth rotation
parameter (ERP) estimation and prediction and the com-
bined procedures for station coordinates (CFSNX), satellite
orbits, clocks and code biases (CF-ORBs), troposphere (CF-
TRO), and ionosphere (CF-ION).

Until 2017, the Galileo Geodetic Service Provider (GGSP)
generated the OVF service products and provided them to
the Time and Geodesy Validation Facility (TGVF), a sup-
port facility of the Galileo infrastructure. Beginning 2018,
the Galileo Service Operator (GSOp) took responsibility
for all former OVF tasks under its GRSP.

Highly robust solutions are achieved thanks to the inde-
pendent processing of the same GNSS data set with fully
independent software packages (PF1, PF2, PF3). Every
week, the solutions provided by the three PFs are combined
to obtain minimally constrained solutions of weekly GTRF
station positions and daily ERP. This allows the generation
of a precise GTRF long-term solution in terms of station
positions and velocities by accumulating the weekly GTRF
combination results.

5.3.2 Galileo Time Reference System:
Relationship to UTC and Other Systems

The GST is the internally generated reference time of the
whole Galileo system. It is a continuous coordinate time
scale in a geocentric reference frame that is realized using
exclusively atomic clocks from the Galileo system to ensure
independence. GST is steered toward UTC within 50 ns 95%
modulo 1 s to allow interoperability with other UTC timing
products, in accordance to ITU Recommendation TF.460-6
[9]. In fact, the Galileo’s broadcast navigation message is
time-tagged with GST and provides GST within a 32-bit
field that contains the Galileo Week Number (WN) and
the Time of Week (ToW) [6]. The initial epoch of GST is
defined to be 00:00 UTC on Sunday, 22 August 1999, which
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corresponds to the last rollover of the GPS Week Number
(WN). GST and UTC were defined at the initial epoch with
an offset that was originally 13 s, but has changed over the
past years since UTC introduced new leap seconds and
Galileo does not apply leap-second corrections. Nonethe-
less, the offset to GPS time has remained zero integer
seconds, as a contribution to GPS-Galileo interoperability.

GST is generated by the Galileo Precise Time Facility
(PTF), an element of the Galileo Ground Mission Segment.
The PTF today is equipped with two active hydrogen
masers in hot redundant configuration, and with four
high-performance cesium clocks. For robustness, Galileo
counts with two PTFs, one in each of the two Galileo Con-
trol Centres (GCCs). In addition, the Galileo Time Service
Provider (GTSP) links GST to UTC by providing every day
the GST-UTC conversion parameters that are later broad-
cast as part of the Galileo navigation message. These para-
meters are produced based on the inputs from selected
European timing laboratories, and consist of frequency
steering correction parameters as well as leap-second
announcements, fractional GST-UTC offset, and slope.
These are the parameters that Galileo users later use to esti-
mate UTC from the broadcast navigation signals.

Figure 5.7 shows an example measurement covering the
period from 1 September 2016 to 31 August 2017. During
this period, the accuracy of the UTC provided through
the SIS and the rapid realization of the UTC (UTCr) com-
puted by the International Bureau of Weights and Mea-
sures (BIPM) remained well within 10 ns, except for two
events in November/ December 2016 and January 2017.

The first relates to a failure in the timing infrastructure
and the resulting recovery activities, while the second
was due to a re-calibration. Both events affected the GPS
to Galileo Time Offset (GGTO).

A further degree of interoperability is achieved with the
GPS system thanks to the provision of the measured GPS—
Galileo Time Offset (GGTO), which allows positioning,
velocity, and timing (PVT) of any GPS/Galileo receiver as
long as at least four satellites of any of the two constellations
are visible. The GGTO is provided via Galileo’s navigation
message [5] and facilitates the internal calibration of Gali-
leo-equipped receivers. The GGTO represents the difference
between the Galileo and GPS time scales ([9-11]) and is
measured with calibrated Galileo-GPS receivers available
at the Galileo PTF. It is important to stress at this point
the fact that although interoperability with other time refer-
ences, such as GPS time and UTC, has been a driver for Gal-
ileo since the beginning, the need to avoid common mode
failures requires at least one independent generation of time
for the Galileo system.

Figure 5.8 shows actual measurements of the difference
between the broadcast GGTO and a-posteriori-measured
GGTO over the period September 2016—-August 2017.

5.4 Galileo Services

Galileo provides three navigation services as well as a Search
And Rescue (SAR) service. The positioning and timing per-
formance targets of the different services can be found in [12]
and are briefly summarized in Tables 5.1 and 5.2:
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@ OS: Thisisa free timing and positioning service that can
be used by anyone. In the E1/L1 frequency band, the E1
OS signals are highly interoperable with the GPS L1
Civil signal (L1C) thanks to the common MBOC
modulation that allows users to profit from the
enhanced geometry and availability that results from
the combined use of Galileo and GPS constellations.
The timing service is synchronized to UTC, as seen in
Section 5.3.

@ PRS: This is a robust and access-controlled positioning
and timing service that is only available through the
Competent PRS Authorities (CPASs) of users authorized
by Member States of the EU, the Council, the EC, the
EEAS, and duly authorized Union agencies in accord-
ance with Decision No 1104/2011/EU. PRS provides
encrypted signals with protection against jamming and
spoofing, and is intended to support critical transport
and emergency services, law enforcement, border
control, peace missions, and other governmental opera-
tions. The PRS provides users with enhanced protection
against diverse threats, thus ensuring high continuous
availability.

® Commercial Service (CS): This service addresses high-
performance or liability-critical applications. The access
to added-value data is controlled by an encryption mech-
anism that grants access only to those users that have
paid a fee. A Precise Point Positioning (PPP) service is
included as well as strong authentication feature offering
additional robustness over Open Service Navigation Mes-
sage Authentication.

In addition to the navigation services described above,
Galileo also provides an additional service that supports
the COSPAS-SARSAT system, the SAR service.

® SAR: Galileo relays the signals coming from emergency
beacons down to the ground, where the SAR ground
segment calculates the actual location of the transmit-
ter. It represents Europe’s contribution to COSPAS-
SARSAT, the international satellite-based search and
rescue distress alert detection system. Galileo further
enhances the system with the additional feature of
informing receivers equipped with Galileo through
the so-called return link that the distress alert was well
received.

The SAR distress signals are detected by the Galileo
satellites in the UHF band of 406-406.1 MHz and then
relayed to the Medium Earth Orbit Local User Terminal
(MEOLUT) in the L6 band (1544-1545 MHz). The alert
acknowledgment of distress alerts and coordination of
rescue teams is embedded as part of the OS data trans-
mitted in the E1 carrier frequency.
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5.5 Galileo Space Segment

This section provides details on the two fundamental ele-
ments of the Galileo space segment:

@ Launch vehicles and constellation
@ Spacecraft (platform and payload)

5.5.1 Launch Vehicles and Constellation

This section introduces first the family of Galileo launchers
and continues with an overview of the planned Galileo
constellation.

5.5.1.1 Galileo Launchers

Europe currently employs Soyuz and Ariane launchers to
place the Galileo satellites into space from the Guiana
Space Centre, which is Europe’s Spaceport and is located
in French Guiana. The first 14 satellites were placed using
Soyuz launchers, in a series of dual launches in October
2011, October 2012, August 2014, March, September and
December 2015, and May 2016. The latest launch from
November 2016 (Figure 5.9) employed for the very first time
an Ariane 5 launcher and placed four satellites at a time. In
total, Galileo has already 18 fully operational satellites as
of today.

The Soyuz launcher is the jewel of the Russian space pro-
gram. It was introduced in 1966, and is derived from the
Vostok launcher, which in turn was based on the 8K74
or R-7a intercontinental ballistic missile that launched
Sputnik 1 in 1957 in a modified form. Soyuz has performed
more than 1000 manned and unmanned missions and is
designed to achieve extremely high reliability levels for
its use in manned missions.

For the particular case of Galileo, a special version of the
Soyuz launcher is employed. It is the more powerful Soyuz
ST-B version, which includes a Fregat-MT upper stage that
can be ignited again. This stage was used for the first time to
deliver the GIOVE-A and -B experimental satellites and
carries an additional 900 kg of propellant. For launches
from French Guiana, which is the standard for Galileo,
the Soyuz three-stage rocket plus Fregat upper stage is
assembled horizontally following the traditional Russian
approach. Then it is erected vertically before the payload
mates with the launcher from above in the standard Euro-
pean way. Given the particular approach that combines
European and Russian procedures, a new mobile launch
gantry was built to facilitate this process. The dedicated
gantry also helps protect the satellites and the launcher
from the humid tropical environment that reigns in French
Guiana.
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Figure 5.9 First Galileo launch with Ariane 5 carrying four satellites on 17 November 2017. Source: © ESA — S. Corvaja.

In addition to Soyuz, Galileo also has Ariane rockets to
place satellites into space. Galileo uses a re-qualified version
of the Ariane 5 ES that can deploy up to four Galileo satel-
lites into MEO orbit at a time. Ariane 5 ES is an evolution of
the initial Ariane 5 generic launcher that was upgraded to
allow re-ignition and long coast phases as those required in
Galileo to inject the four Galileo satellites into their opera-
tional orbits. Furthermore, re-ignition is required to allow
the last launcher stage to vacate the injection orbit once
the payload has been released so that the last stage is placed
at the graveyard orbit, far away from the nominal Galileo
orbit. The first such fourfold launch occurred on 17 November
2016 and another two Ariane 5 launches followed end of 2017
and in 2018 to complete the Galileo constellation.

Figure 5.10 shows Galileo’s baseline launch plan to
achieve Full Operations in 2020.

5.5.1.2 Galileo Constellation

The fully deployed Galileo system consists of 30 satellites
(24 operational + 6 in-orbit spares), positioned in three cir-
cular MEO planes at a nominal average orbit semi-major
axis of 29,599.801 km, and at an inclination of the orbital
planes of 56° with reference to the equatorial plane. Once

FOC is achieved, the Galileo navigation signals will provide
good coverage even at latitudes up to 75° north and
75° south.

The Galileo constellation was the result of detailed
studies and optimization efforts conducted toward the
objectives of achieving good accuracy and availability per-
formance at high latitudes also [3]. An additional factor
taken into consideration at the moment of the selection
of the Galileo constellation geometry was the capability
to deploy it fast and reduce the costs related to constellation
maintenance. In fact, the finally retained three-plane con-
figuration is consistent with the European launch capabil-
ities, which can place multiple satellites in orbit at a time: as
said, Ariane 5 can launch up to four Galileo satellites and
Soyuz one pair of them.

Table 5.3 summarizes the finally selected basic Galileo
reference constellation parameters [13, 14].

The Galileo constellation slots are depicted in
Figure 5.11. The position of the spare satellites is indicative,
as their actual position is decided at the time of deployment.
Furthermore, we can recognize the pair of satellites from
the launch anomaly of Launch 3 (L3) and their relative
location with respect to the rest of the constellation. Due
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Figure 5.10 Galileo launch plan toward FOC.

Table 5.3 Galileo reference constellation parameters

Parameter Value

Constellation type Walker 24/3/1 + 6 in-orbit spares

Semi-major axis (km) 29,599.801
Inclination 56°
Period 14"04™M42°

Ground track repeat cycle 10 sidereal days/17 orbits

to the different plane inclination, this relative location
evolves with time, so the figure is only indicative.

The Galileo selected reference constellation of 24 satel-
lites allows users worldwide to have between 6 to 11 Galileo
satellites in view at any time, being the average visibility of

2018

26

more than 8 satellites above 5° of elevation. This reference
constellation is complemented with another six spare satel-
lites, resulting in worldwide geometries with typical verti-
cal dilution of precision (VDOP) and horizontal dilution
of precision (HDOP) values of approximately 2.3 and 1.3,
respectively [15].

Finally, another important aspect to which Galileo has
paid particular attention is the disposal of the satellites after
the end of their operational life. This is important not only
in terms of international agreements on control of space
debris, but also because debris avoidance maneuvers have
an impact on the availability of operational satellites, and
ultimately on the provision of the service. Galileo satellites
are designed to be removed from the nominal Galileo orbits
after they have reached the end of their operational life. At
that point in time, they are moved to a graveyard orbit
which is at least 300 km higher than the operational Galileo
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orbit. The same logic applies to the launcher stages that
remain after injection of the satellite into orbit.

5.5.2 Galileo Spacecraft

The Galileo operational constellation consists of a mix of
two families of satellites:

@ The first four Galileo satellites were manufactured by
EADS Astrium GmbH as prime contractor and launched
with two Soyuz rockets. This family of satellites is still
operational today and was used for system validation
in the 10V phase. The first dual launch occurred on
21 October 2011 and placed satellites GSAT0101 and
GSATO0102 into orbital plane A. The second launch fol-
lowed on 12 October and placed satellites GSAT0103
and GSATO0104 in orbital plane B. Due to a permanent
on-board failure, GSAT0104 does not transmit in E5/
E6 nor broadcast navigation messages in E1 (only
dummy data). However, the Search and Rescue Tran-
sponder (SART) is fully in use, using TGVF processing
for ephemeris determination.

@ The second family of Galileo satellites is manufactured by
OHB System AG as prime contractor [16]. To differenti-
ate these satellites from those of the other family, its
numbering follows the sequence GSAT02xx. A total of
22 satellites have been produced under this order. The
first dual launch of this family took place in August
2014 and was impaired by a malfunction in the Fregat
stage of the Soyuz launcher that led to the so-called injec-
tion anomaly of Launch 3. Once GSAT0201 and
GSAT0202 reached the new corrected target orbit, the
navigation payloads were activated and subject to 10T.
This allowed the technology and performance of the
new family of satellites to be validated, confirming their

5.5 Galileo Space Segment

good health. In spite of the non-nominal orbit, the perfor-
mance was fully in line with the expectations and, in fact,
these satellites have since then broadcast navigation sig-
nals and been used for clock technology validation.
Unfortunately, and due to the fact that the new orbit
could not be fully fit into the nominal navigation mes-
sage, the other satellites cannot yet transmit almanac
details on these two satellites. GSAT0201 and GSAT0202
are, however, healthy, and currently efforts are running
to fully incorporate them into the ground processing.
After the initial mishap, the following dual launches in
March 2015, September 2015, December 2015, and
May 2016 were fully successful with injection in the
planned orbits, the satellites thus becoming part of the
nominal constellation.

Figure 5.12 provides with details of the two families of
Galileo satellites, and further details on platform and pay-
load are provided separately in Table 5.4, according to the
standard separation applied in space system engineering.

5.5.2.1 Galileo Platform

The Galileo platform comprises all subsystems for on-board
data handling and control, attitude and orbit control
including propulsion, power generation and distribution,
thermal control, telemetry, and a laser retro reflector:

@ Attitude and Orbit Control System (AOCS): Galileo uses
3-axis attitude control during all phases and for all man-
euvers [17]. Depending on the actual mission status, sev-
eral modes of operation are applicable:

— Launch and Early Orbit Phase (LEOP) as well as in
contingency situations and safe modes: For this mode,
dedicated acquisition modes are used for Earth or Sun
acquisition.

Figure 5.12 Artist’s impression of Galileo satellites in orbit (left GSATO10x and right GSAT02xx). Source: © ESA — P. Carril.
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Table 5.4 Overview of main Galileo satellite characteristics [16]

GSAT010x GSATO2xx

S/C Prime contractor EADS Astrium OHB System AG

GmbH
Number of satellites 4 22
Mass at launch (kg) 700 733
Size with solararray 27mx16mx 25mx11mx
deployed 145 m 147 m
Design lifetime (years) 12 12
Available power (kW) 1.420 1.900

Source: Pauly, K., “Galileo FOC-Design, Production, Early Operations
after 1st Launch, and Project Status,” Proc. IAC-14-B2.2.1, 65th
International Astronautical Congress (IAC 2014), Toronto, Canada,
September 2014,

— Orbit acquisition, station-keeping maneuvers, and end-
of-life (EOL) decommissioning: This mode is expected
to require very few station-keeping maneuvers [18, 19].

— Nominal operational mode: This mode uses yaw steer-
ing to orient the solar panels toward the Sun with full
nadir pointing performance and to support the ther-
mal control of the satellite. In this mode, the AOCS
sensor/actuator configuration is based on Earth and
Sun sensors that continuously keep the satellite
pointed toward Earth.

@ Propulsion subsystem: Galileo is typically equipped with
eight monopropellant hydrazine thrusters, each of which
provides a nominal thrust of 1 N at the beginning of life
(BOL). Since both families of satellites (GSAT010x and
GSATO02xx) are designed for direct injection into the final
MEO orbit, their propulsion subsystems only need to pro-
vide the delta-velocity required for orbit correction man-
euvers during the operational life.

@ Power Subsystem: It is based on a classical regulated 50 V
bus architecture that consists of
— A power conditioning and distribution unit (PCDU)

that provides electrical power to all units on-board
the spacecraft

— Two solar array wings that supply electrical power to
the spacecraft during Sun exposition and in parallel
charge the battery after the eclipse phases

— A Li-lon battery that stores the power provided by the
solar arrays during the Sun phases and feeds it back
during the eclipse phases

® TT&C Subsystem: Galileo satellites use redundant com-
mand reception and telemetry transmission at S band,
with two modes of operation: ESA standard TT&C mode
and spread-spectrum mode. When the S-band transpon-
der is operated in coherent mode, accurate range-rate
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(Doppler) measurements are possible. The S-band Telem-
etry, Telecommand and Control (TT&C) hemispherical-
coverage helix antennas are located on opposite sides of
the satellite, providing omnidirectional coverage for recep-
tion and transmission. Ranging operation is performed
simultaneously with telemetry transmission.

@ Laser Retro Reflector (LRR): Galileo’s cat eye reflector
array is located on the nadir panels close to the naviga-
tion transmit antenna and allows the measurement of
the satellite’s distance to within a few centimeters. Laser
ranging campaigns using Galileo’s LRR are planned on
average once a year, with altitude measurements via
S-band telemetry and telecommand link in between.

5.5.2.2 Galileo Payload

Galileo’s payload comprises a fully redundant triple-band
navigation payload and a SAR repeater [20]. Functionally,
the navigation payload can be split into the mission uplink
data handling system, the timing subsystem, and the signal
generation and transmitter subsystem:

@ Mission uplink data handling system: It receives the nav-
igation message data and all related support data by
means of a dedicated CDMA C-band uplink from the
uplink stations (ULSs) of the Galileo ground segment.

@ Timing subsystem: It generates the on-board frequency
reference based on two different clock technologies: the
Rubidium Atomic Frequency Standard (RAFS) and the
passive hydrogen maser (PHM) (Figure 5.13). Every
Galileo satellite flies two units of each; thus, there are
four clocks in all. The Clock Monitoring and Control
Unit (CMCU) provides the interface between these four
clocks and the Navigation Signal Generation Unit
(NSGU), guaranteeing synchronization between the
master clock and the active spare clock that operates
as hot redundant spare (the other two clocks remain
as cold spares) [21, 22]. This ultimately allows the
ground segment to command one spare clock to take
over seamlessly should the master clock fail or simply
in case of maintenance operations.

The stability of the on-board reference frequency is one of
the core performance parameters for the quality of the
navigation payload. Example Allan Deviation (ADEV)
measurements from September 2017 are shown in
Figure 5.14, covering exemplary RAFS and PHM results
from different Galileo satellites (except those of Launch
L3). The superior performance of the PHM clock technol-
ogy can also be appreciated. Indeed, at the moment of
the measurement most of the operating clocks were PHM
except for E11-GSAT0101 and E22-GSAT0204, which were
run under RAFS.
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Figure 5.13 Galileo passive hydrogen maser clock (left) and Rubidium Atomic Frequency Standard (right). Source: © Spectratime.

@ Navigation payload: It provides navigation signals that

are coherent to the common frequency reference gener-
ated by the timing subsystem. Galileo transmits on three
L-band carriers — E1, E6, and E5 — and is the first naviga-
tion system that provides a wideband signal of more than
50 MHz bandwidth, namely, AItBOC, which is emitted
on the E5 band. All navigation signals are radiated
through a dual-band transmit antenna that uses a com-
mon antenna subsystem for E5 and E6 [23, 24].

® SAR: Galileo provides an enhanced distress localization

functionality as part of the COSPAS-SARSAT MEOSAR
System and is interoperable with other MEOSAR repea-
ters from GLONASS and future GPS satellites [25]. Gali-
leo’s SAR transponder is able to receive distress alerts
coming from COSPAS-SARSAT beacons operating in
the 406.0-406.1 MHz band and further downlinks them
at 1544 MHz to dedicated ground stations, the so-called
MEOLUT. These perform the beacon localization in near
real time based on difference of arrival (DOA)
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measurements of time and frequency [26]. In addition, Gal-
ileo also provides aso-called SAR return link service, which
confirms the alerting beacon that the distress message
has been received by the COSPAS-SARSAT system.
This acknowledgment is embedded in the navigation
message [27].

The Council of COSPAS-SARSAT declared MEOSAR
services on 9 December 2016. With this declaration, Galileo
has become the largest worldwide contributor to this
unique international SAR infrastructure, supporting on
average over 2000 rescue operations every year and even-
tually saving many human lives.

5.6 Galileo Ground Segment

The Galileo Ground Segment is composed of two func-
tional parts:

® Ground Control Segment (GCS): It performs all functions
related to command and control of the satellite constella-
tion and provides global coverage. It comprises a world-
wide network of S-band TT&C stations hosted on Galileo
remote sites.

® Ground Mission Segment (GMS): It is responsible for
service-related tasks. It measures and monitors the Gali-
leo navigation signals and uses them to estimate, predict,
and build the navigation message. The navigation mes-
sage is further uplinked to the satellites for later relay
to the users via the L-band downlink signals. The basic
content of the navigation message is composed of satellite
specific orbit and clock corrections, which are estimated
in batches by the Orbit Determination and Time Syn-
chronization (ODTS) process every 10 min based on
E1-E5a observables for F/NAV products, E1-E5b obser-
vables for I/NAV products, and E1-E6 observables for
PRS products. To successfully perform this task, the
GMS counts with two worldwide networks of stations:

— L-band GSS: In charge of collecting ranging measure-
ments of the Galileo navigation signals, for ODTS and
monitoring of the signal in space.

— C-band ULSs: Five stations are in charge of up-linking
mission data to the satellites (e.g. ephemerides and
clock prediction, SAR return link, and commercial
service data). Each station can operate up to four
uplink antennas in order to provide the whole constel-
lation with timely navigation message updates.

Further, the Galileo ground segment is the interface to
the satellites and provides a large number of functions ran-
ging from on-board software maintenance, to operations
support and telemetry analysis as well as support to
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eventual troubleshooting of the satellite platform and pay-
load units.

Galileo has two GCCs in Oberpfaffenhofen (Germany)
and Fucino (Italy) that hold the core facilities of the GCS
and the GMS. These are further connected to all ground
facilities through a global data dissemination network that
is equipped with redundant links to guarantee service and
operations continuity.

The LEOP Control Centres (LOCCs) located in Toulouse
(French Space Agency, CNES) and Darmstadt (ESA Opera-
tions Centre, ESOC) are in charge of taking control of the
satellites after their separation from the launch vehicle
and until they have reached their position within the
assigned orbital slots.

Once the satellites achieve their final orbital position,
10T of the new satellites starts. During this phase, the Redu
station in Belgium performs all necessary tests required to
verify that the satellite payload survived the launch and
that it is in good health. Redu counts with a calibrated
high-gain antenna, an L-band measurement system for
navigation signals, and testing equipment and transmitters
for the C-band and SAR UHF RF links.

In addition to system-specific tasks such as those briefly
mentioned above, the GCS is also responsible of interfacing
with several external entities involved in the provision of
Galileo services. These service providers are procured, coor-
dinated, and operated by the GSA. They are listed next and
briefly introduced:

® GNSS Service Centre (GSC): This center interfaces with
the Galileo OS users and the Galileo CS external
data providers. The GSC facility is located near Madrid,
Spain.

@ GSMC: This center provides system security monitoring
and management of the PRS user segment. It interfaces
with national CPAs. Given its critical nature, the GSMC
relies on two hot redundant facilities.

@ Time Service Provider (TSP) and Geodetic Reference
Service Providers (GRSP): These centers monitor and
steer the GST and the GTRF in order to align it to
international meteorological standards.

® SAR Galileo Data Service Provider (SAR GDSP): This
center determines the position of the distress alert
emitted by the SAR beacons and generates the SAR
Return Link Messages to be later disseminated through
the Galileo navigation signals. The SAR GDSP premises
are located in Toulouse, France.

@ Galileo Reference Centre (GRC): This center provides
independent performance monitoring of the Galileo ser-
vices. The GRC facility is located in Noordwijk, the
Netherlands.
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Figure 5.15 Galileo ground segment overview.

Figure 5.15 provides an overview of the Galileo ground
segment and gives a good feeling for the long list of assets
required to provide the service.

5.7 Galileo Signal Plan

5.7.1 Galileo Spectrum and Frequency Plan

As introduced in Section 5.1, the signal plan of Galileo has
been the product of many years of technical discussions and
optimization trade-offs that culminated in the frequencies
and signals that Galileo transmits today. Galileo’s signal
plan in general and the waveform and message structure
in particular are also a consequence of the political efforts
of Europe to promote the combined interoperable use of
GPS and Galileo, a result of the agreement between the
United States and the European Union on the promotion,
provision, and use of both systems and their related appli-
cations [28]. The agreement also paved the way for the very
final modification in the open signals of E1, and introduced
what de facto has become the new standard waveform for
GNSS open signals at 1575.42 MHz: MBOC.
Interoperability between Galileo and GPS ultimately
aims at easing the efforts at the receiver level to use signals
from both constellations and profit from their combined
geometry. The fact that Galileo and GPS share the

5.7 Galileo Signal Plan

frequency carriers E5a/L5 and E1/L1 with equivalent mod-
ulations and that both ensure a guaranteed link to UTC and
the ITRF are indeed a proof of that. But the concept goes far
beyond this and also includes the comparable definition of
message concepts such as ephemeris, almanac, clock cor-
rection, GST- UTC, bias group delay, common receiver
algorithms, and even software.

Galileo satellites transmit coherent signals on three dif-
ferent navigation carriers, namely, E1, E5, and E6, and
each of these signals contains several components, with
at least one pair of pilot and data streams. As shown in
Figure 5.16, the E1 band refers to the carrier frequency in
the upper L band of 1575.42 MHz, and is also denoted as
E2-L1-E1in other books. It is the same L1 carrier frequency
used by GPS. E6 is in the upper part of the lower L band and
has a carrier frequency of 1278.75 MHz. E5 designates the
lower part of the lower L band and is subdivided into E5b
and E5a. The E5 carrier frequency is 1191.795 MHz, while
the E5b and Eb5a carrier frequencies are respectively
1207.14 MHz and 1176.45 MHz. Eb5a coincides with the
L5 frequency of GPS.

All Galileo signals use RHCP, and according to the Gal-
ileo SIS ICD [5], the minimum received power is specified
for satellite signals received at 5° of elevation at an output of
a 0 dBic circularly polarized antenna situated around the
surface of Earth. The definition does not include excess
atmospheric attenuation. The power spectral densities of
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the Galileo signals and the respective carriers introduced
above are shown in Figure 5.16:

Each of the signals in E1 and E5 provides at least one free
open access pair of pilot and data components. In particu-
lar, E5 is composed of two pilot—data pairs at +£15.345 MHz

around the E5 carrier frequency (E5b at +15.345 and E5a at
—15.345). The sidebands of E5 fulfill a dual purpose. On the
one hand, they serve users that track each of the sidebands
individually due to bandwidth limitations, while on the
other hand they allow more sophisticated receivers to profit
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from the coherent generation of the two sidebands and
achieve an excellent performance, equivalent to that of
using one single and very large bandwidth, namely, that
of the whole E5 with at least 51.15 MHz (50 x 1.023
MHz). The coherent generation of the E5 sidebands is
achieved by means of the AItBOC multiplex [5], which
we describe in further detail next.

5.7.2 Galileo Signals and Services

Section 5.4 introduced the Galileo services and planned
user communities. In this section, we provide further
details on the main signal characteristics of Galileo in each
frequency band and the mapping between signals and
services:

@ OS: OS is provided in two modes: single-frequency and
dual-frequency. The single-frequency (SF) OS is provided
by each of the three OS signals transmitted in Elggc, E5a,
and E5b. The dual-frequency (DF) OS is provided by the
dual-frequency signal combinations Elggc-E5a and
Elggc-E5b.

@ CS: CS is provided by the E6ggc signal in combination
with the OS signals of Elggc, E5a, and E5b. The Ebggc
signal contains value-added data transmitted at a high
data rate, and it is combined with OS signals for improved
performance.

® PRS: PRS is provided by the E15 and E6,4 signals, which
have been specially designed to be resistant to intentional
and non-intentional interference.

Table 5.5 Galileo navigation services mapped to signals

5.7 Galileo Signal Plan

Table 5.5 summarizes the mapping between Galileo nav-
igation services and signals [3].

All Galileo signals are coherently derived from acommon
reference time. The signal definitions in the next few sub-
sections are specified without the effect of band-limiting fil-
ters and payload imperfections. Furthermore, although the
actual values vary from application to application, some
recommendations for receiver bandwidths are provided.

5.7.3 Galileo E1 Band

Galileo provides two services on the E1 band: the E1 OS and
the E1 PRS. E1 OS is served by two signal components, E1lg
and Elc, while PRS uses the third signal component,
namely, E1a.

The E1 OS modulation is called CBOC (Composite
Binary Offset Carrier) and is a particular implementation
of MBOC (Multiplexed BOC) [3]. MBOC(6,1,1/11) is the
result of multiplexing a wideband signal - BOC(6,1) — with
a narrowband signal -BOC(1,1) —in such a way that 1/11 of
the power is allocated, on average, to the high-frequency
component. This signal was finalized in 2007 in collabora-
tion with GPS and was the last signal to be completely
defined in the Galileo frequency plan.

The normalized (unit power) power spectral density is
given by

10 1
Gmeoc(s11/1)( F) = HGBOC(l,l)( f)+ HGBOC(ﬁ,l)( f)

(5.1)

Service
Signal

Open
Service

Commercial
Service

Public Regulated
Service

E5a OS

E5b IM

E5

E6a

EGB,C

Ela

Elgc
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CBOC is a particular case of the more general Composite
Binary Coded Symbols (CBCS) [3] modulation and can be
expressed as follows:

Cb (t)

5 (cos8:18poc(11)(t) + €OS2880c(61) (1)) +

cp(t
+ Pg( (cos 81 Seoc(11) (1) = €08 B2Sp0c(6) (1)) +

. sin®; + sinf
+ jSpRs(t) (%) + S|M(t)

s(t)=A

(5.2)

S (t) = —jco(t)co(t) sprs(t) (M)

(5.3)

where

@ A is the amplitude of the modulation envelope, which is
the sum of the OS data (D) and pilot (P), PRS and inter-
modulation product IM.A = /2Pt where P+ is the total
power of the multiplexed signal.

® 9, and 6, describe the angular distance of points of the 8-
PSK modulation. This depends on the percentage of
power that is placed on the BOC(6,1) component.

® Ssocq, 1)(t) represents the BOC(1,1) modulation with a
chip rate of 1.023 MHz.

® Ssocs, 1)(t) represents the BOC(6,1) modulation with a
chip rate of 6 x 1.023 MHz.

® sprs(t) is the PRS modulation with a chip rate of 2.5 x
1.023 MHz.

® siv(t) is the IM product signal, which is added to the use-
ful signals above to guarantee that their sum produces a
constant envelope.

@ cp(t) and cp(t) are the data and pilot codes, respectively. It
is important to note that cp(t) accounts for the effect of
the data bits.

The high-frequency BOC(6,1) component is placed on
both the data and pilot components, and both data and pilot
have equal power following a 1:1 data to pilot power ratio.
Moreover, each of the data and pilot streams is spread by a
linear combination of BOC(1,1) and BOC(6,1) spreading
symbols, with coefficients such that 10/11 of the power falls
on BOC(6,1) and 1/11 on BOC(6,1). It is also important in
the definition of CBOC that data and pilot components are
in anti-phase, since the subcarriers add with opposite sign
for the data and the pilot component. This results in a four-
level time domain signal that differs slightly for the CBOC
data and pilot components and consequently also differs
slightly for the autocorrelation functions of data and pilot.
The pilot CBOC signal has indeed a narrower peak and con-
sequently a better tracking and multipath mitigation
performance.
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Another interesting property of CBOC becomes evident if
we rearrange the terms in Eq. (5.2) above and express the
combined signal as a pseudorandom time-multiplexed
alternation of BOC(1,1) and BOC(6,1) chips that are modu-
lated by the non-binary code that results from adding the
data and pilot ranging codes:

+ cp(t
> (1) c0s 61 Sgoc(1,y)(t) +
+ Cp (t) —Cp (t)

2
. sin®; + sinB
+ jSprs(t) (%) + s (t)

Cp (t)

s(t) = A €0s 82 Sgoc(s,1) (1) +

(5.4)
If we carefully look at the expression above, we can
observe the following:

if cp(t) = + 1 and cp(t) = + 1, then cp(t) + cp(t)
=2 and cp(t) — cp(t) =0

if cp(t) = + 1 and cp(t) = — 1, then cp(t) + cp(t)
=0 and cp(t) — cp(t) =2

if cp(t) = — L and cp(t) = + 1, then cp(t) + cp(t) (5.5)
=0andcp(t) —cp(t) = — 2

if cp(t) = — 1and cp(t) = — 1, then cp(t) + cp(t)

= —2and cp(t) —cp(t) =0

Accordingly, whatever the value of cp(t) and cp(t), the
coefficients of sgoc(, 1)(t) and sgocs, 1)(t) will always be
nonzero at different but complementary slots in time. This
proves the time-multiplex nature of this equation since the
BOC(1,1) subcarrier is transmitted at different but comple-
mentary time slots to those of the BOC(6,1) subcarrier.
Another interesting effect from the introduction of the
low-power BOC(6,1) component is that the number of
phase points increases to eight from the original six that
were necessary when only BOC(1,1) was transmitted [3].
For the same reason, the power spent in the IM product sig-
nal s;u(t) is considerably reduced, thus improving the effi-
ciency of the multiplex. It is also important to note that the
quadrature component (the PRS signal) is left unaffected by
this new scheme, except for its relative amplitude.

A detailed description of the public Galileo modulations
is available in the Galileo public Open Service Signal in
Space Interface Control Document [5].

A generic view of the E1 OS signal generation is depicted
in Figure 5.17 [3].

The whole transmitted Galileo E1 signal consists of the
multiplexing of the following three components:

® The E1 OS data component eg;_g(t) is generated from
the I/NAV navigation data stream Dg;_g(t) and the
ranging code Cg;—g(t), which are then modulated with

13/12/2020 10:19:55 AM



the subcarriers scgi1—goc(, 1y(t) and sCei—goce, 1)(t) Of
BOC(1,1) and BOC(6,1), respectively.

® The E1 OS pilot component eg;_c(t) is generated
from the ranging code Cg;—c(t), including its secondary
code, which is then modulated with the subcarriers
SCe1—socq, 1y(t) and sce1—socs, 1y(t) in anti-phase.

® The E1 PRS signal, also denoted as E1-A, which results
from the modulo-two addition (product if we consider
the physical bipolar representation of the signal) of the
PRS data stream Dpgs(t), the PRS code sequence Cpgs(t),
and the subcarrier scprs(t). This subcarrier consists of a
BOC(15,2.5) in cosine phasing.

Figure 5.5 shows the power spectral density of all Galileo
E1 signals.

It is important to note that the E1 band is the notation
used by Galileo to refer to the L1 band of GPS or Bl of
BeiDou.

The E1 OS codes are, as well as the E6 CS codes that we
will see later, also random memory codes. The plain num-
ber of choices to set the 0s and 1s for the whole code family
isenormous, and thus special algorithms have to be applied
to generate random codes efficiently [3, 32, 33]. The codes
can be driven to fulfill special properties such as balance
and weakened balance, where the probability of 0s and
1s must not be identical but within a well-defined range,
or to realize the autocorrelation sidelobe zero (ASZ) prop-
erty. This latter property guarantees that the autocorrela-
tion values of every code correlate to zero with a delayed
version of itself, shifted by one chip.

The technical characteristics of all the Galileo signals in
E1 are summarized in Table 5.6.

In the same manner as the CBOC expression admits many
different interpretations of its nature, it does also offer a wide
range of possible tracking strategies to exploit its intrinsic
properties. Ideal direct CBOC tracking would require

four-level correlators at the receiver with amplitude values

of + (M+ m) and = (M—M) to

be optimum. Some applications, however, do not need to
achieve maximum possible performance of the signal and
could instead, at the cost of a suboptimum implementation,
use a two-bit representation. For low-cost applications,
receivers of limited bandwidth might also consider using
a conventional binary BOC(1,1) de-spreading at the cost
of anegligible 0.4 dB loss (the actual value will be a function
of the selected receiver bandwidth). Other techniques sug-
gest the possibility of combining separate binary correlators
for the BOC(6,1) and BOC(1,1) parts [29-31], demonstrat-
ing the feasibility of efficient and simplified CBOC tracking
architectures.

The Elg c CBOC signal was designed to permit receivers
to explore different tracking strategies depending on the
envisaged complexity and performance. For receivers tar-
geting to minimize the receiver bandwidth, it is expected
that only the BOC(1,1) component of CBOC is processed.
In this case, the minimum necessary receiver (double-
sided) bandwidth to capture the main lobes of BOC(1,1)
would be approximately 4.0 MHz, although narrower band-
width are possible as long as enough power falls within it.
The recommended bandwidth is between approximately
2.0 MHz and 24.552 MHz, and the maximum receiver band-
width is suggested to not be larger than 31 MHz. Interme-
diate values are possible in steps of 2.046 MHz to capture
full secondary lobes.

Another category of receivers processing CBOC is
expected to target the best tracking performance and multi-
path robustness by exploiting the BOC(6,1) component.
These receivers would require a minimum of approxi-
mately 14.3 MHz to capture the BOC(6,1) main lobe.

5.7.4 Galileo E6 Band

As shown in [5], the transmitted Galileo E6 signal consists
of the following three components:

@ E6 CS data component: This modulating signal is the
modulo-two addition of the E6 CS navigation data stream
Dcs(t) with the CS data component code sequence C2(t).
This last one is already modulated by a BPSK(5) at
5.115 MHz.

@ E6 CS pilot component: This modulating signal is the
modulo-two addition of the E6 CS pilot component code
CEs(t) with a BPSK(5) at 5.115 MHz.

@® E6 PRS signal component: It is the modulo-two addition
of the E6 PRS navigation data stream Dpgs(t) with the
PRS code sequence Cpgrs(t) at 5.115 MHz. This signal is
further modulated by a subcarrier of 10.23 MHz in cosine
phasing.
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Table 5.6 Galileo E1 signal technical characteristics

Frequency band
Carrier frequency
Access technique

Multiplexing

Component name E1-A

Service PRS

Spreading modulation BOCc(15,2.5)
Data/pilot Data+PilotTime Mux
Subcarrier rate (MHz) 15.345

Primary code type Encrypted

Primary PRN code duration (ms)

Primary PRN code 2.5575
rate (Mcps)

Primary PRN code length (chips)
Secondary PRN code type

Secondary PRN code rate (cps)

Secondary PRN code length
(chips)

PRN code repetition (ms)
Spectral line spacing (Hz)
Data fraction of power (%)
Data symbol duration (ms)
Data rate (sps)

Data rate (bps)

Interleaver

Error correction

Error detection
Keying
Message G/NAV

Min Power (at 5° el.) (dBW) —157.25
Max power (dBW) —152.00

El

1575.42 MHz

CDMA

Interplex
E1-B E1-C
OS/SAR oS
CBOC(6,1,1/11) CBOC(6,1,1/11)
Data Pilot
1.023 1.023
Memory code Memory code
4 4
1.023 1.023
4092 4092
Memory code Memory code

250
25

4 100
250 10
50
4
250
125
Block 30 x 8
Convolutional codes
r=12,k=17
CRC-24
Binary
I/NAV
30 s subframes, divided into 2 s pages (even + odd
parts).
Each page part:
10 sync + 2 (114 bits+ 6 tail bits)
—160.25 —160.25
—157.00 —157.00

This is graphically shown in Figure 5.18.

Moreover, the spectrum of the different E6 signals is as
shown in Figure 5.19.

The E6 CS codes are also random codes like E10S codes
[32, 33]. The signal characteristics of E6 are summarized in
Table 5.7.

0004815226.3D 126

For the processing of the E6gc signal, a minimum
receiver (double-sided) bandwidth of 10.2 MHz is
required, while the recommended bandwidth ranges
between approximately 10.2 MHz and 20.5 MHz. The max-
imum receiver bandwidth is suggested to not be larger than
41 MHz. Intermediate values are possible in steps of 10.23
MHz to capture full secondary lobes.
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5.7.5 Galileo E5 Band

The different Galileo E5 signal components are generated
according to the following [5]:

@ The Eba data component: This component is the modulo-
two addition of the E5a navigation data stream Dgs,(t)
with the E5a data PRN code sequence C2s, (t) of the chip-
ping rate 10.23 MHz.

® The E5a pilot component: This component is the Eba
pilot PRN code sequence CESa(t) of the chipping rate
10.23 MHz.

@ The E5b data component: This component is the modulo-
two addition of the E5b navigation data stream Dggp(t)
with the E5b data PRN code sequence C2 (t) of the chip-
ping rate 10.23 MHz.

® The E5b pilot component: This component is the E5b
pilot PRN code sequence CE (t) of the chipping rate
10.23 MHz.

The E5 modulation is AItBOC. It is a wideband modified
version of the BOC, transmitted at 1191.795 MHz with a
code rate of 10.23 MHz and a subcarrier frequency of
15.345 MHz.

AItBOC is conceptually similar to the well-known BOC
modulation but with the remarkable advantage that it also
provides high spectral isolation between the two upper
main lobes and the two lower main lobes (considering
the I and Q phases separately). This is accomplished by
using differentiated codes for each of the main lobes. This
interesting property allows keeping the same implementa-
tion principles of a typical BOC receiver while at the same
time allowing the lobes to be differentiated [34]. The Alt-
BOC modulation is generally denoted as AItBOC(m, n)
for simplicity, which is technically equivalent to an Alt-
BOC(fs, f.) with fy=m - 1.023 and f. = n - 1.023.

Conceptually, the AItBOC modulation is inspired by the
idea of using a complex subcarrier to shift the power from
the carrier to higher and lower frequencies so that the
resulting spectrum does not split up and carry the same
information on both main sides. The resulting wideband
complex modulation can be then represented in baseband
as the sum of coherently generated and individually quad-
rature modulated complex upper (E5b) and lower (E5a)
subcarriers. However, as [3] discusses in detail, if no other
additional terms were introduced, the resulting composite
signal would not guarantee a constant envelope in the end.
The technical solution to this problem came from [35-37],
where a new signal term called the Inter Modulation (1M)
product was proposed. This term does not contain any use-
ful navigation information but ensures that the AItBOC
modulation keeps all the phase points of the constellation
diagram within the circle and with a non-constant alloca-
tion of the eight phase states as in a classical 8-PSK modu-
lation, which obviously is an ideally constant envelope [38].
The final selected modified constant envelope AItBOC was
proposed around 2002/2003 in [37]. Applied to the Galileo
particular case of AItBOC in E5 and following the
Galileo ICD notation, the previous expressions simplify
to the following:

(Cg5a * chSa) {Scd(t) —jstq <t— %)} +
T Signal
1 (Cg5b * ch5n) {Scd(t) + j scq <t— f)} +
Saisoc(t) = —=
(i) [t s (- )| +
T IM
(cEsb + chsb) [scp(t) + jscp (t— f)}
(5.6)

where Ts is the period of the AItBOC subcarrier. Moreover,

D _ P D P P~ _ D P D
Ces, = Cgs, CEs, CEs, Ces, = CEs, CEs, CEs,

D _.D P P P _..D D P
Ces, = Ces, Cgs, Ces, Ces, = Ces, Cgs, Cks,
(5.7)
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Table 5.7 Galileo E6 signal technical characteristics

Frequency band

Carrier frequency

Access technique

Multiplexing

E6-A

PRS
BOCc(10,5)

Data+Pilot Time
Mux

10.230 MHz
Encrypted

Component name
Service

Spreading modulation
Data/pilot

Subcarrier rate

Primary code type

Primary PRN code duration (ms)
Primary PRN code rate (Mcps) 2.5575
Primary PRN code length

Secondary PRN code type

Secondary PRN code rate (cps)

Secondary PRN code length (chips)

PRN code repetition (ms)

Spectral line spacing (Hz)

Data fraction of power (%)

Data symbol duration (ms)

Data rate (sps)

Data rate (bps)

Interleaver

Error correction

Error detection
Keying

Message G/NAV

Min power (at 5° el.) (dBW)
Max power (dBW)

—155.25
—152.00

E6

1278.750 MHz

CDMA

Interplex
E6-B E6-C
Cs Cs
BPSK(5) BPSK(5)
Data Pilot
Encrypted Encrypted
1 1
1.023 1.023

1000
100

1 100
1000 10
50
1
1000
500
Block 123 x 8
Convolutional codes
r=1/2, k=7
CRC-24
Binary
C/NAV
15 s subframes divided into 15 pages. Each page made
(1)2 sync + 2 (486 bits + 6 tail bits)
—158.25 —158.25
—155.00 —155.00

and the data and pilot subcarriers can be expressed as
follows:

scq(t) = {\/Tzsign[cos (Zn ft— %)} + %sign[cos (2m fgt)]

+ \/Tgsign[cos (211 fot+ %)] (5.8)
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scp(t) = { - ?sign[cos <2nfst— %)] + %sign[cos (2mft)]

V2 . s

ngn [cos (Zn ft+ Z)} (5.9)

As we can observe, all the IM terms are the result of triple
products of the nominal spreading sequences. Since the IM
power is ultimately wasted power, it is important to note
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also that most of the power of the IM is located around and
beyond the 3f; MHz offset from the E5 carrier, which is far
outside the recommended AItBOC receiver bandwidth.
Moreover, the IM terms are uncorrelated with any single
signal or component of interest and their power within
the receiver bandwidth is much lower than the total noise
power. Thus, the IM can safely be neglected for the purpose
of AItBOC tracking.

Furthermore, while in the original conception the com-
plex subcarrier was composed of a cosine-phased rectangu-
lar signal for the real part and a sine-phased rectangular
signal for the complex part, now both the real and complex
part are a mixture of both sine and cosine delayed and early
rectangular waveforms. The time representation of the data
and pilot AItBOC subcarriers is depicted in Figure 5.20. As
we can recognize, they are discrete multi-level signals with
period T,= (15.345 MHz) .

Figure 5.21 shows the generic generation of the Galileo
E5 signal modulation.

Taking the terms of the previous lines, one can show that
the power spectral density for the constant envelope Alt-
BOC modulation is as follows:

af, cosz(rf[—fc)

f
24[0052<n—)
nf cosQ("f) 2f;

ct’odd,a: f—
GAItBOC f) -

2,

— CoS E —2c0s 1 cos 1 +2
2f, 2f, 4f,
(5.10)

This expression actually corresponds to the odd variant of
AltBOC, where (2fs/f;) is odd in the case of Galileo’s
AItBOC(15,10) constant envelope modulation. The result-
ing spectrum of the E5 signal modulation is shown in
Figure 5.22.

As shown in the figure above, the spectrum of the
AItBOC(15,10) modulation is very similar to that of two
QPSK(10) signals shifted by 15 MHz to the left and right
of the carrier frequency. Indeed, since to acquire all the
main lobes of the modulation a very wide bandwidth is nec-
essary, many receivers are expected to correlate the AItBOC
signal with two shifted QPSK(10) replicas, allowing acqui-
sition and tracking of each of the data and pilot of both E5a
and E5b individually, with a minimum receiver (double-
sided) bandwidth of approximately 20.5 MHz and centred
on the E5a and/or E5b carriers. Larger bandwidths are pos-
sible, but values beyond approximately 41 MHz — which
corresponds to the main lobe plus the secondary lobe at
each side — will not bring significant improvements. Fur-
thermore, intermediate values for receiver bandwidth
should capture full main and secondary lobes.

For the full processing of the whole AItBOC signal, a min-
imum receiver (double-sided) bandwidth of 51.2 MHz and
centred at 1191.795 MHz is recommended. For bandwidths
beyond this value, the benefits do not seem to compensate
for the increased complexity and power consumption. Also,
it is important to recall that E5a and E5b are generated fully
coherently within AItBOC.

Other tracking concepts have been proposed for wide-
band AItBOC processing, and all basically require AItBOC
replica generation. To mention one that is considered as a
benchmarking baseline, [6] suggests the possibility of gen-
erating the replica using a lookup table and accounts for
aspects of receiver implementation. Nevertheless, new con-
cepts are expected to be proposed in the coming years as the
use of Galileo becomes more widespread.

The E5 primary codes can be generated with shift regis-
ters. Indeed, the outputs of two parallel registers are
modulo-two added to generate the primary codes. For more



details on the start values of the primary codes and the cor-
responding secondary codes of each satellite, refer to [5].
Finally, some details on the technical characteristics of
the E5 signal are presented in Table 5.8.

One final remark to make on the AItBOC signal is that
while Galileo transmits content in the navigation message
for E5a and E5b individually, it does not provide a dedi-
cated message for the whole AItBOC signal (composed of
both E5a and E5b). This is relevant for the clock correction
of the E5 carrier if the whole E5 band is exploited, since the
clock correction values transmitted in the navigation mes-
sage are optimized for the dual-frequency reception of E1
and E5a (F/NAV message) and for the dual-frequency
reception of E1 and E5b (I/NAV message). As a good
approximation, the average of the I/NAV and the F/NAV
clock corrections could be used instead. In addition, for
the sole reception of the E5 signal, the I/NAV and F/
NAV Bias Group Delays (BGDs) would be necessary too.

5.7.6 Galileo Spreading Codes and Sequences

Every Galileo signal component is spread with unique
sequences called pseudorandom noise (PRN) codes that
are specific to every satellite. As a general rule:

® The length of the spreading sequences for the Galileo
data components was selected so as to exactly fit within
one symbol of the data component. However, if the
resulting length was larger than 10,230 chips, a two-
tiered code structure was chosen. The tiered code is based
on the construction of a primary spreading sequence

overlaid with a slower secondary code. The primary
code length was the result of many trade-offs, but
essentially the selected length of 10,230 chips is a
good compromise between the correlation properties of
families in that length range and reasonable complexity
during acquisition.

@ The spreading sequences of the Galileo pilot component
are also based on the two-tiered construction. In this
case, the length of the primary code is equal to that of
its associated data component while the length of the sec-
ondary code is chosen so as to produce a non-repetitive
pilot spreading (tiered-code) sequence of 100 ms in total.
This pilot code period was selected to allow receivers to
resolve the code phase relative to the GST within an ini-
tial uncertainty of 100 ms, which is approximately the
delay between any visible satellite of the nominal Galileo
constellation and a terrestrial user and more than four
times the difference between the propagation delays of
that same satellite to the closest and the farthest user
on Earth. Thus, the selected Galileo codes allow users
on the surface of Earth to derive time-free position solu-
tions using only code phase measurements, provided the
receiver already had the ephemeris and clock correction
available in memory.

The effect of modulating the spreading waveforms of data
and pilot components with the PRN sequences that result
from the two-tiered code construction mechanism is simi-
lar to that of modulating with pseudodata. In this case, the
secondary code plays the role of the a priori known symbol
modulation and is clocked to have a duration equal to the
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Table 5.8 Galileo E5 signal technical characteristics

5.7 Galileo Signal Plan

Frequency band E5
Carrier frequency 1191.795 MHz
Access technique CDMA
Multiplexing AltBOC
Component name Eb5a-I E5a-Q E5b-I E5b-Q
Service 0os 0os oS 0s
Spreading modulation BPSK(10) BPSK BPSK(10) BPSK(10)
(10)
Data/pilot Data Pilot Data Pilot
Subcarrier rate
Primary code type Memory code Memory  Memory code Memory
code code
Primary PRN code duration (ms) 1 1 1 1
Primary PRN code rate (Mcps) 10.23 10.23 10.23 10.23
Primary PRN code length (chips) 10,230 10,230 10,230 10,230
Secondary PRN code type Memory code Memory  Memory code Memory
code code
Secondary PRN code rate (cps) 1000 1000 250 1000
Secondary PRN code length (chips) 20 100 4 100
PRN Code repetition (ms) 20 100 4 100
Spectral line spacing (Hz) 50 10 250 10
Data fraction of power (%) 50 50
Data symbol duration (ms) 20 4
Data rate (sps) 50 250
Data rate (bps) 25 125
Interleaver Block 61 x 8 Block 30 x 8
Error correction Convolutional codes Convolutional codes
r=12,k=7 r=12,k=7
Error detection CRC-24 CRC-24
Keying Binary Binary
Message F/NAV I/NAV
50 s subframes 30 s subframes, divided into 2 s
Divided into 10 s pages. pages (even + odd parts).
Each page made of Each page part:
12 sync + 2 (238 bits + 6 10 sync + 2 (114 bits+ 6 tail bits)
tail bits)
Min. power (at 5° el.) (dBW) —158.25 —158.25 —158.25 —158.25
Max. power (dBW) —153.00 —153.00 —153.00 —153.00

period of the primary code to which it is modulo-2 added.
Figure 5.23 illustrates the principle. Receiver designers
intending to extend the coherent integration time beyond
the duration of one primary code length will need to bear
this in mind in order to account for the behavior of the sec-
ondary code during the acquisition process, conducting
appropriate hypothesis tests to identify the correct second-
ary code phase. The retained Galileo primary spreading

sequences were the result of a long optimization process
in the Phase CO of Galileo, around 2003 [39].

Different candidate primary code families were analyzed
or traded off in terms of their autocorrelation and cross-
correlation properties, receiver performance during acqui-
sition and tracking, and robustness against interfering nar-
rowband signals. The same optimization efforts were
invested on the secondary codes. In this case, however,
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the driving figure of merit was to achieve low autocorrela-
tion sidelobes.

Further details on the Galileo primary and secondary
spreading codes can be found in the OS SIS ICD [5].

5.7.7 Galileo Forward Error Coding (FEC) and
Block Interleaving

In order to provide robust transmission of the data message,
Galileo uses Viterbi Forward Error Correcting Coding of
rate 1/2 and constraint length 7. The encoder polynomials
are identical to those of the GPS L5 CNAYV data encoder, but
Galileo data components apply in addition an inversion to
the output of the G2 polynomial. This ensures that contin-
uous zero inputs do not create a constant symbol output
(Figure 5.24). Encoding is applied to full or half pages of
the navigation message, and all data blocks are treated
independently without overlaps with earlier or later blocks.
In the next step, a list of predefined tails is applied to pro-
vide FEC protection for the complete information content
of each navigation page.

Finally, interleaving is applied on blocks of eight rows
and the number of columns that corresponds to the page
size in symbols, as detailed in [5]. This allows the FEC
decoder to correct burst errors up to a distance of at least
eight symbols.

In the near future, Galileo plans to introduce additional
FEC capabilities based on Reed Solomon (RS) codes for
some parts of its navigation message. The additional FEC
is expected to enhance the time reception and sensitivity
performance.

5.7.8 Galileo Data Message

Galileo provides users with three different types of public
navigation messages through the Galileo navigation
signals:

® I/NAV Type: This message type is a legacy of the old
Integrity NAVigation message and provides a low latency
and high data rate with a short page length navigation
message. It carries navigation information on Elg and
E5b-1 as well as content for the SAR service in E1g only.

® F/NAV Type: This message type provides a low-data-rate
Free NAVigation message and is transmitted on the E5a-I
component. It carries navigation content.

® C/NAV Type: This message type provides a low-latency
and near-real-time Commercial NAVigation message
and is transmitted on the E6g component.

The content of the navigation message can be roughly
divided into pure navigation content (time of transmission,
clock correction, ephemeris, etc.), which is mostly repeti-
tive, and other non-repetitive low-latency message
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elements. All these low-latency data components, regard-
less of their type, are provided by satellites that are directly
in contact with the Galileo ground segment, and the data
content can vary from one satellite to another.

The OS SIS ICD [5], its annexes, and all its associated sup-
port documents provide all the details on the three types of
messages above. This section will thus focus on the aspects
that are relevant for receiver manufacturers and users, stres-
sing the differences from other systems and its specificities.

5.7.8.1 Relevant Aspects of I/NAV Message

The I/NAV message provides users with navigation content
to support users in PVT determination. Apart from other
details that are less relevant for the present discussion,
the I/NAV fields contain the following information:

@ GST through a WN and Time of Week (TOW)

® Ephemeris and clock correction for the transmitting
satellite

@ lonosphere model parameters and bias group delay for
single-frequency users

@ Data validity and signal health flags

® Almanac and other supplementary information

The definitions used by Galileo for the representation of
ephemeris, clock corrections, GST-UTC, almanacs, and
usage algorithms are based on GPS legacy formats but filled
up with Galileo content. For the ionosphere correction
message, however, Galileo uses an adapted version of the
NeQuick model. Details on the performance can be found
in Section 5.8.

In addition to the navigation content, the I/NAV message
does also include in Elg a return link channel to support
the SAR service [25]. This channel is near real time and pro-
vides Galileo-equipped SAR beacons with a short acknowl-
edgment that the distress signal was correctly received. The
I/NAV channel does also contain other low-latency channels.

A particular feature of the I/NAV message is that it is
defined to be flexible to modify the nominal order of the
pages and also has the capability to replace nominal trans-
missions by low-latency short message pages which, in the
extreme case, might only be transmitted a single time. This
capability is on a per-second basis [5], and receivers are
required to be designed for these events.

The I/NAV message is structured in pages, which repre-
sent the smallest unit of interpretable data. A full I/NAV
page itself consists of two consecutive data blocks of 1 s
duration each known as the “odd” and “even” words. Every
word starts with the I/NAV synchronization symbols fol-
lowed by a block-encoded data field. A full I/NAV page thus
requires 2 s to be transmitted and provides an effective
capacity of 245 bits, excluding synchronization and tail
symbols.

5.7 Galileo Signal Plan

5.7.8.2 Relevant Aspects of F/NAV Message

The F/NAV message is compatible with the I/NAV message
and provides users with the same navigation content listed
in the previous section in order to support the PVT determi-
nation. However, certain parameters such as the clock cor-
rection are specific for every message type, and thus can be
potentially different. Having said this, it is expected that the
F/NAV and I/NAV clock corrections will be very similar in
most occasions, but this is not guaranteed in the most gen-
eral case. This is the consequence of the multi-frequency
nature of Galileo and the fact that the I/NAV and F/
NAV messages are optimized for different pairs of frequen-
cies: while the I/NAV message, especially its clock correc-
tion, is estimated based on the frequency pair formed by
E1B and E5b, the F/NAV parameters are optimized based
on the reception of E1B and E5a. Consequently, the ephem-
eris and clock corrections transmitted by F/NAV and 1/
NAV are, strictly speaking, only valid for those receivers
tracking the respective frequency pairs. For the case of sin-
gle-frequency receivers in particular, the bias group delay
correction of the respective message type also needs to be
applied to correct the clock and ephemeris parameters.
Figure 5.25 illustrates the principle.

Similar to the I/NAV message, the F/NAV message
streams are also structured in pages. Every F/NAV page
contains a predefined sequence of synchronization symbols
followed by the rate-1/2 convolutional-encoded and CRC-
protected block of information. It lasts 10 s and provides
238 bits of effective information, excluding synchronization
and tail symbols.

5.7.8.3 Relevant Aspects of C/NAV Message
At the time of this writing, C/NAV applications are under
development, and no content has yet been published.
Moreover, neither the C/NAV message nor the I/NAV or
F/NAV message types yet support PVT using E6 measure-
ments or triple-carrier measurements. This type of content
could be envisaged to be provided in the C/NAV message or
through external sources and communication channels.
The C/NAV data stream is also structured in pages, and
similar to the F/NAV, each C/NAV page consists of prede-
fined synchronization sequence of symbols followed by the
rate-1/2 convolutional-encoded and CRC-protected block
of information.

5.7.8.4 Data Message Planning and Uplink

Data message planning targets the objective of disseminat-
ing the PVT information from each satellite within a well-
defined interval of time while other information contents of
less relevance for the PVT determination and with longer
validity, such as, for example, the almanac, are transmitted
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within longer intervals of time. Figure 5.26 illustrates the
concept for F/NAV.

The current version of the OS SIS ICD [5] provides mes-
sage timelines and structures for the message types
addressed above. However, they are only for information
and with a number of caveats so as to allow room for pos-
sible changes and evolutions in the future. Receivers are
explicitly reminded in the OS SIS ICD that flexibility needs
to be inherent in any Galileo receiver.

It is expected that new features will be gradually intro-
duced as the system matures and the acceptance of Galileo
increases. These new features could target improvements
and/or extensions of the navigation message, making use
of the existing degrees of freedom and of the spare room
available for, as an example, introducing new page types.
Such a change would not impact the PVT quality of the leg-
acy data content, but it would require legacy receivers to
properly deal with page types not known to them yet. In



0004815226.3D 135

a similar way, new data content could be defined outside
the currently defined ranges by making use of the existing
spare space in identifier value ranges.

Another example of flexibility can be directly extracted
from the OS SIS ICD [5], where the nominal sequence of
pages is described, but it is explicitly indicated that there
is no guarantee that the same order will remain in the
future. This implies that the current sequence of pages
may vary in the future for all active satellites and that,
instead of assuming a frozen and static order, receiver
designers will need to identify the received pages by their
actual page identifier. Another of the far-reaching conse-
quences of this built-in flexibility is that the relative timing
between I/NAV pages in E1B and in E5b may change
one day.

Galileo provides a high level of flexibility in the design of
its message but this flexibility is not unlimited, in order to
ensure backward compatibility for legacy receivers in the
future. Certain features such as the modulation up to sym-
bol level or the definition of existing pages will remain unal-
tered. Equally unquestionable is the fact that existing
message content will continue to be provided even if new
capabilities are introduced. As one can expect, the trade-
off between reserving enough headroom for potential and
surely unknown future needs and optimizing a system
for the well-known needs is anything but easy, and the dis-
cussion will remain in future generations of Galileo.

So far, we have addressed the planning of the message
and discussed the specificities and flexibility of the Galileo
design. The next step is the generation of the message, its
uplink, and dissemination to the users.

The navigation message information is continuously gen-
erated every 10 min by the Orbitography and Synchroniza-
tion Processing Facility (OSPF), its validity being a
maximum of 100 min. In order to reduce the parameteriza-
tion and quantization errors, the navigation message is gen-
erated in sets of eight batches with a different Issue of Data
(IOD) value for each batch. The latest available sets of
batches are always uploaded by the mission ULSs and
stored on board the satellite as soon as the contact is estab-
lished. Thus, during the time when a satellite has a contin-
uous link with the ground segment, the message
information broadcasted by this satellite will also be
updated approximately every 10 minutes, and the user will
receive the latest and most up-to-date navigation informa-
tion. If the connection with the mission uplink is not pos-
sible for whatever reason and until the next contact occurs,
the satellite transmits the set of batches that were previ-
ously uploaded on board and broadcasts each message
batch one after the other until the very last one is sent.
At that point, if no contact was yet possible, the last batch
will be continuously transmitted regardless of its age. It is

5.8 Galileo lonospheric Model

important, however, to stress that the mission uplinks are
scheduled such as to ensure that the on-board message is
not older than 100 min, which allows the system to operate
on a RAFS —and thus less demanding — configuration. Hav-
ing said this, if the ground segment changes the PHM to
become the master clock on board the satellite, the time
between uplinks could be extended beyond this time.

Usually, only the first four out of the eight generated
batches are uploaded during the contact with the mission
uplink station. However, the TTC stations are also able to
upload the navigation messages if required, and then dis-
tribute all the generated eight batches during that contact,
which allows the satellite to operate longer on stored
batches.

5.8 Galileo lonospheric Model

The Galileo single-frequency correction algorithm [41] is
based on the three-dimensional representation of the iono-
sphere. Compared to other thin-layer models, the iono-
spheric group delay is obtained through the integration
of the electron density along the path between satellite
and receiver. The background electron density model used
is the NeQuick G, which is an adaptation of the original
ITU-R NeQuick ionospheric electron density model [42,
43]. It is based on an empirical climatological representa-
tion of the ionosphere, which generates the electron density
from empirically derived analytical profiles and depending
on the input values: solar parameter (e.g. solar radio flux at
10.7 cm (F10.7), sun spot number, etc.), month, geographic
latitude and longitude, height, and time. The adaptation for
Galileo (NeQuick G) is driven by an effective ionization
level Az (a solar-related parameter), calculated with three
broadcast ionospheric coefficients ai0, ail, and ai2. The
three coefficients are used in a second-degree polynomial
as a function of the modified dip latitude (MODIP) of the
receiver, in order to determine Az.

The performance of the NeQuick G Model is regularly
evaluated [44]. The global daily RMS ionospheric residual
error (meters of L1) after correction with Galileo NeQuick
G (red) and GPS ICA (blue) from April 2013 until December
2017 is presented in Figure 5.27. The achieved residual
error as measured is already reaching expectations for
the full operational constellation of Galileo.

Similar to other GNSS, the Galileo clock corrections
are generated for dual-frequency users, and single-
frequency users will need to use the Broadcast Group
Delay BGD(fy, f;) provided through the Galileo navigation
message as additional correction. BGD(fy, f5) is defined as
follows:
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TR — TR,
1_( fl/f2)2

where f; and f, are the carrier frequencies of the involved
Galileo signals “1” and “2,” while TR; — TR, is the delay
difference of the signals as contributed by the satellite pay-
load. This formulation allows for easy translation of the
dual-frequency clock correction information from the nav-
igation message when using only a single-frequency
receiver [5]. BGD accuracy was characterized, for example,
during the 10V campaign, and was found as expected
around 30 cm. It is noted that BGD does not distinguish
between pilot and data components. The ground segment
measures BGD on the pilot components of the associated
dual-frequency combination. The data components are
nearly identical to their pilot counterparts, in spectrum
and modulation, and the method of signal generation on
board ensures that tracking offsets between a data compo-
nent and its pilot counterpart remain within a few centi-
meters, an order of magnitude smaller than the BGD
accuracy.

BGD( f,, f,) = (5.11)

5.9 Galileo Navigation Performance

The navigation performance in general and that of Galileo
in particular is intimately related to the ranging perfor-
mance, and mainly driven by three main sources of
degradation:

@ Error contributions from the Galileo system itself, mainly
due to the inaccurate modeling of the reference system
data provided in the ephemeris and clock corrections
of the navigation message for the estimation at the user
level of orbits, time synchronization, and broadcast
group delays between carrier frequencies (this one only
relevant for single-frequency users)

® Environmenterrors, mainly driven by the contribution of
the ionosphere in first place and then the troposphere

@ User receiver errors caused by local interference, multi-
path, and receiver thermal noise

All of these errors are captured under the so-called User
Equivalent Ranging Error (UERE) budget, discussed in
Chapter 2, Section 2.8, which accounts for the most impor-
tant sources of error as a function of the satellite elevation.

Indicative RMS values for the Galileo UERE contribu-
tions are presented in Table 5.9. These are the error contri-
butions expected to be achieved for the Galileo OS in
nominal operations. The values correspond to the case that
the satellites are received at medium elevations around 45°
and at the maximum operational Age Of Data (AOD). The
AOD corresponds to the difference between the moment at
which the navigation message was generated by the GMS
and the maximum valid prediction interval of the clock
and orbit estimation (100 min). Thus, the ranging perfor-
mance at the AOD will be mainly determined by the devi-
ation of the ODTS estimation from the actual clock and
orbit parameters, which are the most critical contents of
the navigation message from the ranging performance
point of view.
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Table 5.9 Typical range of elevation-dependent error sources

5.10 Building the Future: Galileo Evolutions

UERE budget [m]

Single-frequency user

Dual-frequency user

Signal in space ranging error (SISE)
Residual ionosphere error

Residual troposphere error

Thermal noise, interference, multipath
Multipath bias error

Satellite BGD error

Code-carrier ionospheric divergence error
Total (1-sigma error)

0.67
6 (5°)-3 (90°)

1.35 (5°)-0.14 (90°)
0.35 (5°)-0.23 (90°)
0.59

0.30

0.30

6.26 (5°)-3.10 (90°)

0.67
0.08 (5°)-0.03 (90°)
1.35 (5°)-0.14 (90°)
0.46 (5°)-0.13 (90°)
0.19

0.0

0.0

1.59 (5°)-0.72 (90°)

Note: The two typical error budgets are based on different environmental assumptions and dynamics that explain the different values in the

tables [45].

Source: European GNSS (Galileo) Initial Services—Open Service—Service Definition Document, European Commission, Issue 1.0, December 2016.

Note that the actual positioning accuracy is derived from
the total UERE for a specific user and its environment, once
the reception geometry is accounted for through, for exam-
ple, the Dilution of Precision (DOP).

For the OS dual-frequency (E1/E5) user, the required
ranging accuracy amounts to approximately 130 cm. This
value is indeed the threshold figure used to determine
the expected availability of the service accuracy.
Figures 5.28a and 5.28b depict the expected performance
for an OS dual-frequency Galileo-only user in the vertical
and horizontal position domain with 99.5% availability
worldwide. The results are based on extensive simulations.

The OS ranging error of the Galileo satellites is monitored
regularly at different locations. The ranging error describes
the performance of the system per signal, and does not
account for the geometry of the user with respect to the con-
stellation. Figure 5.29 shows the actual average (user loca-
tion) measured ranging errors for the Galileo operational
satellites between June and August 2017. As we can recog-
nize, the measured error budgets are well within the
expected performance. For the interpretation of the satellite
number (Exx) in the caption and the translation into
GSATxx notation, refer to Figure 5.14.

One of the most important system contributions to the
ranging error is the SISE, which accounts for the clock
and orbit errors as seen in the user direction. Given
the importance of the on-board clock system on the SISE
performance, the quality of the clock and orbit estima-
tions is validated systematically. A particularly valuable
moment to perform such measurements is during the
10T following each satellite launch. During these peri-
ods, all clocks on board are operated at least for some
time and tested so as to gather statistics on the perfor-
mance of all of them.

Itis worth recalling the improvement in the ranging error
along the deployment of Galileo. During 10V, when only
four satellites were available and the ground segment
was limited to a subset of sensor stations, the achieved SISE
was around 1.3 m 67%. In 2014, the SISE performance
improved to approximately 1.0 m 67%, while in 2015, fol-
lowing the update of the ground segment, a typical SISE
of 0.69 m 67% could be reached.

To complement the picture on the actual performance of
Galileo, Figure 5.30 shows results of the measured position-
ing accuracy obtained in Torino in October 2017. The posi-
tion fixes were achieved through a dual-frequency E1b-E5a
receiver. The measured horizontal accuracy shown in this
example is well within expectations, exhibiting here less
than 5 m 95% (dotted light gray line in Figure 5.30). These
position results include the effect of DOP, and thus the
actual nominal performance will improve as soon as Gali-
leo becomes fully operational.

Public quarterly reports on performance are available
under the Galileo Service Centre website [46].

5.10 Building the Future: Galileo
Evolutions

While the Galileo First Generation approaches its FOC,
Europe is already paving the way for its modernization.
The first work on Galileo’s future started around 2007
under ESA’s EGEP, and between 2013 and 2017 Galileo
conducted phase A activities in the frame of Galileo next
generation.

Since early 2016, these R&D and preparatory activities
have progressively transitioned into the EU Horizon 2020
Framework Programme for Research and Innovation in
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Satellite Navigation in accordance with the Delegation
Agreement between the EC and the ESA.

In 2014, the EC drew the first Galileo Evolutions lines at
mission level and put them together in the so-called Euro-
pean GNSS Mission Evolution Roadmap (EGMER). This
document dealt with the evolution of the GNSS Mission
beyond GALILEO FOC, and it also addressed the evolution
of EGNOS toward its version V3.

Later in 2016, EGMER evolved into the Evolutions High
Level Document (eHLD). It identifies the preliminary
objectives and performance requirements that Galileo tar-
gets to fulfill around the horizon of 2030-2040, and
addresses both unclassified and classified aspects.

The eHLD condenses at mission level the user evolution
needs gathered by the EC and the European GSA and the
system architectures and technical analyses performed by
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Figure 5.31 GNSS evolutions R&D examples.

ESA in the previous years, leading to the identification of
several increasingly demanding evolution scenarios.

These scenarios were the outcome of a cycle of discus-
sions between the EC and the Member States of the Euro-
pean Union, in the frame of the so-called Working Group
EGNSS Evolution (WGEE).

Three mission evolution scenarios were consolidated
between end 2016 and early 2017 in the frame of the Phase
A Activities that lead to the System PRR, and will be further
studied in a Phase B0/B1 that will later to the System
Requirements Review (SRR). After this, and based on the
feedback at mission and system level, the final evolution
scenario will be selected (Figure 5.31).
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6.1 Introduction

The BeiDou Navigation Satellite System (BDS) is China’s
space-based navigation system, designed to be compatible
and interoperable with other global navigation satellite
systems (GNSSs) [1-3]. The name “BeiDou” (“ 7 in
Chinese) means the Big Dipper, an asterism consisting of
seven bright stars in the constellation Ursa Major. As one
of the most familiar celestial objects in the northern sky,
it served as a useful navigation tool in ancient China and
was, therefore, selected to be the name of the Chinese sat-
ellite navigation system [4, 5].

Similar to other GNSSs, BDS comprises three segments:
the space segment, the ground segment, and the user seg-
ment. The space segment is a hybrid constellation consist-
ing of geostationary Earth orbit (GEO) satellites, inclined
geosynchronous orbit (IGSO) satellites, and medium Earth
orbit (MEO) satellites. The ground segment is a distributed
ground control network consisting of one master control
station (MSC), several time synchronization stations and
uploading stations, as well as many monitoring stations.
The user segment includes all BDS user terminals. Because
of this unique hybrid constellation structure, BDS is a mul-
tifunction system that integrates many services. It not only
provides basic radio navigation satellite services (RNSSs),
namely, users’ position, velocity, and time (PVT) services,
as do other GNSSs, but BDS also provides radio deter-
mination satellite services (RDSSs), satellite-based aug-
mentation services (SBASs), and search and rescue (SAR)
services [6, 7]. The hybrid constellation and multifunction-
ality are the main differentiation characteristics of BDS
from other GNSSs.

China’s BDS program began in the 1990s. In order to
overcome various difficulties such as limited funds, insuffi-
cient technological resources, and lack of construction
and management experience in large-scale space-based

information systems, China formulated the following
three-step development plan for BDS [2, 3]:

Step 1: Start the development of the BDS Experimental Sys-
tem (BDS I, also known as BD-1 in earlier times) in 1994
to achieve regional active positioning PNT capability
by 2000.

Step 2: Start the development of the BDS Regional System
(BDS 11, also known as BD-2 in earlier times) in 2004 to
achieve regional passive PNT service capability by 2012.

Step 3: Steadily push forward the development of the BDS
and start the development of the BDS Global System
(BDS 111) in 2013 to achieve global passive PNT service
capability by approximately 2020.

The three-step development plan of BDS is illustrated in
Figure 6.1 [5, 7].

After more than two decades of steady progress, China
has completed the first two steps of the development plan.
BDS | was established in 2000 as the first generation of
China’s navigation satellite system. With three satellites
(2+1 GEO), BDS | adopted a two-way active ranging
scheme to provide RDSSs for China and surrounding areas.
Since then, China has been operating its own independent
navigation satellite system and developed its own satellite
navigation industry [2, 6, 7]. After more than a decade of
continuous operation, BDS | terminated its services at the
end of 2012.

The second generation of China’s navigation satellite sys-
tem, BDS 11, with a space segment of 14 operational satel-
lites (5 GEO+5 IGSO+4 MEO), was established and began
to provide services for the Asia-Pacific region at the end of
2012. In addition to providing RNSS services, BDS 11 also
inherited the RDSS services from its predecessor, BDS 1.
The completion of BDS 11 greatly expanded the applications
of satellite navigation in China and further promoted the
development of its satellite navigation industry [2, 6, 7].

Position, Navigation, and Timing Technologies in the 21st Century: Integrated Satellite Navigation, Sensor Systems, and Civil Applications, Volume 1,
First Edition. Edited by Y. T. Jade Morton, Frank van Diggelen, James J. Spilker Jr., and Bradford W. Parkinson.
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After the completion of BDS Il deployment, China imme-
diately started developing BDS 111 in 2013. The BeiDou Nav-
igation Satellite System Signal in Space Interface Control
Document Open Service Signals B1C, B2a (Beta) was
released on 5 September 2017 [8]. The first two BDS IlI
satellites were launched on 5 November 2017. It is expected
that BDS 111 will complete its deployment and provide
global services by approximately 2020 [6, 7]. The unique
and successful GNSS development path “from regional to
global and from active to passive” implemented by the Chi-
nese offers a different approach from Global Positioning
System (GPS), GLONASS, and Galileo [3].

This chapter provides a comprehensive and in-depth
introduction to BDS. Section 6.2 outlines the evolution of
BDS. Section 6.3 introduces the geodesy and time systems
employed by BDS. Sections 6.4 and 6.5 describe BDS
I and BDS II, respectively. Section 6.6 presents the latest
progress of the emerging BDS I11. Finally, Section 6.7 offers
a brief summary of BDS.

6.2 BDS Evolution

6.2.1 The Beginning

Research in China for a satellite navigation system can be
traced back to the late 1960s [5, 9]. In January 1969, an
exploratory project named 691 was established as a Doppler
navigation system analogous to Transit. This effort lasted
for about 10 years [9]. In the late 1970s, China continued
to search for a suitable solution to provide regional or global
services for China. Several regional satellite navigation sys-
tems with single satellite, twin satellites, and three to five

satellites were considered. GNSSs with more satellites were
also proposed. None of those ideas or proposals, however,
materialized.

In 1983, Mr. Fangyun Chen from the Chinese Academy
of Sciences proposed the idea of a regional positioning and
communication system with two GEO satellites, called the
Dual-Star Positioning System. At that time, GPS had
already achieved great success. However, the Dual-Star sys-
tem using only two satellites was more attractive to China
because it was relatively simple, low cost, and had the capa-
bility of both positioning and communication. In 1986, the
Dual-Star Positioning System project received support from
the Chinese government. In 1987, Chen et al. published a
paper in which the system architecture, operating princi-
ples and mechanisms, and the expected performance of
the Dual-Star Positioning System were discussed in detail
[10]. In 1989, preliminary demonstration and verification
experiments were carried out by using two on-orbit com-
munication satellites. These experiments successfully vali-
dated the technical feasibility of the Dual-Star Positioning
System [11].

After eight years of research, demonstration, and verifi-
cation, China started developing the complete Dual-Star
Positioning System in 1994. This system was officially
named BeiDou One, or BD-1 for short. In October and
December 2000, two GEO satellites, BD-1 01 and BD-1
02, were successfully launched into geosynchronous orbit
from the Xichang Satellite Launch Center. Shortly after-
ward, BD-1 was declared to have initial operational capabil-
ity. In May 2003, a third GEO satellite, BD-1 03, was
launched as a spare for the previous two. In December
2003, BD-1 was declared to have full operational capability.
At the same time, a large number of different types of BD-1
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terminal products had been successfully developed. After
the United States and Russia, China became the third coun-
try to own an independently developed satellite navigation
system.

BD-1 adopted a two-way active ranging scheme with two
GEO satellites to provide two-dimensional (2D) position,
timing, and short message communication services, known
as RDSS. Two signals, one outbound in the S band and one
inbound in the L band, are employed for two-way active
ranging and message transmission in this system [3, 5,
11]. Since 2003, BD-1 has been applied in a large variety
of applications, including mapping, telecommunication,
water conservancy, marine fisheries, transportation, forest
fire prevention, disaster mitigation and relief, public safety,
etc. BD-1 played a critical role in the 2008 Wenchuan earth-
quake rescue effort and in support of the 2008 Beijing
Olympics [1].

Short message communication service is a unique advan-
tage and the most successful application of BD-1. However,
BD-1 also has notable disadvantages due to constraints in
its technical design and system scale. It only provides a
small service coverage area with limited user capacity,
low 2-D positioning accuracy, inability to provide velocity
measurement, etc. In addition, BD-1 user terminals must
include a transmitter, leading to limitations in size, weight,
power consumption, and cost [1].

Overall, BD-1 was a successful, practical, and economical
navigation satellite system that provided regional PNT for
China. Even after BD-1 was decommissioned in December
2012, the RDSS continues to be provided by the new-
generation BDS.

6.2.2 From Active to Passive

After completing the deployment of BD-1, China started
the second step of the BDS development plan in 2004.
The goal was to build a regional navigation satellite system
with the capability of continuous, real-time, passive three-
dimensional (3D) PVT services for the Asia-Pacific region
[2, 4]. This system at the time was named BeiDou Two,
or BD-2 for short.

In April 2007, the first BD-2 MEO satellite was success-
fully launched. Meanwhile, many technical experiments
involving domestically produced space-borne atomic
clocks, precise orbit determination and time synchroniza-
tion, signal transmission schemes, etc., were conducted.
In April 2009 and August 2010, the first BD-2 GEO satellite
and the first BD-2 IGSO satellite were launched respec-
tively. With these satellites in different orbits, more critical
technologies relating to GEO and IGSO satellite operations
were validated. By April 2011, a preliminary constellation
with three GEO and three 1GSO satellites was built. With

6.2 BDS Evolution

the release of the BD-2 interface control document (test ver-
sion in Chinese) in December 2011, BD-2 began its trial
operation. After more satellites were successively launched,
the construction of the BD-2 space segment with five GEO
satellites, five IGSO satellites, and four MEO satellites, was
completed in 2012. During the deployment of the BD-2
space segment, the BD-2 ground control segment and var-
ious BD-2 and BD-2/GNSS-compatible terminals were also
developed.

Similar to GPS, GLONASS, and Galileo, BD-2 uses one-
way passive ranging (passive trilateration) to determine a
user’s position. This system transmits six navigation signals
at three frequencies (B1, B2, and B3) in the L band to provide
continuous, real-time RNSS [12]. With 14 operational satel-
lites in orbit, users can track at least 4 BD-2 satellites any-
where, anytime in the Asia-Pacific region. The position
and time performance of BD-2 in its coverage area is compat-
ible with that of other GNSSs. In addition to providing RNSS,
the new systemalso provides RDSS via its GEO satellites [13].

In December 2012, the China Satellite Navigation Office
(CSNO) formally declared that BD-2 had begun to provide
PNT services for China and most of the Asia-Pacific region.
The official English name of BD-2, the BeiDou Navigation
Satellite System, or BDS for short, was also announced. An
interface control document was also released [7]. The three-
step development plan mentioned above was also officially
announced at that time.

In December 2013, at a press conference held on the one-
year anniversary of the BDS full operation declaration,
CSNO announced that BDS performance fully met its
design specifications based on signal monitoring and
assessment over the Asia-Pacific region. Two additional
documents, BeiDou Navigation Satellite System Signal in
Space Interface Control Document Open Service Signal
(Version 2.0) and BeiDou Navigation Satellite System Open
Service Performance Standard (Version 1.0), were also pub-
lished [13].

It is noteworthy that during the five-year period since
BDS 11 became operational in 2012, CSNO has only released
one ICD for its two open service signals B1l and B2l. The
latest BDS 11 ICD for the two open service signals is version
2.1[12]. However, the detailed format of its third open serv-
ice signal, B3I, has already become an open secret. Not only
many Chinese domestic companies, but also some interna-
tional companies have developed triple-frequency BDS II
receivers that are capable of utilizing B1l, B2I, and B3l sig-
nals. BDS is actually ahead of GPS and Galileo in providing
high-performance triple-frequency open civil service. In
January 2018, the ICD for the B3I signal was officially
released by CSNO [14], making BDS |1 the first navigation
satellite system in the world to provide triple-frequency
open service.
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6 BeiDou Navigation Satellite System

6.2.3 From Regional to Global

The third step in the BDS development plan is to extend the
current regional BDS Il system to a global system BDS Il
[2-5]. The BDS 11l plan envisions a global constellation of
30 satellites, including 3 GEO, 3 IGSO, and 24 MEO satellites
to provide worldwide services by approximately 2020. In addi-
tion to retaining RDSS, SBAS and SAR will also be integrated
into the system [6]. The most anticipated feature is that, by
sharing two frequencies in the L band and adopting advanced
signal structures, BDS I11 will be compatible and interopera-
ble with other GNSSs, especially with GPS and Galileo. This
implies that BDS 111 will be further integrated into the inter-
national GNSS family to provide worldwide users with better
services by jointly using BDS 111 and other GNSSs [3, 6].

The research for development of BDS 11l commenced in
2009. The implementation of BDS Il started in 2013. From
March 2015 to February 2016, five experimental satellites in
various orbits were sequentially launched into space for
BDS I1I. In the following years, various technical validation
tasks have been performed with the focus on space-borne
atomic clocks, inter-satellite links, and new navigation
signals. The successful launch of the five experimental
satellites has laid the groundwork for the global deploy-
ment of BDS 111 [6].

At the time of this writing, the third step of the BDS devel-
opment plan is in the deployment stage. The first draft ICD
of BDS 11l was released in September 2017 [7]. This docu-
ment for the first time clearly identified the BDS |11 cons-
tellation configuration and some of the new navigation
signals. At a minimum, two new open service signals,
B1C and B2a, which are compatible and interoperable with
other GNSS signals, will be broadcast by the MEO and
IGSO satellites of BDS I11. Following the release of the draft
ICD, the first pair of the BDS 111 satellites was launched in
November 2017. They broadcast the B1C and B2a signals
and are also equipped with higher-performance rubidium
clocks with a stability of 107 and a hydrogen atomic clock
with a stability of 107*°. By utilizing these state-of-the-art
technologies, the signal-in-space (SIS) accuracy will be bet-
ter than 0.5 m. The successful launch of the first pair of the
BDS 111 satellites marked the beginning of BDS expansion
from regional to global coverage [6].

Most recently, the Joint Statement on Civil Signal Com-
patibility and Interoperability Between the Global Positioning
System (GPS) and the BeiDou Navigation Satellite System
(BDS) was signed in December 2017 [15]. Two formal ICDs
for B1C and B2a were released in late December 2017 [16,
17]. In addition to the first pair of MEO satellites, three
more pairs of MEO satellites have been successfully
launched into their scheduled orbits in January, February
, and March 2018, respectively.

BDS is rapidly expanding from a regional system to a
global system. The plan is to deploy 18 MEO satellites
and provide initial services by the end of 2018 [1, 3, 5].
By 2020, all 30 planned satellites will join the global con-
stellation to complete BDS 11l as a multifunctional GNSS
system compatible and interoperable with other GNSSs.

At the end of this section, we want to clarify that BDS has
assumed different Chinese and English names at different
times and in the open literature. For example, BD-2, BDS-2,
Compass, BeiDou Phase Il, BDS Il, BeiDou, and Beidou
all refer to the current BDS regional system constructed
in the second step of the three-step development plan. To
ensure consistency, in the remainder of this chapter, BDS
I, BDS Il, and BDS 1 will be used to refer to the experimen-
tal system, the regional system, and the global system of
BDS, respectively.

6.3 Geodesy and Time Systems

6.3.1 The BDS Geodesy System

The Beijing Geodetic Coordinate System 1954 and the
National Vertical Datum 1985 were once used as the coor-
dinate system for BDS | [4]. With the development of BDS,
these legacy coordinate systems no longer satisfy the needs
of a modern navigation satellite system. Currently, the Bei-
Dou Coordinate System (BDCS) is used in BDS Il and the
emerging BDS 11l [14, 16, 17]. BDCS is a new term that
has appeared in the most recent ICDs for B1C, B2a, and
B3l. It is based on the China Geodetic Coordinate System
2000 (CGCS2000) [18] that appeared in the previous ver-
sions of the ICDs [12].

The definition of BDCS is in accordance with the specifi-
cations of the International Earth Rotation and Reference
System Service (IERS) and is consistent with CGCS2000.
BDCS and CGCS2000 have the same ellipsoid parameters.
The definition of BDCS is as follows [14, 16, 17]:

1) Definition of origin, axis and scale
The BDCS origin is located at Earth’s center of mass.
The Z-Axis is the direction of the IERS Reference Pole
(IRP). The X-Axis is the intersection of the IERS Ref-
erence Meridian (IRM) and the plane passing through
the origin and normal to the Z-Axis. The Y-AXis,
together with Z-Axis and X-Axis, constitute a right-
handed orthogonal coordinate system.
The length unit is the International System of Units
(SI) meter.
2) Definition of the BDCS Ellipsoid
The geometric center of the BDCS Ellipsoid coincides
with Earth’s center of mass, and the rotation axis of
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Table 6.1 Parameters of the BDCS ellipsoid

Parameter Definition

a=6378137.0 m

Geocentric gravitational = 3.986004418 x 10m*/
constant s

f = 1/298.257222101
Q = 7.2921150 x 10 °rad/s

Semi-major axis

Flattening
Earth’s rotation rate

the BDCS Ellipsoid is the Z-Axis. The parameters
of the BDCS Ellipsoid are shown in Table 6.1.

6.3.2 The BDS Time System

The time system of BDS is BeiDou Time (BDT) [14, 16, 17].
BDT adopts the International System of Units (SI) second as
the base unit and accumulates continuously without leap
seconds. The start epoch of BDT is 00:00:00 on January 1,
2006 Coordinated Universal Time (UTC). BDT aligns with
UTC via UTC (NTSC), and the deviation of BDT to UTC is
maintained within 50 nanoseconds (modulo 1 second). The
leap second information is broadcast in the navigation
message.

6.4 BDS I: The BDS Experimental
System

6.4.1 Overview

The BDS experimental system, BDS I, was the first genera-
tion of the BeiDou Navigation Satellite System. Unlike
other GNSSs, it was a two-way active positioning system
designed to provide regional RDSS service, including
two-dimensional position, timing, and short message com-
munication. It also consisted of three segments: the space
segment with three GEO satellites (including one in-orbit
spare), the control segment with one MSC and several cal-
ibration stations, and the user segment with various types
of user terminals [1, 4, 5, 11]. It was established in 2000 after
the successful launch of two operational GEO satellites. In
addition, a spare GEO satellite was launched in 2003. BDS
I was declared operational soon afterward. A fourth GEO
satellite, the final BDS | satellite, was launched in 2007.
The service coverage of BDS | included China and sur-
rounding areas (70°E-140°E, 5°N-55°N). The horizontal
positioning accuracy of BDS | was 20 m (with calibration)
or 100 m (without calibration) [1]. After 10 years’ continu-
ous operation, this experimental system reached mission
end in December 2012.

6.4 BDS I: The BDS Experimental System

6.4.2 System Configuration and Positioning
Principle

6.4.2.1 The System Configuration of BDS |

The BDS | space segment consisted of two operational and
one in-orbit spare GEO satellites, orbiting at 80°E, 140°E,
and 110.5°E, respectively. The satellites’ orbit altitudes
were about 36,000 km. Each satellite had two outbound
and two inbound transponders. While the outbound trans-
ponders forwarded the signals transmitted from the MSC to
the user terminals, the inbound transponders relayed the
signals transmitted from the user terminals to the MSC
(Figure 6.2).

The control segment of BDS | included one MSC in Bei-
jing and more than 20 calibration stations distributed inside
China. The main tasks of the MSC included the following:
transmitting the outbound signals and receiving the
inbound signals, performing satellite orbit determination
and ionosphere correction, calculating users’ location,
and exchanging short messages for users. The calibration
stations provided the basic measurements for orbit determi-
nation, differential position, and user elevation computa-
tion from barometric altimeter data.

The user segment of BDS | consisted of various types of
user terminals. The main functions of the BDS | user term-
inals included the following: transmitting the inbound sig-
nal to send the positioning request to the MSC or a short
message to other users and receiving the outbound signal
to receive location information from the MSC. These user
terminals can be classified into two types: one is the basic
terminal to provide position, timing, and short message ser-
vices for personal, vehicular, and ship users; the other is the
command terminal, which can control and manage a group
of up to 100 individual basic terminals. Although the RDSS
service is free of charge, each BDS | user was registered and
obtained a unique subscriber number to use the RDSS serv-
ice. Hence, the RDSS service belonged to the authorized
service category.

6.4.2.2 BDS | Position Method

BDS 1 relied on a pair of two-way radio links between the
MSC and a user terminal through the two different trans-
ponders on two GEO satellites. Based on the measured
transmission time of each two-way radio link, the total
distance from the MSC through one GEO satellite to the
user terminal could be determined. Because the distance
between the MSC and the GEO satellite is known, the dis-
tance between this GEO satellite and the user terminal
could be extracted from the total distance. Using each of
the two-way radio links with the two different satellites,
two distance measurements from the user terminal to the
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two satellites were obtained. In this way, the so-called two-
way ranging was achieved [1, 10, 11].

By using the two distance measurements between the
user terminal and the two satellites, as well as the known
positions of the two satellites, the 2-D position of the user
terminal was calculated. The detailed position procedure
is as follows [4, 19]. By using the known position coordi-
nates of the two GEO satellites as two different sphere cen-
ters, and using the measured distances from the satellites to
the user terminal as radii, respectively, two spheres can be
formed. The user terminal must be on the intersection of
the two spheres. Using an elevation map provided by
the ground control segment, a non-homogeneous Earth-
centered curved surface can be established with the Earth
center as the origin and the distance from the Earth center
to the user terminal as its radius. The exact position of the
user terminal is the intersection of the spherical arc and
the non-homogeneous curved surface. The MSC calculated
the user terminal’s position following this procedure and
sent the position to the user terminal via the outbound
signal [1, 10, 11].

6.4.3 Outbound and Inbound Signal

Each BDS | user terminal was a transceiver with the capa-
bility of transmitting outbound signals and receiving
inbound signals. From the user’s point of view, the BDS
I signal included an outbound signal transmitted from
the satellite to the user terminal and an inbound signal
transmitted from the user terminal to the satellite. Accord-
ing to the ITU frequency allocation for RDSS, the outbound

and inbound signals of BDS I used the S band (2483.5-2500
MHz) and the L band (1610-1626.5 MHz), respectively.

6.4.3.1 Outbound Signal

The outbound signal was a direct sequence spread spec-
trum (DSSS) signal with a carrier frequency of 2491.75
MHz and a bandwidth of 8.16 MHz. This signal adopted off-
set quadrature phase-shift-keying (OQPSK) modulation
with a continuous frame structure. Its minimum power
was —157.0 dBW on the ground.

The outbound signal model is [19, 20]

Soutbound () = Ald1(t—A/2)cy (t— A/2) sin ot

+ dy(t)co(t) cos wet] (6.1)

where A is the signal amplitude; d,(t) and d,(t) are the data
streams of the 1 and Q components, respectively; c4(t) is the
spreading code of I component, using a Kasami small set
sequence with a code length of 255. c,(t) is the spreading
code of the Q component, using a Gold code sequence with
a code length of 22! — 1. The rate of both spread-spectrum
codes is 4.08 Mcps. The | and Q components are in carrier
quadrature with each other to constitute an OQPSK signal,
with a symbol rate 16 ksps. A is the half code chip length
[20]. d4(t) is used to transmit position, communication, cal-
ibration, and other public information, and d,(t) is used to
transmit location and communication information.
The outbound signal generation diagram is shown in
Figure 6.3. Figure 6.4 shows the data frame structure. Each
frame consists of 250 bits with its own frame number.
The information bit rate is 8 kbps, and the symbol rate
becomes 16 ksps after convolution coding. Therefore, the
transmission time of a single frame is 31.25 ms. 1920



frames form a super frame. Sending a super frame took
1 min [21].

6.4.3.2 Inbound Signal

The inbound signal was a DSSS signal with a carrier fre-
qguency of 1615.68 MHz and a bandwidth of 8.16 MHz.
The transmit power was not less than 10 W. This signal
adopted BPSK modulation with a variable burst frame
structure. The burst frame consisted of three segments:
synchronization header, service segment, and data seg-
ment. Each segment was spread with three different
pseudorandom noise (PRN) codes with a code rate of
4.08 Mcps. The symbol rate was 8 kbps [20]. The inbound
signal model is

Sinbound (t) = Ac(t)d(t) cos w.t (6.2)

where A is the signal amplitude, and c(t) and d(t) are the
spreading code and the user data stream, respectively.

For user data, the synchronization header was a truncated
m-sequence with length 12240. The spreading code of the
service segment was a truncated sequence from an
m-sequence with period 22! — 1, and the length of the trun-
cated sequence was determined by the length of the corre-
sponding service section information. The spreading code
of the data segment was a Gold code with register length
21, and the spreading code rate was 4.08 MHz. In the
inbound signal, since the segment length was variable, the
burst frame length was also variable [20]. The variable frame
structure of the inbound signal is shown in Figure 6.5.

6.4.4 Service and Performance

As mentioned earlier, BDS | provided unique RDSS services
including rapid positioning, precision timing, and short
message communication for users in China and surround-
ing areas. The BDS-1 service area is illustrated in Figure 6.6
and was determined by the location of its geostationary
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satellites as well as the distribution of the calibration sta-
tions. The service performance specification of BDS | is
summarized as follows [1, 4, 5]:

1) Positioning accuracy: 20 m (with calibration) or 100 m
(without calibration)

2) Timing accuracy: 100 ns (one-way), 20 ns (two-way)

3) Short message: 1680 bits/message (120 Chinese charac-
ters / message)

4) User capacity: 54 million times/hour (150 times/second)

5) Service area: Chinaand surrounding areas (70°E-145°E,
5°N-55°N)

6) User dynamic range: User speed less than 1000 km/h

6.5 BDS Il: The BDS Regional System

6.5.1 Overview

BDS Il was developed starting in 2004. It utilizes the one-
way time-of-arrival (TOA) ranging scheme to provide
regional RNSS service, including continuous 3-D PVT. This
system also consists of three segments: the space segment
with 14 operational satellites, the control segment with sev-
eral MSCs, uploading stations and monitoring stations, and
the user segment with various BDS Il and BDS 11/GNSS-
compatible receivers. After the first BDS Il MEO satellite
was launched in April 2007, 15 more satellites were sequen-
tially launched within the next five years. A hybrid constel-
lation of 14 operational satellites was eventually built by
2012. In December 2012, CSNO declared the full opera-
tional capability (FOC) for BDS Il with coverage for China
and the Asia-Pacific region. In addition to RNSS services,
BDS 11 also provides RDSS services inherited from BDS 1.
BDS Il has now been operating continuously for more than
five years.

6.5.2 Space Segment

6.5.2.1 Constellation

From April 2007 to October 2012, BDS Il launched a total of
16 navigation satellites. Among them are 14 operational
satellites (5 GEO + 5 IGSO + 4 MEO) as depicted in
Figure 6.7 [3, 5, 13, 14]:

@ Five GEO satellites in equatorial orbit with an altitude of
35,786 km and positioned at 58.75°E, 80°E, 110.5°E,
140°E, and 160°E, respectively.

@ Five IGSO satellites at 35,786 km altitude with an orbit
inclination of 55° with respect to the equatorial plane,
and distributed in three inclined orbital planes with a
right ascension of ascending node difference of 120°.
The satellite ground tracks for three of the IGSO satellites

6.5 BDS II: The BDS Regional System

Figure 6.7 BDS-II constellation with 5 GEO + 5 IGSO + 4 MEO
satellites [5]. Source: Reproduced with permission of
Artech House.

coincide with an equatorial-crossing longitude of 118°E.
The satellite tracks for the other two IGSO satellites coin-
cide with an equatorial-crossing longitude of 95°E.

@ Four MEO satellites at 21,528 km altitude with an orbit
inclination of 55° with respect to the equatorial plane.
The satellite revisit period is 13 rotations within 7 days.
The phases are selected from the Walker 24/3/1 constel-
lation. The right ascension of ascending node of the satel-
lites in the first orbital plane is 0°. The four MEO
satellites are positioned at the seventh, eighth phases of
the first orbital plane and the third, fourth phases of
the second orbital plane, respectively.

The orbital information for the current BDS 11 constella-
tion is provided in Table 6.2 [22]. The 1GSO, MEO, and
GEO satellites are labeled as I, M, and G in the table,
respectively.

The orbital periods of the IGSO and MEO satellites are
about one and seven days, respectively; thus the revisit
period of the entire constellation is seven days. Figure 6.8
show the ground tracks of BDS satellites over a seven-day
period from 25 January 2015 to 31 January 2015 (BDT).
Figure 6.9 shows the average number of visible BDS 11 satel-
lites over a one-week period, showing that seven to nine
BDS |1 satellites are visible in China and the surrounding
areas during this period.

The above discussion highlights the difference between
BDS Il and GPS constellation designs: BDS Il consists
mostly of GEO and IGSO satellites, while GPS has all
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Table 6.2 Orbital information for the current BDS Il constellation?

Semi-major Argument of Longitude of ascending ~ True
No. Satellite  axis (km) Eccentricity  Orbit inclination (deg) perigee (deg) node (deg) anomaly (deg)
1 101 42166.2 0.0029 54.5 174.9 209.3 220.3
2 102 42159.3 0.0021 54.7 187.8 329.6 87.0
3 103 42158.9 0.0023 56.1 187.7 89.6 326.1
4 104 42167.2 0.0021 54.8 167.1 2114 2013
5 105 42157.1 0.0020 54.9 183.3 329.0 65.5
6 MOl 27904.9 0.0026 55.4 1824 108.1 118.2
7 MO02 27907.5 0.0028 55.3 180.0 107.6 167.5
8 MO03 27905.9 0.0023 54.9 170.0 227.8 325.7
9 MO04 27907.6 0.0015 55.0 190.0 2274 351.3
10 GO0l 140.0E deg (orbit altitude = 35,786.0 km)
11 GO02 80.0E deg (orbit altitude = 35,786.0 km)
12 GO03 110.5E deg (orbit altitude = 35,786.0 km)
13 G04 160.0E deg (orbit altitude = 35,786.0 km)
14 GO05 58.E6 deg (orbit altitude = 35,786.0 km)

&25 January 2013, 00:00:00 GPST



MEO satellites; GPS satellites are distributed more evenly
across the Earth than BDS Il. The unevenly distributed
BDS Il constellation, however, provides better coverage
for China and the surrounding areas [5, 22].

6.5.2.2 Satellites
All BDS Il satellites utilize the DFH-3A satellite bus [23],
which includes the structure, power, thermal, control,
tracking and telemetry (the IGSO/MEO satellites also have
a built-in data management subsystem), propulsion subsys-
tems, etc. The payload includes navigation and antenna
subsystems. The GEO payload has the additional compo-
nents needed for the provision of RDSS services, time
and position data transmission, data uploading and precise
ranging, and RNSS services. The MEO payload has
components for uploads and precise ranging and RNSS
services [1, 5].

Figure 6.10 illustrates the BDS GEO and IGSO/MEO
satellites in space [24, 25].

6.5.3 Control Segment

The control segment of BDS I is responsible for the oper-
ation and control of the entire system, including precise
orbit determination and orbital parameter prediction, satel-
lite clock error measurement and prediction, ionosphere
monitoring and forecasting, and integrity monitoring and

processing [25]. At the time of this writing, the BDS Il con-
trol segment consists of 1 MSC, 7 Class-A monitor stations,
22 Class-B monitor stations, and 2 time synchronization/
upload stations [1, 4, 25]. The main control segment tasks
are as follows [4, 5]:

1) MSC: Collect observation data of every time synchroni-
zation/upload station and monitor station, processing
data, generating satellite navigation messages, upload-
ing navigation message parameters to satellites, moni-
toring satellite payloads, accomplishing task planning
and scheduling, implementing system operation control
and management, etc. It is located in Beijing.

2) Time synchronization/upload stations: Satellite naviga-
tion message parameter upload, data exchange with the
MSC, and time synchronization measurement under the
unified management of the MSC. To achieve the greatest
extent of satellite tracking within the Chinese territory,
the two stations are located in Kashgar in western China
and Sanya in southern China, respectively.

3) Monitor stations: Monitor the navigation satellites
continuously, receive the navigation signals, and then
send them to the MSC to provide the observation data
for the navigation message generation. Class-A monitor
stations are for the satellite orbit determination and the
satellite clock error measurement and are therefore
distributed within the territory with the largest spatial
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(@)

(b)

Figure 6.10 BDS Il GEO (up) and IGSO/MEO (below) Satellites [1]. Source: Reproduced with permission of Springer Nature.

span. The Class-B monitor stations are for the integrity
monitoring of the state for the satellite system and are
distributed across the country as evenly as possible.
Figure 6.11 shows the configuration of the BDS Il con-
trol segment [4].

At present, the BDS Il control segment is significantly
constrained by having all of the stations located within
China [4]. As a result, it is a challenge to perform orbit
determination with the precision required for the high-
performance operation and control of BDS II.

6.5.4 User Segment

The BDS Il user segment refers to all the BDS 11- and BDS
11/GNSS-compatible receivers for RNSS services, as well as
BDS Il RDSS/RNSS combined terminals for users’ position
reports and short message communication [5]. The main
function of the BDS 11 receiver is to receive BDS Il naviga-
tion signals to calculate the user’s PVT. The BDS II/GNSS
can simultaneously receive BDS Il and other GNSS naviga-
tion signals to calculate the user’s PVT by using pseudor-
anges from different constellations. The integrated
terminal is a special device that integrates both RDSS
and RNSS services, providing not only RDSS and RNSS ser-
vices, but also new services that result from the

convergence of these two services, such as the users’ posi-
tion report.

6.5.5 Signal Characteristics

BDS 11 broadcasts six signals at B1, B2, and B3 frequencies
in the L band, which can provide both open and authorized
services. The carrier frequencies of Bl, B2, and B3 are
1561.098 MHz, 1207.140 MHz, and 1268.520 MHz, respec-
tively. All three signals use a DSSS/QPSK modulation
scheme. Each signal consists of two orthogonal compo-
nents with BPSK modulation. For example, the B1 signal
has an in-phase component B1l and quadrature component
B1Q providing public and authorized service, respectively.

The main characteristics of the B1, B2, and B3 signals are
shown in the Table 6.3. It can be seen from the table that the
BDS 11 signals broadcast by the GEO satellites and 1GSO/
MEO satellites have different navigation message rates,
500 bps and 50 bps, respectively. The following discussions
of this subsection mainly focus on the B1l, B2I, and B3l sig-
nals that provide open services.

6.5.5.1 Signal Structures

B1, B2, and B3 are QPSK signals with I and Q components
that are in phase quadrature with each other. The ranging
codes and navigation messages are modulated on these

15/12/2020  11:30:04 PM
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Figure 6.11 Configuration of the BDS Il control segment [4]. Source: Reproduced with permission of Springer Nature.

Table 6.3 Signal characteristics of BDS Il

Signal type B1l B1Q B2l B2Q B3l B3Q
Service type Open Authorized  Open Authorized  Open Authorized
Carrier frequency 1561.098 MHz 1207.140 MHz 1268.520 MHz
Bandwidth (1dB) 4.092 MHz 4.092 MHz  4.092 MHz 20.460 20.460 MHz 20.460
MHz MHz
Multi-access scheme CDMA CDMA CDMA CDMA CDMA CDMA
Modulation BPSK BPSK BPSK BPSK BPSK BPSK
Pseudocode Length 2046 N/A 2046 N/A 10230 N/A
Code rate 2.046 Mcps N/A 2.046 Mcps N/A 20.46 Mcps N/A
Code class Truncated N/A Truncated N/A Truncated N/A
Gold Gold Gold
Message coderate  GEO 500 bps N/A 500 bps N/A 500 bps N/A
IGSO/MEO 50 bps N/A 50 bps N/A 50 bps N/A
Error-correction code BCH(15,11,1) N/A BCH(15,11,1) N/A BCH(15,11,1) N/A
Secondary coding  Code type NH N/A NH N/A NH N/A
Code rate 1 kbps N/A 1 kbps N/A 1 kbps N/A
Length 20 bits N/A 20 bits N/A 20 bits N/A
Polarization RHCP N/A RHCP N/A RHCP N/A
Minimum received power —163.0 dBW N/A —163.0 dBW N/A —163.0 dBW N/A
Elevation 5° N/A 5° N/A 5° N/A
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carriers. The nominal carrier frequencies of B1, B2, and B3
are 1561.098, 1207.140, and 1268.520 MHz, respectively. All
three signals are right-hand circularly polarized (RHCP).
Only the signal details of the I components are released
publicly. The minimum user-received signal power level
is —163 dBW for the | channel measured at the output of
a 0 dB RHCP receiving antenna located near the ground,
for a satellite elevation angle above 5° [12, 14].
The signal model for B1, B2 and B3 signals is [12, 14]

s!(t) = A CJl(t) Dij(t) cos (2nfit + (Pij|)

+ Aig Cly(t) D(t) sin (2nfit + (pijQ)
(6.3)

where i refers to B1, B2, or B3, while j is the satellite num-
ber; Aj; and Ajg, Cj, and Cig, Dy and Djq, @; and @iq, are the
amplitudes, ranging code, navigation data, and initial car-
rier phase for the i-th signal in the 1 and Q channels, respec-
tively; f; is the corresponding signal carrier frequency.

The signal generation block diagrams for GEO and MEO/
IGSO satellites are given in Figure 6.12.

6.5.5.2 Ranging Codes

B1l and B2l use the same ranging codes (denoted as Cg;,
and Cgy) with a 2.046 Mcps chip rate and a 2046 chip
length [12]. The ranging code for B3l (denote as Cgy))
has a chip rate of 10.23 Mcps and a chip length of
10230 [14].

Cg1) and Cgy, both use a balanced Gold code with the
last one chip truncated. The Gold code is generated by
Modulo-2 addition of G1 and G2 sequences which are
derived from the following 11-bit linear shift regis-
ters [12]:

GI(X)=1+X + X+ X8+ X%+ X0+ x1

G2(X) =1+ X+ X2+ X3+ X+ X5+ X8+ X%+ x"
(6.4)

The initial phases of G1 and G2 are

G1:01010101010

(6.5)
G2 : 01010101010

The generator of Cg;; and Cgy is shown in Figure
6.13 [12].



The G2 sequence phase is determined by the selection of
its shift register taps. Currently, 37 phase assignments are
defined for 37 ranging codes, of which the first 5 are for
GEO satellites and the remaining 32 are for IGSO/MEO
satellites [12].

Cgga is generated by truncating a Gold code which is the
result of truncating and XORing two linear sequences G1
and G2, which are derived from two 13-bit linear shift reg-
isters [14]:

GI(X) =1+ X+ X3+ x4+ x8
GZ(X):1+X+X5+x6+x7+xg+xl0+x12+X13
(6.6)

The generator of CB3I is shown in Figure 6.14.

The code sequence generated by G1 is truncated with the
last one chip, making it into a CA sequence with a period of
8190 chips. The CB sequence with a period of 8191 chips is
generated by G2. The Cgs with a period of 10230 chips is
generated by means of Modulo-2 addition of CA and CB
sequences.

The G1 sequence is set to an initial phase at the starting
point of each ranging code cycle (1ms) or when the phase of
the G1 sequence register is “1111111111100”. The G2
sequence is set to its initial phase at the starting point of
each ranging code cycle (1 ms). The initial phase of the
The G1 sequence is “1111111111111”. The initial phase
of the G2 sequence is formed by shifting different times
from status “1111111111111”, and different initial phases

correspond to different satellites. The phase assignments
of the G2 sequence are given in [14].

Currently, 63 phase assignments are defined for 63 ran-
ging codes. To ensure backward compatibility with existing
BDS Il receivers, the first 37 phase assignments, corre-
sponding to those defined for B1l and B2l, are preferred
for use. Consistent with the previous definition, the first
5 are for GEO satellites and the other 32 are for 1GSO/
MEO satellites. Of the 26 new defined phase assignments,
the last 5 are for GEO satellites and the remaining 21 are for
IGSO/MEOQ satellites [14].

6.5.5.3 Navigation Messages

The BDS Il system has two types of navigation messages.
The B1l, B2l, and B3I signals of MEO/IGSO satellites
broadcast a D1 navigation message with a 50 bps informa-
tion rate and contain basic navigation information only. In
addition to basic navigation information, the D2 navigation
message is broadcast by GEO satellites with a 500 bps infor-
mation rate that also contains augmentation service infor-
mation. The basic navigation information comprises the
preamble (Pre), subframe ID (FralD), seconds of week
(SOW), fundamental navigation information of the satellite
(ephemeris), page number (Pnum), almanac information,
time offset information from the other GNSS (GPS, Galileo
and GLONASS), user range accuracy index, satellite health
flag, ionospheric delay model parameters, satellite clock
correction parameters and their age, and equipment group



delay differential, etc. The augmentation service informa-
tion contains the BDS integrity, and differential and iono-
spheric grid information [12].

The navigation message encoding involves both error
control of Bose-Chaudhuri- Hocquenghem (BCH) code
BCH(15,11,1) and interleaving. BCH(15, 11, 1) indicates
that the code length is 15 bits with 11 information bits
and 1 error correction bit. The generator polynomial is g
(X) = X* + X + 1. The navigation message bits are first
grouped sequentially every 11 bits. The serial-parallel
conversion is then applied to the sequence, and the
BCH(15,11,1) error correction encoding is performed in
parallel. Parallel-serial conversion is then performed for
every two parallel blocks of BCH codes to form a 30-bit
interleaved code [12].

6.5.5.3.1 Navigation Messages of Type D1

The type D1 navigation message is partitioned into super-
frame, frame, and subframe. Every superframe has 36,000
bits, lasts 12 min, and is composed of 24 frames. Every
frame has 1,500 bits, lasts 30 s, and is composed of 5 sub-
frames. Every subframe has 300 bits, lasts 6 s, and is com-
posed of 10 words. Every word has 30 bits, lasts 0.6 s, and
consists of navigation message data and parity bits. In the
first word of every subframe, the first 15 bits are not
encoded, and the following 11 bits are encoded in
BCH(15,11,1) for error correction. Therefore, only one
group of BCH code and 26 information bits are contained
in this word. For all the following 9 words in the subframe,
both BCH(15,11,1) encoding for error control and

interleaving are performed. Each of the 9 words of 30 bits
contains two blocks of BCH codes and 22 information
bits. The frame structure in format D1 is shown in
Figure 6.15 [14].

A secondary code in Neumann-Hoffman (NH) format is
modulated onto the ranging code for the Type D1 message.
The period of the NH code is selected to be the duration of a
navigation message bit and is the same as one period of the
ranging code. The duration of one navigation message bit is
20 ms, and the ranging code period is 1 ms, as shown in
Figure 6.16. Thus, the NH code (0,0, 0,0, 0, 1,0, 0, 1, 1,
0,1,0,1,0,0,1, 1, 1, 0) with length 20 bits, rate 1 kbps,
and bit duration 1 ms is adopted. It is modulated onto
the ranging code synchronously with navigation message
bits [12].

The D1 frame structure and information content are
shown in Figure 6.17. The fundamental navigation infor-
mation of the broadcasting satellite is in subframes 1, 2,
and, 3. The information content in subframes 4 and 5 is sub-
commutated 24 times each via 24 pages. Pages 1-24 of sub-
frame 4 and pages 1-10 of subframe 5 shall be used to
broadcast almanac and time offsets from other systems.
Pages 11-24 of subframe 5 are reserved [12].

6.5.5.3.2 The Navigation Messages of Type D2

Type D2 messages are also structured with superframe,
frame, and subframe. Every superframe is 180,000 bits long,
lasting 6 min. Every superframe lasts 3 s and is composed of
120 frames each with 1,500 bits. Every frame lasts 0.6 s and
is composed of 5 subframes, each with 300 bits. Every



subframe lasts 0.06 s and is composed of 10 words, each
with 30 bits.

Every word is composed of navigation message data and
parity bits. The first 15 bits in word 1 of every subframe are
not encoded, and the last 11 bits are encoded in

BCH(15,11,1) for error correction. For the remaining 9
words of the subframe, both BCH(15,11,1) encoding and
interleaving are involved, resulting in 22 information bits
and 8 parity bits in each word. See Figure 6.18 for the
detailed structures [12].



The frame structure and information content are shown
in Figure 6.19. Subframe 1 broadcasts basic navigation
information and is subcommutated 10 times via 10 pages.
Subframes 2-4 are subcommutated 6 times each via 6
pages. Subframe 5 is subcommutated 120 times via 120
pages. See [4] for the detailed bit allocation of each sub-
frame in Type D2 format.

6.5.6 Service and Performance

6.5.6.1 Services Types

BDS provides two types of services, namely, RDSS and
RNSS, for the Asia-Pacific area. The RNSS service also
includes open service and an authorized service.

6.5.6.1.1 RNSS Service

The RNSS service is the basic navigation service providing
PVT information. BDS Il broadcasts six signals on three car-
rier frequencies (B1, B2, and B3) to provide users with both
public and authorized services. The in-phase components
of the B1, B2, and B3 signals, B1l, B2l, and B3I, are used

for the open service, while the quadrature components
B1Q, B2Q, and B3Q are used for the authorized service
[13]. The open service is available to global users free of
charge, and the authorized service is available only to spe-
cific users.

6.5.6.1.2 RDSS Service
The RDSS service is a unique BDS service inherited from
and further improving upon the BDS | RDSS service and
provides positioning, precision timing, and short message
communication to the users of China and surrounding
areas via the GEO satellites. However, since the RNSS serv-
ice of BDS Il can provide passive positioning and timing
services with better performance, the focus of the RDSS
service at present lies on its short message communication,
which facilitates communication and location reports
between users. Because the RDSS users must have a unique
registered 1D, the RDSS service can be seen as an author-
ized service of BDS II.

The RDSS service was introduced in detail in the previous
section; this section focuses on the RNSS service.



6.5.6.2 Service Performance

6.5.6.2.1 Service Area

The BDS Il open service area is defined as the area where
both the horizontal and vertical position accuracies are
within 10 m with a probability of 95%. At the current stage,
the open service area includes most of the region from 55°S
to 55°N, 70°E to 150°E, as shown in Figure 6.20 [13].

In China, the term “BDS-focused service area” often
appears in the literature. However, this area has not been
officially defined so far and is typically referred to as the
BDS RDSS services coverage area, that is, China and sur-
rounding areas (70°E-145°E, 5°N-55°N), where the future
SBAS services will be provided [7].

6.5.6.2.2 Service Accuracy
The open service PVT accuracy standards are described in
Table 6.4 [13].

6.5.6.2.3 PDOP Availability

The BDS Il Open Service position dilution of precision
(PDOP) availability standards within its service volume
are shown in Table 6.5.

6.5.6.2.4 Positioning Service Availability

The BDS OS positioning service availability standards

within its coverage area are shown in Table 6.6 [13].
Since December 2012, BDS Il has been providing FOC

services. The actual test results show that BDS Il has good

¥

geometric coverage for China and the Asia-Pacific region
[26]. Within the region from 60°S to 60°N and 65°E to
150°E, with an elevation mask angle of 5°, the number
of the visible BDS satellites is greater than seven, and the
PDOP value is generally less than 5. The pseudorange
and carrier phase measurement accuracies are 33 cm
and 2 mm, respectively [26]. The 95% horizontal and
vertical accuracies of the pseudorange single point position-
ing are better than 6 m and 10 m, respectively. Further-
more, the accuracy of the carrier phase differential
positioning is better than 1 cm in the case of an ultra-short
baseline, and better than 3 cm in the case of a short
baseline [22, 26].
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6.6 BDS Ill: The Emerging BDS Global
System

6.6.1 Overview

BDS Il will be a multifunctional global system with a
hybrid constellation of 30 satellites [6, 16, 17, 27]. Two
new navigation signals, B1C and B2a, will be transmitted
from the MEO satellites and 1GSO satellites for global open
service. In particular, these two new signals will share two
frequencies with GPS and Galileo, and some modern nav-
igation signal features, such as BOC modulation, pilot data,
and orthogonal structure, will be adopted. This implies that
BDS I11 will be highly compatible and interoperable with
GPS and Galileo. In fact, compatibility and interoperability
with other GNSS are the main goals of the third step in the
BDS development plan. In addition to continuing to pro-
vide its iconic RDSS service and to expand the regional
open service to the global open service by using new navi-
gation signals, the SBAS and SAR services will also be inte-
grated into the BDS I11 constellation [6].

While the B21I signal originated in BDS 11 will be replaced
by the new B2a signal, the B1l signal will continue to be
transmitted by all BDS 111 satellites (GEO/IGSO/MEO) to
provide open service. The newly released B3l signal also
will be transmitted by all BDS 111 satellites. The continued
broadcast of B1l and B3l signals not only ensures the
smooth transition from BDS Il to BDS I1ll, but also maxi-
mizes the benefits to receiver manufacturers and custo-
mers. As a result, BDS Il will transmit at least four
signals, B1C, B2a, B1l, and B3I, for global open service.

After the new ICDs for B1C and B2a were released in Sep-
tember 2017, the first pair of BDS Ill MEO satellites was
successfully launched in November 2017. Currently, a total
of eight MEO satellites have been successfully launched.
According to the latest deployment plan at the time of this
writing, 18 MEO and 1 GEO satellites will be launched by
the end of 2018, while an additional 6 MEO, 3 IGSO, and 2
GEO satellites will be launched from 2019 to 2020. It is
expected that BDS 111 will provide initial service by the
end of 2018, and will provide full service worldwide around
by approximately 2020 [27].

6.6.2 Constellation

BDS 111 constellation consists of 3 GEO, 3 IGSO, 24 MEO
satellites, and possibly some spare satellites [16, 17]. The
three GEO satellites are positioned at 80°E, 110.5°E, and
140°E, respectively. The MEO satellites are evenly distri-
buted in three orbital planes at 21,528 km altitude, consti-
tuting a classic Walker 24/3/1 constellation. The 1GSO
satellites are also evenly distributed in three orbital planes

Figure 6.21 BDS Il constellation [5]. Source: Reproduced with
permission of Artech House.

at 35,786 km altitude with an orbital plane inclination of
55°. The 24 MEO satellites are distributed uniformly for
BDS global coverage. The GEO and IGSO satellites provide
enhanced coverage for China and the Asia-Pacific region.
The BDS 111 space constellation is shown in Figure 6.21.

The term BDS-focused service area has two meanings.
One is that for users in the “focused service area” better
service availability will be ensured with more visible satel-
lites. The other is that for users in this area, the GEO satel-
lites will provide more diversified services, at least
including RDSS, RNSS, SBAS, and SAR. The coverage of
the BDS I11 open service is depicted in Figure 6.22. This fig-
ure shows the geographical distribution of satellite signal
coverage in a revisit period. Spare satellites are not consid-
ered. Due to the GEO and IGSO satellites, 10 to 14 BDS |11
satellites can be observed at the same time in the Asia-
Pacific region with a probability of 95%. For other regions,
the number of visible satellites is 8 to 10, while in some
mid-latitude areas, only 6 to 8 BDS satellites are visible
simultaneously.

6.6.3 Signal Characteristics

The two new navigation signals, B1C and B2a, will be trans-
mitted by BDS 111 MEO and IGSO satellites, and the two
legacy signals, B1l and B3I, will be transmitted by all
BDS Il satellites. However, the open service signal B2I will
not be retained [6, 14, 16, 17]. The following discussions in
this subsection are mainly focused on the B1C and B2a
signals.
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6.6.3.1 Signal Structures

6.6.3.1.1 BI1C

All BDS and global GNSS users will receive this signal. B1C
will become an important symbol of BDS IllI, similar to the
current GPS L1 C/A and the future L1C. Besides the com-
patibility and the interoperability with the GPS L1C and
Galileo E1 OS signals, it is necessary to meet a large range
of varied requirements, from location services and other
consumer users to high-precision measurement and other
professional users. Therefore, an advanced signal structure
needed to be developed for a variety of different require-
ments [28, 29].

The carrier frequency of B1C is 1575.42 MHz, which is
the same as the carrier frequency of the GPS L1 C/A and
L1C, and the Galileo E1 OS signals. A novel modulation
scheme, quadrature multiplexed binary offset carrier
(QMBOC) modulation, is adopted [16, 30].

B1C has a data and a pilot component:

spic(t) = Sgic_data(t) + jSic_pilot(t) (6.7)
where the data component

1
Sgic_data(t) = = Dgic_data(t)-Caic_data(t)-SCa1c_data(t)

2
(6.8)
is a sine-based BOC(1,1) subcarrier Scgic_data(t) modulated

by the navigation message data stream Dgc_gata(t) and the
ranging code Cgc_data(t), While the pilot component

V3

Sgic_pilot(t) = - Caic_pilot (t)-SCe1c_pitot () (6.9)

is a QMBOC subcarrier Scgic piot(t) modulated by the
ranging code Cgic pilot(t). The data to the pilot component
signal power ratio is 1:3.

QMBOC modulation, first proposed in [30], is a time-
domain implementation of multiplexed binary offset car-
rier modulation (MBOC). It consists of two quadrature
phase BOC modulations, BOC(1,1) and BOC(6,1), to avoid
cross-correlation between the two components. QMBOC
has the same power spectrum as other MBOC implementa-
tions such as time-multiplexed BOC (TMBOC), which is
used in the GPS L1C signal, and composite BOC (CBOC),
which is used in the Galileo E1 OS signal. The QMBOC sig-
nal supports both a low-complexity receiving mode and a
high-performance receiving mode, and hence offers good
compatibility and interoperability with GPS and Galileo
signals in the same frequency band. Because the QMBOC
signal contains a narrowband component with a larger por-
tion of the power and a wideband component with a smal-
ler power allocation, receivers limited by processing
complexity only have to deal with the BOC(1,1) compo-
nent, while the BOC (6,1) component offers more potential
for high-precision ranging performance applications.

Since a QMBOC subcarrier consists of two bipolar sub-
carriers, the entire B1C signal actually contains three bipo-
lar components [16]:
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1 . .
Sgic(t) = 5 Deic_data(t)-Ceic_data(t)-sign(sin (ZHfSC_BIC_at))

Sgic_data(t)

1 . .
+ \/ﬁ Caic_pilot (t)-sign( sin (ansc_mc_bt))

Sgic_pitot_b(t)

. 129 - ;
+ J\/ﬂ Caic_pilot (1) sign(sin (2nfsc pic at))

Sgic_pitot_a(t)

(6.10)

where fy; o = 1.023 MHz and fy , = 6.138 MHz. Table 6.7
shows the other elements of the B1C signal, as well as
the modulation, phase relationship, and power ratio of each
component.

On BDS Il MEO and IGSO satellites, both B1C and B1l
signals are broadcast. The central frequencies of these two
signals are 14.322 MHz apart. In the payload implementa-
tion, a multicarrier constant envelope multiplexing tech-
nique [31] is used to combine these two signals, as well
as the authorization service signal in the same band, into
a composite signal, while sharing a common transmitter
chain. This implementation not only reduces the volume
and weight of the payload transmitter, but also enables
joint processing of these two signals in wideband receivers.

6.6.3.1.2 B2a
The design of the BDS I11 open service signal in the B2 band
also took into consideration interoperability with GPS and
Galileo. In order to interoperate with GPS L5 and Galileo
E5, BDS 111 broadcasts broadband signals at two frequen-
cies in the B2 band with center frequencies at 1176.45
MHz and 1207.14 MHz, respectively [17].

Both B2a and B2b signals are composed of two phase quad-
rature components. Their spreading codes (the rate is 10.23

MHZz) are multiplexed into a constant envelope signal before
transmission in order to reduce payload and multiplexing
loss [32]. Moreover, since BDS |11 has three different types
of satellites in three different types of orbits, some B2 signal
components may be used to support different services.
Therefore, it is desirable to have a flexible power configura-
tion when multiplexing the B2 components.

The asymmetric constant envelope binary offset carrier
(ACE-BOC) modulation and multiplexing technique with
its low-complexity implementation form [32] meets this
design requirement well. Therefore, ACE-BOC marries
multi-carrier spread-spectrum modulation with constant
envelope multiplexing. It can combine four or fewer signals
of arbitrary power ratio in phase quadrature onto two side-
bands of a split-spectrum composite signal. Moreover, the
composite signals can either be received as two sets of
QPSK signals located on two different bands respectively,
or as a wideband signal.

The current ICD only describes the signal structure
of B2a [17]. Therefore, the signal is presented as a QPSK
(10) modulation signal, as shown in Table 6.8. The base-
band complex envelope of B2a signal model is

S2a(t) = Se2a_data(t) + jSe2a_pilot (t) (6.11)
where
1
SBZafdata(t) = ﬁDBZaﬁdata(t)'CBZafdata(t) (6~12)
1
SBZaLpilo'[(t) = ECBZafpilot(t) (6'13>

DBZa_data(t)a CBZa_data(t)v and CBZa_piIot(t) are the data and
ranging codes for the data and pilot channel, respectively.
Both Sgpa data(t) and Sgaa piler(t) are modulated in BPSK
mode. The power ratio between the data component and
the pilot component is 1:1.

Table 6.7 Modulation characteristics of B1C signal
Signal Carrier (MHz) Component Modulation Symbol Rate (sps) Phase relationship Power ratio
B1C 1575.42 Sgic_data(t) BOC(1,1) 100 0 1/4
Sgic_pilot_a(t) QMBOC BOC (1,1) 0 90 29/44
Secpiots(t) O3 Boc6) 0 111
Table 6.8 Modulation characteristics of B2a signal
Signal Carrier (MHz) Component Modulation Symbol rate (sps) Phase (deg) Power ratio
B2a 1176.45 B2a_data QPSK 200 0 1
B2a_pilot 0 90 1
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6.6.3.2 Ranging Codes

The PRN codes for B1C and B2a have a hierarchical code
structure with a modulo-2 addition of a ranging code and
an overlay code. The symbol width of the overlay code is
the same as the period of the ranging code. The start of
each overlay code chip is aligned with the first chip of
the ranging code. The timing relationship is shown in
Figure 6.23 [16, 17].

6.6.3.2.1 B1C

The B1C ranging codes chipping rate is 1.023 Mbps. It is
obtained by truncating the Weil code with a length of
10,243 chips. The Weil code sequence with length N is
defined as follows:

W (k;w) = L(k)sL(k +w), k=0,.,N—1 (6.14)

where L(k) is a Legendre sequence of length N, and w,
which ranges from 1 to 5121, is the phase difference
between the two Legendre sequences. A Legendre sequence
L(k) (k =0,1,2, ..., N-1) of length N is defined as

0, k=0
L(k)=< 1, k=#0,intx,k=x*modN (6.15)
0, else

where “mod” represents the modulo operation.
The B1C ranging code is obtained through a circular
truncation of the Weil code:

c(k;w; p) = W((k + p—1)mod10243;w), k =0, ..., 10229
(6.16)

where p is the truncation point indicating that the trunca-
tion starts at the p-th Weil code chip, and its value ranges
from 1 to 10,243.

Since a B1C signal includes a data component and a pilot
component, which use different PRN codes, there are 126

ranging codes for the BDS |1l B1C signals, 63 of which
are for the data components and the remaining are for
the pilot components.

The length of a B1C pilot component overlay code is
1800, which is obtained by truncating the Weil code with
a length of 3607. The generation method is the same as
for the ranging code, and w ranges from 1 to 1803.

6.6.3.2.2 B2a

Similar to B1C, B2a also has 126 ranging codes, 63 of which
are allocated to the data component, and the rest are allo-
cated to the pilot component. The B2a ranging code chip-
ping rate is 10.23 Mcps, and the code length is 10230
chips. A B2a ranging code is obtained by a modulo-2 addi-
tion of two 10230-bit expanded Gold codes, g1(x) and g»(x).
g:1(x) and g,(x) are 13-stage linear feedback shift registers,
whose polynomials for the data component are

9,(X) =1+ x+ x>+ xt +xB

6.17
gz(x):1+x3+x5+x9+x“+x12+x13 ( )
and for the pilot component are
X)=1+x3+x8+x" +xB

X)=1+X+X +X +X"+X°+X
9 1 5 7 8 12 13

The implementations of the ranging code generators for
the B2a data component and B2a pilot component are
shown in Figures 6.24 and 6.25, respectively.

The polynomials for the two B2a ranging code compo-
nents of a specific satellite are different, but they have
the same initialization vector. The initial state of Register
1is “1111111111111”, while that of register 2 is different
for different satellites and is specified in [17]. Registers 1
and 2 are synchronized at the start of a period. At the
end of the 8190th chip of a ranging code period, Register



1is reset to 1. Repeating this process, a ranging code with a
length of 10,230 is obtained.

The overlay codes of the B2a data component are the
same for all satellites. The code is a fixed five-bit code
sequence with value “00010”, whereas the overlay codes,
of length 100 for the B2a pilot component, are different,
and are obtained by truncating the Weil code to a length
of 1021.

6.6.3.3 Navigation Messages

The navigation message broadcast by the BDS B1C and
B2a signals are the B-CNAV1 and B-CNAV2 messages,
respectively.

6.6.3.3.1 B-CNAV1 Data Structure
The B-CNAV1 message is broadcast on the B1C signal and
modulates the B1C data component. Each frame contains



1800 symbols at a 100 sps rate and lasts 18 s. Each frame has
three subframes, with the basic frame structure as shown in
Figure 6.26.

Before error correction coding, subframel uses 14 bits to
represent the PRN number and second of hour count
(SOH). Subframe2 has 600 bits for system time, navigation
message version, ephemeris information, satellite clock
correction information, and group delay corrections. Sub-
frame3 has 264 bits, which are divided into several pages
for ionospheric delay correction model parameters, Earth
Orientation Parameters, BDT-UTC time synchronization
information, BDS-GNSS time synchronization informa-
tion, medium precision ephemeris, simplified almanac,
SV health status, satellite integrity status identification,
and SIS monitoring accuracy indications.

Subframel has its most significant six bits encoded in
BCH(21,6), and the least significant eight bits are encoded
in BCH (51,8). Subframe2 and subframe3 are encoded
using 64-ary low-density parity check (LDPC)(200, 100)
and LDPC(88,44), respectively. After application of the
encoding, subframel, subframe2, and subframe3 have 72,
1200, and 528 symbols. respectively.

6.6.3.3.2 B-CNAV2 Data Structure
The B-CNAV2 message is broadcast on the B2a signal
modulated on the B2a data component. Each frame con-
tains 600 symbols at 200 sps rate and lasts 3 s. Each frame
has three subframes, with the basic frame structure as
shown in Figure 6.27.

Each frame begins with a frame synchronization header
that occupies 24 symbols and is OxE24DE8 or 111000
100100110111101000. The MSB is transmitted first.

Each frame contains 288 bits prior to error correction
coding, including a 6-bit PRN number, a 6-bit information
type, an 18-bit data message, and 24 bits of CRC parity
check information. All of these data are used in the CRC
parity check calculation. After being encoded in 64-ary
LDPC (96,48), each frame contains 576 symbols.

6.7 Summary and Future Prospects

The BDS program started as a regional, active positioning
system, evolved into a regional passive ranging system,
and is being rapidly expanded into a global, multifunctional
satellite navigation system. This chapter presents the evolu-
tion of China’s satellite navigation system following its orig-
inal three-step development plan. With the completion of
the first and second steps, BDS | and BDS Il have been
widely used in China and the Asia-Pacific region. Cur-
rently, BDS 111, the product of the third step of the BDS
development plan, is expected to offer global and multi-
functional services by approximately 2020.

As a member of the world’s GNSS family, BDS has many
similarities with other GNSSs. However, BDS also possesses
many unique features. Its uniqueness is not only reflected
in the constellation structure, the control segment configu-
ration, and the user terminals, but also in its signal struc-
tures, ranging and positioning methods, various services,
and applications. BDS even created a completely different
development model from other GNSSs. These differences
make BDS a unique and distinctive GNSS.

As a summary of this chapter, Table 6.9 presents the
launch record of BDS satellites as of March 2018. So far,
a total of 31 satellites in three types of orbits have been






successfully launched. As BDS further develops into its full
constellation, this list will continue to grow.

Finally, Figure 6.28 captures the evolution and future
prospects of the BDS open signal spectrum from BDS I,

BDS Il, to BDS I1I.
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PSLV-C24 [10]. Both IRNSS-1A and IRNSS-1B (shown in
Figure 7.3) were placed in geostationary orbits. The third
satellite (IRNSS-1C) was launched in the same year on
October 15 aboard PSLV-C26, and was placed in a geosyn-
chronous orbit [11]. This was followed by the successful
launch of the fourth satellite (IRNSS-1D) on 28 March
2015 [12]. The fourth satellite was placed in a geosynchro-
nous orbit. The last three satellites (IRNSS 1E, 1F, and 1G)
were launched in 2016 to complete the seven-satellite con-
stellation [13-15]. The details are summarized in Table 7.1.

Certain on-board features of the NAVIC satellites include
two solar panels consisting of ultra-triple junction solar
cells that generate approximately 1660 W of power, and
Sun and star sensors along with gyroscopes to provide
the orientation reference to the satellite. Specially designed

thermal control schemes have been implemented for criti-
cal elements like atomic clocks. The propulsion system con-
sists of a liquid apogee motor (LAM) and thrusters [16, 17].

7.1.1.2 NAVIC Payload Overview

All the seven NAVIC satellites carry a navigation and ran-
ging payload onboard. The navigation payload transmits
signals supporting dual use, which is Standard Positioning
Service (SPS) for civilians and Restricted Service (RS) for
military purposes. In addition, the payload operates in
the L5 (1176.42 MHz) and S (2492.028 MHz) bands. Multi-
ple highly accurate rubidium atomic clocks are part of the
navigation payload on the satellite. The ranging payload
consists of a C-band transponder (uplink: 6700-6725
MHz, right-hand circularly polarized (RHCP); downlink:



3400-3425 MHz, LHCP), which facilitates accurate deter-
mination of the range to the satellite, along with corner
cube retro reflectors for laser ranging. Figure 7.4 shows a
blown-up view of the NAVIC spacecraft [16].



Seventeen IRIMS sites will be distributed across the
country for orbit determination and ionospheric modeling
[3]. Four ranging stations, separated by wide and long base-
lines, will provide two-way CDMA ranging [20].



on-board clock is modeled, which is a quadratic function of
time. The parameters of this model are calculated and
transmitted as a part of the IRNSS broadcast navigation
messages [21].






The estimation of satellite orbit and clock parameters are
done using high-accuracy measurements from the IRIMS
stations after removing the atmospheric errors, possible
outliers, cycle slips, and carrier phase ambiguity. One of
the IRIMSs is driven by IRNWT, which serves as the refer-
ence time for precise orbit and clock estimation [17, 25].
A batch filter processes three-day measurements to ensure
the stability of the orbital arc. Prior to the generation of nav-
igation parameters, orbits as determined employing two-
way ranging measurements are used for validation.



< 27%* = 596 e 8 for all channel bit error probabilities
< 0.5 [6].

The generator polynomial used for the CRC computation
in each subframe given as

24
9(x)= > gX'
i-0
gi=1lfori=0,1,3,45,6,7,610,11, 14,17, 18, 23, 24 and 0
otherwise; X' is the bit stream for which the CRC need to be
computed.

7.5.1.1 Frame Structure
The IRNSS master frame is 2400 symbols long and made up
of four subframes. Each subframe is 600 symbols long, as
explained earlier. Subframes 1 and 2 transmit fixed primary
navigation parameters. Subframes 3 and 4 transmit second-
ary navigation parameters in the form of messages. The
master frame structure is shown in Figure 7.9. All sub-
frames transmit TLM, TOWC, alert, AutoNav, subframe
ID, spare bit, navigation data, CRC, and tail bits. Subframes
3 and 4 also transmit message ID and PRN ID. Figure 7.9
also shows the subframe structure for the IRNSS navigation
data. The most significant bit/byte is transmitted first [6].
The primary navigation parameters consisting of the sat-
ellite ephemeris, clock information, signal health status,
group delay, and user range accuracy (URA) are transmitted
in the first two subframes and are repeated once every 48 s.
The secondary navigation parameters, which include

satellite almanac, ionospheric grid parameters, ionospheric
delay correction coefficients, UTC and GNSS time offsets,
differential corrections, Earth orientation parameters, and
text messages, are transmitted in subframes three and four.

The contents of subframes 1 and 2 are fixed to transmit
the primary navigation parameters.






offset carrier (BOC (5, 2)) for RS signals. The IRNSS RS
signal consists of a data channel and a pilot channel. The
composite IRNSS signal is then generated using interplex
modulation technique by adding a fourth signal in order
to maintain a constant envelope at the output of the power
amplifier [6].

The SPS data signal se(t) is represented as [6]

oo

SSPS (t) = Z cSpS (|i‘L5p5) ‘dSpS ([i]CDSpS) .reCtTc,sps (t - iTC,SpS)

i= —o0

(7.1)

The RS BOC pilot signal s , is represented as

sspt)= > crs_p(|i\Lrs_p)-rectTwS?p (t—iTeprs p)-Strs p(t, 0)
i= —oo

(7.2)

The RS BOC data signal s g is represented as

Srs_d(t) = i Crs_d(ersid)'

i=-
drs d ([i}CDrU) recty, o (t—1Tcrs d)-SCrs_a(t, 0)

(7.3)

In Eq. (7.4) sc, represents the subcarrier signal, and it is
represented as

sex(t, @) = sgn [sin (2nfg t + ¢)] (7.4)

The IRNSS RS data and pilot channels use sinBOC, and so
the subcarrier phase ¢ is 0. The composite signal s(t) along
with the interplex signal I(t) is then represented as

()= £ [V2(50s(t) + 50(0)) + (250, (0 = 1)
(7.5)

In Eq. (7.5), I(t) is added to maintain the constant envel-
ope of the composite signal. Figure 7.11 shows the block
diagram of the IRNSS composite signal generation.



The symbol definitions are as follows:

cx(i)
dx(i)
fsc
[ilx
CDy
Lx
recty
Tc,x
Rd,sps
Rd,rs
Rc,sps

Rc,sps
Rsc

i-th chip of the spreading code

i-th bit of the navigation data
Subcarrier frequency

‘i modulo x

Integer part of x

Number of chips per navigation data
Length of spreading code in chips

Rectangular pulse function with duration *

Spreading code chip duration

SPS data rate = 50 symbols per second
RS data rate = 50 symbols per second
SPS code chip rate = 1.023 Mcps

RS code chip rate = 2.046 Mcps
Subcarrier frequency = 5.115 Mcps






IRNSS the elevation mask should go all the way until 15°.
This ensures that in the desired service volume, all the
seven satellites are available and good PDOP is guaranteed.
Also, given the wide separation between the L5 and
S bands, realization of a compact antenna is a challenge.
Alternatively, two antennas — one covering L5 to L1 and
the second covering only the S band - can be combined
and used. This would call for additional real estate on the
platforms and might pose a challenge for retrofit applica-
tions. Figure 7.13 is an example of an integrated IRNSS
and GPS antenna developed by Thiagarajar Telekom Solu-
tions Limited (TTSL), Madurai [26].












communications, broadcast satellite services, and Japa-
nese-government-funded R&D programs on satellite navi-
gation technologies in 2003. The Advanced Satellite
Business Corporation (ASBC) was established to study their
business plan and was funded by 59 companies including
Mitsubishi Electric Corporation, Hitachi Ltd, ITOCHU
Corporation, NEC Toshiba Space System, Mitsubishi Cor-
poration, and Toyota Motor Corporation in 2002 prior to
launching the public private partnership project.

In 2006, after the ASBC decided to cancel the public pri-
vate partnership project and to withdraw their participation
from the program, the project was reduced to a technical
demonstration with one test satellite. JAXA took the role
of the integrator for the entire system construction and
technical validation after the launch of the test satellite
in collaboration with other Japanese research institutes,
including NICT; Electronic Navigation Research Institute
(ENRI), which is currently the National Institute of Mari-
time, Port and Aviation Technology (MPAT)); Geospatial
Information Authority in Japan (GSI); National Institute
of Advanced Industrial Science and Technology (AIST);
and Satellite Positioning Applications Center (SPAC).
NICT developed onboard test equipment for Two-Way Sat-
ellite Time and Frequency Transfer (TWSTFT) [3] as well as
an active hydrogen maser clock [4]. Due to a logistical lim-
itation, the hydrogen maser clock was not implemented in
space. ENRI [5] and GSI [6] developed ground test systems
to generate augmentation messages and conducted their
validations. AIST was involved in verifying the proof-of-
concept study for time synchronization between an
onboard crystal oscillator and an atomic clock on the
ground. SPAC conducted an application demonstration
for Japanese industries using their augmentation system
platform [7].

The first QZSS satellite was launched on 11 September
2010. The nickname “Michibiki,” which means “guiding
light,” was selected after an open call by the public. The
technical verification and application demonstrations were
conducted successfully by the JAXA [8] and other research
institutes. Because of the successful results, the Japanese
government announced on 30 September 2011 that it would
establish a four-satellite QZSS constellation as a national
infrastructure by the late 2010s, as well as set the future goal
of a seven-satellite constellation by around 2023 to main-
tain an independent PNT capability.

The second, third, and fourth QZSS satellites were
launched successfully in 2017 on June 1, August 19, and
October 10, respectively. Each satellite in-orbit test (I0T)
has been conducted. Signal transmission testing and precise
orbit determination (POD) software tuning have been per-
formed subsequently. Operational service provisions began
on November 1, 2018.



hydrogen maser clocks located in four monitoring stations.
In order to maintain interoperability with GPS, QZSS uses
the same time scale, origin, and other definitions related to
the time system as that of the US GPS. Thus, the epoch is
midnight UT on 6 January 1980, with no adjustment for
leap seconds, and with “roll-overs” occurring every
1024 weeks after the epoch, as with GPS time.

The QZSS ground control segment estimates each satel-
lite orbit and clock offset for both QZSS and GPS. GPST
is also estimated based on SV clock offsets from QZSSRT
and GPS navigation data. This is achieved by treating
QZSST as the estimated GPST. Each QZSS SV clock offset
is calculated based on this QZSST and then broadcast as
clock offset and quadratic term coefficients in the naviga-
tion message. In other words, the system time difference
between QZSS and GPS is included in the clock offset para-
meters broadcast from QZSS. Therefore, the GNSS time off-
set in CNAV and CNAV2 messages for QZSS L2C, L5, and
L1C is set to “Zero” value. The current control segment
does not have the capability to generate other GNSS time
offsets, though CNAV and CNAV2 messages reserve sev-
eral bits for other satnav systems.

QZSS satellites transmit conversion parameters from
QZSST to UTC(NICT) as UTC offset parameters. The
UTC offset error is maintained within 40 ns (95%).



minimum user receiving power defined in I1S-QZSS-PNT for
each signal. Figure 8.2 shows the coverage of PNT services
from QZSS. The contour lines indicate elevation angles
above which at least one satellite is observed.



coverage area between Japan and Australia along with the
satellite ground track. Unlike other satellite-based augmen-
tation systems such as SBAS, which utilizes geosynchro-
nous satellites, this unique property of QZSS can benefit
users by providing an error correction data stream that
can be received even in an urban canyon. QZSS has pro-
vided two operational services within this category from
the beginning of its service provision in 2018. One is the
Sub-meter Level Augmentation Service (SLAS) for code
phase positioning users [11], and the other is the Centime-
ter Level Augmentation Service (CLAS) for carrier phase
positioning users [12]. These two augmentation services
are described in the following subsections. Once the
MTSAT-2 (Multi-functional Transport Satellite -2) opera-
tion is terminated at its end of lifetime in 2020, the MSAS
service will continue through QZS-3. SBAS service provided
via QZSS will be introduced in Section 8.4.6.

8.4.21 SLAS

SLAS provides differential error correction, that is, Pseudo
Range Correction (PRC) for pseudorange measurements of
L1 C/A signal for each GPS and QZSS satellite. PRC is gen-
erated based on 13 Japanese domestic reference stations
and transmitted through the QZSS L1S signal. The SLAS
service area is shown in Figure 8.2 along with the locations
of 13 monitoring stations. The ionosphere above the south-
western area in Japan is typically more active than the
northern area because the former area’s geomagnetic lati-
tudes are lower and near the geomagnetic equator. Densely

distributed monitoring stations are required in such areas
to satisfy the user PVT accuracy requirement. SLAS pro-
vides user position accuracy with better than 1.0 m (95%)
in the horizontal direction, and 2.0 m (95%) in the vertical
direction within the area surrounded by red lines in
Figure 8.3. Note that the user range error due to receiver
noise and environment effects, such as multipath error, is
less than 0.87 m (95%). User position accuracy less than
2.0 m (95%) in the horizontal direction, and 3.0 m (95%)
in the vertical direction are expected in the area surrounded
by black lines.

8.4.2.2 CLAS

CLAS provides error corrections for carrier phase position-
ing with the State Space Representative (SSR) format,
which was standardized in RTCM SC104 as RTCM
10403.2 with the proposed Compact SSR format for future
updates of the RTCM standard. [13, 14] Each error compo-
nent, such as the satellite orbit, clock, code and carrier
phase bias, ionospheric delay and tropospheric delay, in
the SSR description can be transformed into range correc-
tion data in the Observation Space Representative (OSR) for
calculating range measurements to obtain a single point
positioning result. A user can resolve carrier phase ambigu-
ity by double-differencing measurements between the raw
measurements at the receiver and the calculated measure-
ment values, similar to RTK processing, to get centimeter-
level accuracy.



Approximately 300 CORS observation stations in the
GEONET operated by GSI are utilized to generate an SSR
error correction message via the QZSS L6D signal in real
time. CLAS provides integrity information. When the

ground control system detects anomalies on a satellite sig-
nal, the error corrections for the detected abnormal satellite
are set to an invalid value and the invalid satellite is
excluded from the mask message in MT4073,1. In addition,
correction message quality indicators can be accessed by
users to judge if the error correction for the specific satellite
could be directly applied or used after weighting with
regard to the indicators.

Figure 8.4 indicates the CLAS service coverage area. lon-
ospheric delay and tropospheric delay error corrections are
distributed over 12 areas in Japan and updated every 30 s.
Considering the limitation on the data transmission rate of
L6D (2.0 Kbps) and the number of satellites, error correc-
tions provided by CLAS are limited. The slant TEC for ion-
ospheric delay corrections for 17 satellites from GPS, QZSS
and Galileo are available for each of the 12 local areas,
while orbit, clock, and code/phase bias corrections are
available for the entire service coverage in Japan. CLAS
can provide centimeter-level accuracy as defined in
PS-QZSS: 6 cm (95%) in the horizontal direction and
12 cm (95%) in the vertical direction for the static mode
at a fixed point, and 12 cm (95%) horizontally and 24 cm
(95%) vertically for the kinematic mode on a moving plat-
form within Japan and the surrounding terrestrial waters.



the Japanese government decided to build the system just
after the Great East Japan Earthquake in 2011. Two mes-
saging services, DC-Report service [15] and Q-ANPI serv-
ice, are provided through QZSS. These two messaging
services are described briefly in the following subsections.

8.4.3.1 DC-Report Service (Satellite Report for

Disaster and Crisis Management)

DC-Report provides short messages related to disaster
warnings such as earthquakes, tsunamis, volcanic erup-
tions, floods, and crisis management information using
212 bits in the L1S message once every 4 s. In the beginning
of the service operation, a weather alert issued by the Japan
Meteorological Agency (JMA) is relayed, depending on the
priority rank of the type of disaster, by means of a dedicated
format using Message Type 43 for Japanese domestic users.
DC-Report service is available in the same area as the PNT
service shown in Figure 8.2. An early warning message for
the Asia-Pacific region is being investigated using Message
Type 44, which has not been defined yet.

8.4.3.2 Q-ANPI Service

The QZSS Safety Confirmation Service (Q-ANPI) provides
data communication service for information on the state of
evacuation shelters, number of evacuees in shelters, and
evacuee condition during a disaster. This information
transmitted from evacuation shelters will be received and
acquired at the control station via QZS during a disaster.
Q-ANPI provides these data communication services via
the QZS-3 satellite in a geostationary orbit (GEO). This
service is available on S-band devices that support Q-ANPI.
This service can only be used in Japan and surrounding
coastal areas.



(equivalent to 5:00 GPST), and the results are promising for
serving LPV and LPV200 operations.

Next, the performance is evaluated at 160 test stations
distributed throughout Japan. Figure 8.8 illustrates 95%
errors at these test stations. It seems that position errors
tend to be worse when moving away from the center; the
worst 95% accuracies are 1.2 m and 2.4 m for the horizontal
and vertical, respectively.

Figure 8.9 shows 95% protection levels at 160 test stations.
Protection levels in remote areas are worse than in the

central area because there are fewer augmented satellites,
and the associate DOP index increases in remote areas.
Figure 8.10 uses triangle charts containing all epochs at
all 160 test stations from the south to the north of Japan
to describe the relationships between protection level and
position error. The results are promising. The actual error
never exceeds the associated protection level, thus indicat-
ing that there are no MI (Misleading Information) condi-
tions. For LPV200 flight mode with a HAL of 40 m and a
VAL of 35 m, the corresponding availability is 99.986%.



Clearly, the performance of the prototype system meets the
requirements of the LPV200 flight mode with enough avail-
ability over all of Japan.

8.4.4.1.3 Experiment Using QZSS TV Service

The first satellite with the capability of transmitting the L5S
signal, QZS-2, was launched in June 2017. In parallel with
the 10T of QZS-2, a communication line between ENRI in
Tokyo and the QZSS MCS in Hitachi-Ota, Ibaraki, was set
up, and the interface test was conducted. Some interface
software connecting the prototype DFMC SBAS with the
QZSS TV Service was developed and tested.

Finally, ENRI began the L5 SBAS experiment on
23 August 2017 with the L5S signal transmitted by the
QZS-2. The message transmitted by the L5S signal is com-
pliant with the ICAQ draft standards of DFMC SBAS. The
DFMC prototype is now upgraded to process GPS, GLO-
NASS (L1 and L2 only), and Galileo satellites (L1 and L5
only) with L1, L2, and L5 signals. For the real-time exper-
iment with the L5S signal, the prototype usually augments
the L1 and L5 signals of GPS and Galileo satellites.

8.4.4.2 PPP/PPP-AR Experiment Through L6E

CLAS on the L6D signal is a domestic service using the Jap-
anese network GEONET. Densely spaced CORS stations
with 50 to 60 km baseline separations are required if CLAS
has to extend its service coverage to outside Japan. Even if
such a condition is met in some countries or regions, CLAS
cannot cover the entire QZSS visible area due to the L6 sig-
nal bandwidth. To complement its coverage outside of
Japan, including the oceans far away from the CORS sta-
tions, error corrections for satellite orbit, clock offset, and
code/carrier phase bias can be estimated with globally col-
lected observation data and transmitted via the L6E signal
as an experimental signal. Users can apply these error cor-
rection messages to PPP as well as PPP-AR to obtain deci-
meter to centimeter position accuracy if the ambiguity can
be resolved with the transmitted initial phase bias on L6E.
Since local ionospheric and tropospheric errors are not pro-
vided through L6E, users have to estimate these values in
their computation process. This leads to a longer conver-
gence time, normally 20 to 40 min, to resolve carrier phase



ambiguity or PPP float solutions. The error corrections for
QZSS, GPS, and GLONASS are available in the beginning
of the operation, while for Galileo and BeiDou, error correc-
tions are planned to be added in future updates. During the
experimental phase, the Multi-GNSS Advanced Demon-
stration tool for Orbit and Clock Analysis (MADOCA)
[21-23] developed by JAXA is used for generating such
error corrections. The message format is defined by a

start-up company, GPAS (Global Positioning Augmenta-
tion Service) [17], with the goal of investigating future prac-
tical service provision.



ranging capability and error correction messages with an
encrypted spreading code and a different frequency band
away from those of GPS civil signals.



and fourth satellites have additional propellant for poten-
tial plane changing maneuvers. Table 8.3 summarizes the
orbit parameters for QZSS 1GSO satellites.















Itis a new national space asset and highly prioritized in Jap-
anese Space Policy. It will be extended to a seven-satellite
constellation around 2023 to realize stand-alone PNT capa-
bility to enhance robustness and resiliency while maintain-
ing interoperability and compatibility with other GNSSs. It
is expected that the evolution of QZSS can contribute to the
stable and sustainable growth of the region.
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centered at 1575.42 MHz. To date there are no L1 signals
from India’s NAVIC regional system. However, GLONASS
L1 signals have 14 different center frequencies from
1598.0625 to 1605.375 MHz spaced apart by 0.5625 MHz.
(Some references indicate there are two additional center
frequencies at 1605.9375 and 1606.5000 MHz.) The center
frequency of each “frequency channel” (F) is (1602 +
0.5625 x F) MHz. The lowest frequency is when F = —7.
The highest of the 14 center frequencies iswhen F = 6. Each
center frequency can be duplicated on antipodal (opposite
sides of Earth) satellites, which is how 14 frequencies can
be used for up to 28 satellites [8]. Antipodal satellites can
use the same channel number.

From the beginning, GLONASS has employed frequency
division multiple access (FDMA) to separate and distin-
guish the individual satellite signals while using identical
spreading codes on all common satellite signals. In con-
trast, GPS and all subsequent navigation satellite systems
have transmitted on the identical center frequency, for
example, L1 at 1575.42 MHz, while using different code
division multiple access (CDMA) codes on each satellite
to separate and distinguish the signals.

Itis significant that GLONASS also is beginning to imple-
ment the CDMA method, and over time every GLONASS
satellite will transmit both FDMA and CDMA signals.
The choices made clearly indicate the new CDMA signals
are intended to improve interoperability with GPS and
the other GNSSs. The Glonass-K satellites have only
one CDMA signal, L30C (meaning an open signal (O)
using CDMA (C) at the L3 frequency). The Enhanced

Glonass-K next provides three open CDMA signals at L1,
L2, and L3. That satellite uses two phased-array antennas,
one to transmit the FDMA signals and the other for the
CDMA signals. It is significant that the CDMA antenna
is in the preferred location, aligned with the satellite center
of mass, while the FDMA antenna is offset [8]. This differ-
ence is expected to end with the Glonass-K Evolution (K2)
satellites, which will transmit all navigation signals from
one antenna aligned with the center of mass.

The GLONASS CDMA signals will be transmitted at
three center frequencies of L1 at 1600.995, L2 at
1248.060, and L3 at 1202.025 MHz, as shown in
Figure 9.2 [9].

The top plot in Figure 9.2 shows the GLONASS L1 and L2
FDMA signals. The lower plot shows the GLONASS CDMA
signals. On the left, the GLONASS L3 signal is shown in red
superimposed over the Galileo E5 signals, which are com-
posed of two components: E5a, which is the large lower
lobe that overlays the GPS L5 signal, and E5b, which is
higher in frequency than E5a and L5. As shown in the table,
the L3 carrier is modulated by a 10.23 MHz spreading code.

In the GLONASS L2 band, the second plot shows that the
L2 CDMA signals overlap the GLONASS FDMA signals
and are modulated by two 1.023 MHz spreading codes,
one being a binary phase shift keyed (BPSK) signal and
the other which, in addition, is modulated by a 1.023
MHz square wave to form a split band Binary Offset Carrier
BOC(1,1) signal. The first “1” in the BOC(1,1) term denotes
a 1.023 MHz square wave, and the second “1” denotes a
spreading code rate of 1.023 MHz.



The second plot in Figure 9.2 shows that the GLONASS
L1 CDMA signals overlay the GLONASS L1 FDMA
signals. The L1 CDMA signals have the same structure
as the L2 CDMA signals, namely, a BPSK(1) component
and a BOC(1,1) component. To the left of the GLONASS
L1 plot is a plot of the GPS BOC(1,1) component of
the L1C signal, which is centered at 1575.42 MHz.
(Note that the GLONASS L2 CDMA plot is not scaled
properly. It should have the same width as the L1 CDMA
plot.)

There are significant differences between the new GLO-
NASS CDMA signals and the traditional FDMA signals.
The differences clearly are intended to encourage and ena-
ble interoperability with GPS, Galileo, BeiDou, and QZSS.
The underlying clocks for GPS and the other systems are
based on multiples of a 1.023 MHz common frequency.
Like these signals and unlike GLONASS FDMA, the center
frequencies of each of the three GLONASS CDMA signals
are at multiples of 1.023 MHz, namely L1 at 1565 times
1.023 or 1600.995 MHz, L2 at 1220 times 1.023 or
1248.060 MHz, and L3 at 1175 times 1.023 or 1202.025
MHz. In addition, as shown in Figure 9.2, the code clock
frequencies are 1.023 or 10.23 MHz, and the code lengths
are 1023, 4092, or 10230 chips.



14 lines representing the GLONASS FDMA center frequen-
cies. Superimposed in Figure 9.3 is the spectrum of the GPS
C/A signal, with the first nulls at £1.023 MHz. The intent is
to show that the Doppler shift is a tiny fraction of the spread
spectrum bandwidth. The comparison is made because
even narrowband receivers must process most of the L1 sig-
nal bandwidth. Typical consumer receivers have band-
widths on the order of 2 MHz or greater. Limitations of
the Excel plot do not necessarily show how small the Dop-
pler shift is compared to the spectral width of the C/A sig-
nal. Figure 9.4 shows this more clearly. The two lines
representing the GPS center frequency are at 1575.42
MHz + 5 kHz and 1575.42 MHz — 5 kHz.

Receiver components, especially filters and cables, have a
variable time delay as a function of frequency. For almost
every application, the time delay difference due to the rel-
atively tiny Doppler shifts can be ignored. There may be a
few applications in which even such tiny effects must be
measured and calibrated to achieve the utmost precision.

The second and more significant reason for small time
delay variations between signals is that the antenna itself
is not time delay isotropic. Signals arriving at different azi-
muth and elevation angles suffer small time delay differ-
ences. The received carrier phase varies over 360° as a

function of the satellite azimuth relative to the receiving
antenna position. For the highest-precision applications,
these variations are measured and mapped and corrections
are applied when processing the signals.

For consumer applications, such small variations are
negligible, especially when compared to the much larger
sources of error, including multipath and uncorrected ion-
ospheric and tropospheric refraction.

As illustrated in Figure 9.3, the center frequency offsets
between GLONASS FDMA signals are enormous, especially
as compared with Doppler frequency shifts. The frequency
offset between GPS L1 and any of the GLONASS FDMA
channels ranges from 22.6425 to 29.955 MHz. The frequency
offset between individual FDMA channels ranges from
0.5625 to 7.3125 MHz. These differences are large even com-
pared with the span of the C/A signal spectrum. In fact, the
spread between GPS and the FDMA channels is so large that
most if not all receivers employ different RF/IF hardware,
including different filters, for CDMA than for FDMA signals.
This violates a main interoperability objective of “allowing
navigation with signals from at least four different systems
with minimal additional receiver cost or complexity.”

To achieve accuracy with an FDMA-only receiver, the
filter(s) must be designed to minimize differences in time



delay from one channel to another. A pre-calibration of these
delays should be provided to the processing software, and a
built-in test signal to calibrate the differences may be needed.

When GLONASS FDMA is used with GPS, Galileo, Bei-
Dou, and/or QZSS, a calibration of the individual FDMA
delays can be made with respect to a position solution that
is independent of GLONASS measurements. Although fil-
ter time delay variations can change over time and with
temperature, as long as the calibrations remain valid they
can be used to benefit from use of the FDMA signals.
Because the additional coverage and accuracy obtained
by adding GLONASS to GPS is so valuable, many receivers,
from consumer devices to high-precision survey and
machine control products are so equipped. Once many
more reliable CDMA signals become available from other
providers, the question will arise of whether the additional
complexity of using FDMA signals will be justified.

This is why the emerging GLONASS use of CDMA is so
significant. The frequency offset with GPS L1, L2, and L5
will not be eliminated. These differences will be 25.575,
20.46, and 25.575 MHz, respectively. (As factors of 1.023
MHz, the differences are factors of 25, 20, and 25, respec-
tively.) However, having 1.023 MHz as the base for all GLO-
NASS CDMA signals should simplify frequency synthesis
in every receiver processing both GLONASS CDMA and
other GNSS signals.

The frequency differences are large enough to warrant the
use of two filters at each band, one for most GNSS CDMA
signals and the other for the GLONASS CDMA signals. This
requiresalarger productsize and more cost, but the cumber-
some and suboptimal need to individually calibrate the time
delay of each FDMA channel will be eliminated. In fact, the
calibration can become one additional parameter in the
positioning solution. The relative time delay parameter
between filters will be very stable, changing only slowly.
In many applications, that parameter can be combined with
the very stable system clock difference parameter. Once a
solution is obtained, each one or the combination can be
heavily filtered so as not to “waste” even one satellite signal
in subsequent positioning solutions.

Asshown in Figure 9.2, 1.023 MHz is the base not only for
the GLONASS CDMA center frequencies but also for the
spreading code clocks. The spreading code lengths also
are multiples of 1023 chips. Clearly the intent is to be as
interoperable as possible with most other GNSS signals
even if the center frequencies are not identical.



of signal multipath, for example, the narrow correlator, the
strobe correlator, the double delta correlator, or the multi-
path mitigation correlator [16-18]. As explained in [16-18],
subtracting a late correlator waveform from an early corre-
lator waveform produces a waveform with three levels, +1,
0, or —1. When the level is +1, a gate is open and the incom-
ing (I channel) signal samples are summed. (The running
sum also decays, and so older samples are replaced by
newer samples.) When the level is —1, the gate is open
but the signal samples are subtracted from the running
sum. When the level is 0, the gate is closed and signal sam-
ples are ignored. (Ignoring signal samples when there is no
transition to track improves the loop signal-to-noise ratio.)
Also, as explained in [16-18], the code tracking loop works
to center the plus and minus gates on the spreading code
transitions, the polarity of the gate being defined by the
direction of the signal code transition. The result is that
when the average of the running sum is not zero but is
either positive or negative, that is the error signal which
causes the code tracking loop to center the open gate times
on the incoming signal code transitions. When the average
of the running sum is zero, the code tracking loop is aligned
with the peak of the code autocorrelation function.

The process for tracking code transitions of a BPSK(1) or
a BOC(1,1) waveform is the same. The only significant dif-
ference is that a BOC(1,1) waveform has three times the
code transitions per unit time than the BPSK(1), that is,
about 500,000 per second for BPSK(1) and 1,500,000 for
BOC(1,1). That improves the signal-to-noise ratio in the
code tracking loop, but it does not cause one waveform
to be less precise than the other except in extremely weak
signal conditions.

If the receiver RF/IF bandwidth is wide enough, the tran-
sient response after a code transition should mostly settle
before the next code transition. For the C/A spreading code,
the minimum time interval before the next code transition
is approximately 1 ps (977.5 ns). For BOC(1,1), the time
interval is half that because the 1.023 MHz spreading code

also is modulated by a 1.023 MHz square wave. Therefore,
the minimum RF/IF bandwidth for BOC(1,1) should be
about twice that of the minimum C/A RF/IF bandwidth.
Practically speaking, the bandwidth of a current narrow-
band C/A receiver may be adequate for BOC(1,1), and a
receiver designed for BOC(1,1) certainly has sufficient
bandwidth for the C/A signal. From a receiver bandwidth
perspective, there is no adverse impact of processing both
signals with the same hardware, especially because they
have the same center frequency.

One characteristic which might seem to affect interoper-
ability between BOC(1,1) and BPSK(1) is the autocorrela-
tion function of each, as illustrated in Figure 9.6. When
tracking BOC(1,1), it is important to avoid having the code
loop lock to either of the “false” peaks at +0.5 and —0.5
spreading code chips from the main peak. Many papers
have been written about how to avoid this trap. If both sig-
nals are transmitted from the same satellite, the BPSK(1)
autocorrelation function, which has no such ambiguity,
can be used to verify the proper alignment of the BOC
(1,1) code tracker.

The relative “sharpness” of the two autocorrelation func-
tions could imply that one yields better accuracy than the
other. This has been a long-term fantasy. When GPS was
first designed, it was assumed that the P-code would pro-
vide about 10 times the pseudorange measurement accu-
racy of the C/A code because the C/A autocorrelation
function is 10 times wider than it is for the P-code. How-
ever, as is well known, some of the most precise measure-
ments are made by C/A receivers. There are several reasons
for this. One is that receivers using a narrow correlator or a
multipath mitigation correlator can use the same early-
minus-late spacing (same gate width) for C/A as for P-code
tracking. If both signals are filtered with the same RF/IF



bandwidth, the rounding at the top of either autocorrela-
tion function will be the same, which means that the accu-
racy of finding code transitions will be the same if the S/N
in the code tracking loop is sufficiently positive. To improve
the S/N, commercial, scientific, and aviation C/A receivers
almost always employ a version of carrier-aided code
smoothing, that is, the Hatch filter [19]. This allows the
code loop bandwidth to be reduced to 0.01 Hz or less. In
most applications, the penalty of needing time for the filter
to settle is of little consequence.

Therefore, it can be concluded that for most practical pur-
poses the C/A BPSK(1) and the MBOC BOC(1,1) signals are
fully interoperable in terms of code tracking accuracy.



reference station, and there are other systems with refer-
ence stations distributed over broad areas which can serve
an entire continent. Over short distances, the corrections
may be only pseudorange adjustments or, for survey and
machine control applications, they also include carrier
phase readings. For larger systems, the corrections will
include adjustments to each satellite’s orbit parameters as
well as pseudorange and/or clock corrections. Some appli-
cations permit simple corrections; others may demand a
more complex set of corrections. Systems with large cover-
age areas include the WAAS operated by the US Federal
Aviation Administration (FAA) and similar SBASs [5]
around the world. There are private systems operated by
commercial companies such as OmniSTAR by Trimble,
Ltd., StarFire by John Deere, and TerraStar by TerraStar
GNSS Ltd. Each of these services employs communication
satellites to distribute correction messages. Smaller systems
use local radio transmitters and receivers to send correction
messages.

Importantly, all differential systems eliminate basic inter-
operability issues of time or geodesy offsets. After differen-
tial corrections are applied, the time reference and the
orbit coordinates for each satellite are adjusted to agree
with common references, as defined by the differential
system itself. The only remaining interoperability issues
will occur in the user equipment, such as different time
delays due to different signal center frequencies. Differen-
tial systems are widespread and widely used, even in cell
phone networks, and they all but eliminate most concerns
about interoperability.



begin to decline as ARAIM [4] comes into full use. Scien-
tific, survey, engineering, and agricultural applications will
improve in accuracy, speed of phase ambiguity resolution,
and in availability within challenged environments such as
near trees or deep within a pit mine. Integrity for most
applications will improve as a much larger number of satel-
lites can be used to cross-check each other as in conven-
tional RAIM or with ARAIM.

Interoperability is important in almost every application
of GNSS. It largely has been achieved for consumer appli-
cations, and it continues to improve for all applications as
signal providers strive to increase accuracy, match interna-
tional time and geodesy standards, and bolster their system
integrity. The widespread use of differential corrections can
eliminate any remaining interoperability concerns. Inter-
operability is fueling this important next phase of global
satellite navigation and positioning.






systems provide corrections to users to improve their posi-
tion and/or timing performance beyond that provided by a
GNSS service. SQM is included to ensure that the accuracy
of the user solution is within certain bounds.

The third category involves applications that exceed the
level of integrity provided by GNSS. These applications
were not envisioned in the original GNSS designs, and
are not included in current designs due to cost and/or devel-
opment time considerations. Examples of these systems are
the Satellite-Based Augmentation System (SBAS) and the
Ground-Based Augmentation System (GBAS), both of
which are primarily approved for aviation applications.
GBAS and SBAS rely on ground reference receivers to mon-
itor the received satellite signals. User receiver monitoring
is also part of this category, where a higher level of integrity
is achieved through algorithms implemented in the
receiver, such as Receiver Autonomous Integrity Monitor-
ing (RAIM) or Advanced RAIM (ARAIM).

Each of the three categories has unique SQM require-
ments that are summarized in the next section.



Segment in near real time 24 hours a day [25]. The SPS that
includes the C/A code is not monitored continuously, but
most errors that affect the SPS also affect the PPS, including
satellite clock and orbit parameters. Some aspects of SQM
are included, such as periodic verification of absolute
power levels [26]. Examples of errors that are not

monitored at the levels required for high-integrity applica-
tions are summarized in Table 10.3.

High-accuracy applications are monitored with regional
or worldwide reference networks, such as the regional Con-
tinuously Operating Reference Station (CORS) network,
the Jet Propulsion Laboratory (JPL) Global Differential



GPS (GDGPS) service, and an international reference sta-
tion network coordinated by the IGS. In addition, several
commercial correction services are in worldwide operation.
As an example, the 1GS network, through the Real-Time
Service (RTS), provides satellite clock and orbit corrections,
Earth rotation parameters, zenith tropospheric path delay
estimates as well as global ionosphere maps that can be
combined with data from user receivers for Precise Point
Positioning (PPP), thus achieving much higher levels of
accuracy than that provided by a stand-alone GNSS (see
detailed discussions in Chapter 11 of this volume).

High-integrity, safety-of-life applications use regional
(SBAS) or local (GBAS) reference receivers to monitor all
aspects of the received satellite signals. These systems focus
on a rapid response to signal malfunctions, generally
within a few seconds after the error reaches a potentially
hazardous level.



Low signal power does not directly lead to an integrity
concern, but it can affect safety through the loss of signal
continuity. Indirect impact on integrity has several
mechanisms:



to different geometries. Fortunately, if the user is dynamic,
then cross-correlation errors tend to be mitigated for the
user contribution [24]. Cross-correlation impacts signal
acquisition, signal tracking, and C/Ng estimators.

Cross-correlation conditions and corresponding moni-
tors have been well characterized for the GPS C/A code,
but are of equal concern for GLONASS and other GNSSs
[34, 35]. It is noted that any form of energy leakage can dis-
tort the correlation function, whether it is from the same
frequency, a different frequency, or due to a poor code
cross-correlation sequence. Cross-correlation is referred
to as self-interference when the impact on the spectrum
is evaluated. Because the impact is complicated in terms
of the signal parameters and dynamics, care must be taken
not to assess the impact too conservatively [36, 37].

A summary of GPS C/A code cross-correlation will be
presented, followed by three types of monitors for the
cross-correlation error. In 1978, [30] showed that the
worst-case correlation sidelobes occur at a 4 kHz Doppler
frequency shift offset between two satellites, and that the
effect is temporary in nature. At 0 Hz Doppler offsets
between satellites, the sidelobe interaction with the main
auto correlation peak can last longer. In [30], the emphasis
was on the impact of cross-correlation on signal acquisi-
tion. In 1992, [33] identified potentially large pseudorange
errors on the order of tens of meters during Doppler cross-
overs (relative Doppler frequency shift between two satel-
lites is close to 0 Hz), and suggested that these errors can
be modeled similar to multipath. In 2002, [31] presented
bench test results showing meter-level cross-correlation
errors that become negligible for precision approach appli-
cations after 100 s smoothing with the carrier phase. How-
ever, in [31], cross-correlation was not considered in
combination with off-nominal power levels due to low-sig-
nal-power conditions, or higher than expected power levels
due to recent changes in satellite transmit power redistribu-
tion [38].

The cross-correlation error is often compared to multi-
path error, but there are several distinct differences
between cross-correlation and multipath errors for the
GPS C/A code:



36.2% of the delays result in errors oscillating between —3
and +3 m, and for 1.6% of the delays, the error oscillates
between —6 and +6 m. The latter corresponds to 16 chip
durations out of 1023 chips. The equation for the maximum
value of the error envelope is given by [39]

<y - 23.9>
€envelope = Chip(d)lo 20

(10.5)

where y is the relative strength of the cross-correlating sat-
ellite in decibels with respect to the affected, weaker satel-
lite. The factor of 23.9 is equal to 20log;¢(65/1023), which is
the ratio of the highest cross-correlation value to the max-
imum value of the autocorrelation, expressed in decibels.
During a Doppler cross-over, the error will oscillate as
shown in Figure 10.3.

Based on Figure 10.3, cross-correlation errors can be
divided into two types: slow fading and fast fading. For both
types, the navigation data bit differences between the two
satellites will modulate the error due to the 180° phase
changes between the two satellites. Both satellites will expe-
rience the same navigation data during the last two sub-
frames when the almanac data is transmitted, which lasts
for 12 s. Note that several conditions have to line up in order
to create the worst-case error given by Eqg. (10.5). One, the
Doppler offset between the two satellites has to be either
zero, or offset by a multiple of 1 kHz [24]; two, the Doppler
rate offset has to be within 0.02 Hz/s in order to sustain the
error for at least 30 s; three, the relative power difference
must be large enough; four, the C/A code chips have to
be aligned such that one of the 16 worst-case chip align-
ments occurs; five, the navigation data has to be identical
on both satellites; and six, the navigation data bits must
be closely aligned between the two satellites. Clearly, the
worst-case error is unlikely to occur, but for high-integrity
systems, this error cannot be ignored. It is further noted
that for strong cross-correlation errors, the mean error
for fast fading is not zero, just like multipath errors, due
to the asymmetric shape of the error as a function of the
chip delay [40].

At least three different techniques can be used to protect
against cross-correlation errors. The first technique, which
can be found in GAST-C precision approach applications,
uses a screening algorithm that removes satellites from
the differential data broadcast that are potentially affected
by cross correlation [23]. The screening algorithm starts

with the selection of a bound for the cross-correlation error,
and then calculates the thresholds for three parameters: dif-
ference in carrier-to-noise ratio, AC/Ny, difference in Dop-
pler frequency shift, Afp, and difference in Doppler rate,
Af 5, between two satellites. This calculation is done in
advance based on a computer simulation. In operation,
the monitor removes satellites from the differential correc-
tion broadcast if the screening conditions are violated. The
screening conditions that limit the worst-case cross-
correlation error to 0.2 m for 100 s smoothing are shown
in Table 10.4 [39].

When any of the 11 conditions in Table 10.4 are met, the
weaker satellite will be removed. For example, when it is
measured that two satellites have a power difference greater
than 10 dB, a Doppler frequency shift difference less than
10 Hz, and the Doppler frequency shift difference is chan-
ging more slowly than 2 Hz/s, condition 8 is met, and the
error on the weaker satellite can be greater than 0.2 m in



the theoretical worst-case cross-correlation. It is noted that
only the requisites for the worst-case cross-correlation are
met, but in order for this error to materialize, additional con-
ditions must be met, such as alignment of the code, identical
navigation data, and navigation data bit alignment. As a
result, the screening algorithm is conservative, but effective.
The primary drawback of the screening technique is that all
satellites must be tracked by the receiver in order to obtain
the C/Ny, and the Doppler measurements.

Two monitors that both detect the actual cross-correlation
error are the signal deformation monitor (SDM) and the
code-carrier divergence (CCD) monitor [23]. The CCD mon-
itor is described in Section 10.5.5 and the SDM monitor in
Section 10.5.6.



7= el (10.6)
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where y is the mean of a sample set, n is the number of sam-
ples in asample set (n; = n, = 100 for this example), and Sy,
is the pooled sample variance given by

(n1—1)of + (N, —1)0j
ng+n,—2

Sp = (10.7)

where ¢ is the standard deviation of a sample set.
The detection threshold, Tp, is calculated based on the
false detection probability, Prp:

Tp = \/Eerf _1(1 - PFD)GOB

where 0op is the overbound sigma of the de-trended carrier
phase measurements averaged over 10 s.

(10.8)

Following the derivation for the low-signal-power mon-
itor (see Eq. (10.4)), the minimum detectable bias for the
step discontinuity model is calculated from

Ostep, min = (kfd + kmd)OOB (10.9)

Using the same example parameters as those used for the
low-signal-power monitor, the minimum detectable step is
Bstep, min = 8.4 0op. A typical value for g is 1 mm, such that
the minimum detectable step is 8.4 mm, which corresponds
to a phase jump of approximately 16° at the GPS L1 fre-
guency. The location of the step is determined by sliding
the observation window by one sample at the time and find-
ing the maximum value of the test statistic, which provides
the location of the step with a resolution of 0.01 s.

As a final step, detection results from two receiver loca-
tions are compared to ensure that the discontinuity is



caused by the satellite. The distance between the two recei-
vers should be close enough to have a similar view of the
satellite in the sky, but far enough to ensure that environ-
mental errors are decorrelated. Decorrelation could be such
that errors are not common between the two locations, or
that they do not occur within 10 ms of each other.

Similar detectors can be designed for the other three dis-
continuity types. The pulse and tri-state discontinuities can
be viewed as two consecutive step anomalies, while the step
discontinuity has step values that are equal and opposite.
The ramp discontinuity can be modeled as a step disconti-
nuity with a ramp connecting the two levels.

With the full characterization of the carrier phase discon-
tinuities, the impact on applications can be evaluated. It is
noted that there is currently not much data available on
carrier phase anomalies for most GNSSs, with the exception
of GPS.



acceleration of 0.1 m/s? followed by an acceleration of —0.1
m/s®. The input acceleration changed once, which results
in an output that changes three times as shown in the lower
part of Figure 10.7. It is also noted that the monitor
responds within the update rate.



contributes to the differential position error, while the com-
mon error primarily affects the clock offset estimate from
GPS time, which is not of concern for precision landing
applications. An example is shown in Figure 10.8 for the
relative C/A code pseudorange natural biases for most
satellites of the GPS constellation in 2012 [49]. Natural
biases are calculated for high-elevation-angle reference
time intervals with the lowest level of multipath during a
satellite pass. Due to multipath error, the duration of the
reference interval is different for each satellite, resulting
in different coherent integration times (Pdi) for each satel-
lite. A correlator spacing of 0.1 chip is taken as the reference

point, and relative errors are shown for correlator spacing
between 0.01 and 1 chip.

For example, consider the 0.1 to 0.2 chip zone, where nat-
ural biases are less than 10 cm, with the exception of
SVNG60, which reaches a peak error of 12 cm. For a user
with 0.2 chip correlator spacing and a reference station with
0.1 chip correlator spacing, the differential errors between
the satellites is multiplied by the geometric dilution of pre-
cision, which could easily result in vertical position errors
on the order of 0.1 to 0.3 m.

Similar characterization of nominal deformation has also
been performed for GLONASS [50] and Galileo [51].



GLONASS natural deformations were found to be at the 1
m level for the 0.1 versus 0.2 chip spacing comparison,
while Galileo natural deformation was found to be at the
1to 4 cm level. The latter can likely be credited to the digital
signal generation architecture of Galileo satellites [51].

Anomalous signal deformation. To determine the
impact of anomalous signal deformation, a threat model
was developed following the SVN19 anomaly. The threat
model was incorporated into precision approach standards
developed by RTCA Inc. and ICAO to standardize condi-
tions for monitor design and performance [21, 52]. The cur-
rent ICAO threat models for GPS and GLONASS L1 C/A
codes can be found in [52] and are summarized in
Table 10.5.

The second-order system used for Threat Model B has a
unit step response of [52]:

0 t<0

E(t) = 1— e—at <COS (andt) + Q)i sin (Zﬂfdt)> t=0
d

(10.19)

Threat Models A and B are illustrated in Figure 10.9,
where Threat Model A shows the lead or lag of the falling
edge of a positive chip, while Threat Model B shows the sec-
ond-order step response on both the leading and falling
edges of the signal.

Actual occurrences of GPS anomalous signal deforma-
tions after the original SVN19 are analyzed in detail in
[53]. In [54], the WAAS SDM performance is evaluated
against the ICAO Threat Model and actual anomalous sig-
nal deformations. It was found that the current WAAS
monitor based on the ICAO Threat Model performs ade-
guately. Nevertheless, the formulation of an anomalous sig-
nal deformation threat model is a complicated task,
especially for new constellations that use different signal
structures, digital signal generation techniques, and new
navigation payloads [55]. A possible new, generic threat

model has been proposed in [55] that will be the topic of
future research in this area.

SDM. Both WAAS ground reference receivers and
GBAS ground stations implement SDM for the detection
of GPS signal deformation anomalies [47, 56-58]. This
section summarizes the GBAS SDM following [47]. GBAS
ground station receivers track each satellite with eight cor-
relators located at the following offsets from the correla-
tion peak in units of C/A code chips: —0.05, —0.025, 0,
0.025, 0.05, 0.075, 0.1, and 0.125, as shown in Figure 10.10.

Each of the eight correlator measurements is smoothed
using a first-order filter to reduce noise:

~ T—AT ~ AT
Mi,m.n (t) = Mimn(t—AT) + TMk,m,n (t)

(10.20)

where My m n is correlator measurement k (from —2 to 5)
for reference receiver m (from 1 to M) and satellite n (from 1
to N), T is the filter time constant of 100 s, and AT is the
update rate of 0.5 s. Three correlation functions widths
are possible for the C/A code depending on the location
of the first sidelobe relative to the main correlation peak.
Therefore, the smoothed correlator measurements are
compensated for C/A code type as described in [58].



The received signals are also deformed by the receiver
hardware components through the radio frequency
components. This distortion can be time-varying due to
temperature and component variations. Since this distor-
tion is common for all satellites, the monitor subtracts
the average over all satellites from all measurements for
one receiver:

N
|\7|k,m,n (t)= I\7|k,m,n (t)— %Z Mk,m,i (t) (10.21)
i=1

Following the receiver distortion removal, the compen-
sated correlator measurements are differenced and aver-
aged over all M ground receivers:

M
K = 12> (Mizma®) = M-ama(t))
m=1
(10.22)

where the index k goes from 1 to 7, one fewer than the 8
correlator points due to the differencing. Each satellite
now has a vector with 7 elements, x,, that describes its sig-
nal deformation. Under fault-free conditions, the vector X,
has covariance matrix, P(A), where A is the elevation angle
of the satellite. A single detection statistic, d,, is formed for
each satellite as follows:

dn(t) = (P—%(A)xn(t))T (Pxa®)  (1028)
where d, is x>-distributed with seven degrees of freedom.
The detection threshold is set based on the desired false
detection probability, the performance of the monitor is

evaluated considering the signal deformation threat model,
and differences in aircraft receiver measurement architec-
ture compared to the ground receiver measurements that
are standardized at 0.1 chip correlator spacing [58].



10

11

12

13

14

15

16

The Institute of Navigation, Vol. 42, No. 1, Spring 1995, pp.
109-164.

Renfro, B., Munton, D., Mach, R., and Taylor, R., “Around
the World for 26 Years—A Brief History of the NGA
Monitor Station Network,” Proceedings of the 2012
International Technical Meeting of The Institute of
Navigation, Newport Beach, CA, January 2012, pp.
1818-1832.

BeiDou Navigation Satellite System Open Service
Performance Standard (Version 1.0) China Satellite
Navigation Office, December 2013.

European GNSS (Galileo) Initial Service—Open Service—
Service Definition Document, issue 1.0, European Union,
December 2016 (OS SDD V1.0). Can be found at: https://
www.gsc-europa.eu/system/files/galileo_documents/
Galileo-OS-SDD.pdf

Lavrakas, J. and Bolkunov, A., “An Update from the
Performance Standards Team,” International Committee
on GNSS (ICG) Meeting 12, 3-7 December 2017, Kyoto,
Japan. Can be found at: http://www.unoosa.org/
documents/pdf/icg/2017/wgs/wgs-9.pdf

GPS Civil Monitoring Performance Specification, First
Edition, U.S. Department of Transportation, DOT-VNTSC-
OST-05-01, December 1, 2005.

Auerbach, J., “International Cooperation on GNSS:

A Provider Perspective on the ICG,” International GNSS
(IGNSS) Conference, 7-9 February 2018, Sydney, Australia.
Can be found at: https://www.gps.gov/multimedia/
presentations/2018/02/1GNSS-australia/auerbach.pdf
GPS Civil Monitoring Performance Specification, U.S.
Department of Transportation, DOT-VNTSC-FAA-09-08,
April 30, 2009. Can be found at: https://www.gps.gov/
technical/ps/2009-civil-monitoring-performance-
specification.pdf

Global Positioning System Standard Positioning Service
Signal Specification, GPS Civil Performance Standard, U.S.
Department of Defense, fourth edition, September 2008.
Can be found at: https://www.gps.gov/technical/ps/2008-
SPS-performance-standard.pdf

I1S-GPS-200D, IRN 001, Navstar GPS Space Segment/
Navigation User Interfaces, 7 March 2006.

IS-GPS-705, IRN 001, 002, 003, Navstar GPS Space
Segment/User Segment L5 Interfaces, 22 September 2005.
1S-GPS-800, Navstar GPS Space Segment/User Segment
L1C Interfaces, 4 September 2008.

ICD-GPS-240, Navstar GPS Control Segment to User
Support Community Interfaces, 1 October 2004.

Wide Area Augmentation Service Performance Standard,
First Edition, October 2008.

SS-SYS-800C, GPS Il System Specification for the Global
Positioning System Wing (GPSW) (FOUOQ),

14 August 2008.

17

18

19

20

21

22

23

24

25

26

27

28

29

Salvano, D., “IFOR Proposed New Operational
Requirement,” Federal Aviation Administration,

26 July 2004.

ICAO SARPs, Annex 10, Attachment D. Information and
Material for Guidance in the Application of the GNSS
Standards and Recommended Practices (SARPS),

20 November 2008.

Hansen A., Van Dyke, K., Miles, C., and Lavrakas, J., “GPS
Civil Signal Monitoring—Advancing Toward
Implementation,” Proceedings of the 27th International
Technical Meeting of The Satellite Division of the Institute of
Navigation (ION GNSS+ 2014), Tampa, Florida, September
2014, pp. 3363-3372.

Proposed Amendments to Annex 10: Ground-Based
Augmentation System (GBAS) Provisions, Working Paper
3, Third Meeting of the Navigation Systems Panel (NSP),
Montreal, 28 November—9 December 2016.

Minimum Operational Performance Standards for GPS
Local Area Augmentation System Airborne Equipment,
RTCA DO-253D, Washington, DC, 13 July 2017.
Specification for Non-Federal Navigation Facilities,
Category |, Local Area Augmentation System Ground
Facility, US DOT, FAA, Washington, DC,

29 September 2009.

Houston, T., Liu, F., and Brenner, M., “Real-Time
Detection of Cross-Correlation for a Precision Approach
Ground Based Augmentation System,” Proceedings of the
24th International Technical Meeting of The Satellite
Division of the Institute of Navigation (ION GNSS 2011),
Portland, OR, September 2011, pp. 3012-3025.

Zhu, Z. and Van Graas, F., “Implications of C/A Code Cross
Correlation on GPS and GBAS,” Proceedings of IEEE/ION
PLANS 2014, Monterey, CA, May 2014, pp. 282-293.
2017 Federal Radionavigation Plan, Published by
Department of Defense, Department of Homeland
Security, and Department of Transportation, DOT-VNTSC-
OST-R-15-01, 2017.

Edgar, C., Goldstein, D.B., and Bentley, P., “Current
Constellation GPS Satellite Ground Received Signal Power
Measurements,” Proceedings of the 2002 National Technical
Meeting of The Institute of Navigation, San Diego, CA,
January 2002, pp. 948-954.

Spilker, J. Jr., Digital Communications by Satellite, Prentice-
Hall, Inc., 1977.

Gill, W., “A Comparison of binary delay-lock tracking-loop
implementations,” IEEE Transactions, Vol. AES-2, Issue 4,
July 1966, pp. 415-424.

Van Dierendonck, A.J., GPS Receivers, in Global Positioning
System: Theory and Applications, Vol. 1 (eds. Bradford W.
Parkinson and James J. Spilker, Jr.), Washington, DC:
American Institute of Aeronautics and Astronautics, 1996,
pp. 329-407.



30

31

32

33

34

35

36

37

38

39

40

Spilker, J. Jr., “GPS signal structure and performance
characteristics,” Navigation, Journal of The Institute of
Navigation, Vol. 25, No. 2, Summer 1978, pp. 121-146.
Van Dierendonck, A.J., Erlandson, R., McGraw, G., and
Coker, R., “Determination of C/A Code Self-Interference
Using Cross-Correlation Simulations and Receiver Bench
Tests,” Proceedings of the 15th International Technical
Meeting of the Satellite Division of The Institute of Navigation
(ION GPS 2002), Portland, OR, September 2002, pp. 630-642.
Zhu, Z. and Van Graas, F. “Effects of Cross Correlation on
High Performance C/A Code Tracking,” Proceedings of the
2005 National Technical Meeting of The Institute of
Navigation, San Diego, CA, January 2005, pp. 1053-1061.
Van Neg, R.D.J., “GPS Multipath and Satellite
Interference,” Proceedings of the 48th Annual Meeting of
The Institute of Navigation (1992), Dayton, OH, June 1992,
pp. 167-178.

Balaei, A.T. and Akos, D.M., “Cross correlation impacts
and observations for GNSS receivers,” Navigation, Journal
of the Institute of Navigation, Vol. 58, No. 4, Winter 2011,
pp. 323-333.

Margaria, D., Savasta, S., Dovis, F., and Motella, B., “Code
Cross-Correlation Impact on the Interference Vulnerability
of Galileo E1 OS and GPS L1C Signals,” Proceedings of the
2010 International Technical Meeting of The Institute of
Navigation, San Diego, CA, January 2010, pp. 941-951.
Van Dierendonck, A.J., Kalyanaraman, S., Hegarty, C. J.,
and Shallberg, K., “A More Accurate Evaluation of GPS
C/A Code Self-Interference Considering Critical
Satellites,” Proceedings of the 2017 International Technical
Meeting of The Institute of Navigation, Monterey,
California, January 2017, pp. 671-680.

Hegarty, C. J., “A Simple Model for C/A-Code Self-
Interference,” Proceedings of the 27th International
Technical Meeting of The Satellite Division of the Institute of
Navigation (ION GNSS+ 2014), Tampa, Florida, September
2014, pp. 3484-3494.

Thoelert, S., Hauschild, A., Steigenberger, P., and Langley,
R.B., “GPS IIR-M L1 Transmit Power Redistribution:
Analysis of GNSS Receiver and High-Gain Antenna Data,”
Proceedings of the 30th International Technical Meeting of
The Satellite Division of the Institute of Navigation (ION
GNSS+ 2017), Portland, Oregon, September 2017, pp.
1589-1602.

Zhu, Z. and van Graas, F., “C/A Code Cross Correlation
Error with Carrier Smoothing—the Choice of Time
Constant: 30 s vs. 100 s,” Proceedings of the 2011
International Technical Meeting of The Institute of
Navigation, San Diego, CA, January 2011, pp. 464-472.
Kelly, J.M., Braasch M.S., and DiBenedetto M.F.,
“Characterization of the effects of high multipath phase
rates in GPS,” GPS Solutions, Vol. 7, No. 1, pp. 5-15, 2003.

41

42

43

44

45

46

47

48

49

50

Vary, N., “DR#110: PRN4 Carrier Phase Anomalies Cause
WAAS SV Alerts,” WAAS Technical Memorandum,
Federal Aviation Administration WJHTC, Atlantic City
International Airport, NJ, 17 October 2012. WAAS
Discrepancy Reports can be found at: http://www.nstb.tc.
faa.gov/DisplayDiscrepancyReport.htm

Kashyap, R., Ugazio, S., and Van Graas, F.,
“Characterization of GPS Satellite Anomalies for SVN

63 (PRN 1) Using a Dish Antenna,” Proceedings of the ION
2017 Pacific PNT Meeting, Honolulu, Hawaii, May 2017, pp.
167-182.

Shao, J., Mathematical Statistics, 2nd Ed., Springer Science
and Business Media, LLC, 2003.

Brenner, M. and Liu, F., “Ranging Source Fault Detection
Performance for Category 111 GBAS,” Proceedings of the
23rd International Technical Meeting of The Satellite
Division of the Institute of Navigation (ION GNSS 2010),
Portland, OR, September 2010, pp. 2618-2632.

Simili, D.V. and Pervan, B., “Code-Carrier Divergence
Monitoring for the GPS Local Area Augmentation System,”
Proceedings of IEEE/ION PLANS 2006, San Diego, CA,
April 2006, pp. 483-493.

Edgar, C., Czopek, F., and Barker, B., “A Co-operative
Anomaly Resolution on PRN-19,” Proceedings of the 12th
International Technical Meeting of the Satellite Division of
The Institute of Navigation (ION GPS 1999), Nashville, TN,
September 1999, pp. 2269-2268.

Brenner, M., Liu, F., Class, K., Reuter, R., and Enge, P.,
“Natural Signal Deformations Observed in New Satellites
and their Impact on GBAS,” Proceedings of the 22nd
International Technical Meeting of The Satellite Division of
the Institute of Navigation (ION GNSS 2009), Savannah, GA,
September 2009, pp. 1100-1111.

Gunawardena, S. and van Graas, F., “High Fidelity Chip
Shape Analysis of GNSS Signals using a Wideband
Software Receiver,” Proceedings of the 25th International
Technical Meeting of The Satellite Division of the Institute of
Navigation (ION GNSS 2012), Nashville, TN, September
2012, pp. 874-883.

Gunawardena, S. and van Graas, F., “An Empirical Model
for Computing GPS SPS Pseudorange Natural Biases Based
on High Fidelity Measurements from a Software Receiver,”
Proceedings of the 26th International Technical Meeting of
The Satellite Division of the Institute of Navigation (ION
GNSS+ 2013), Nashville, TN, September 2013, pp.
1341-1358.

Wireman, M., Gunawardena, S., and Carroll, M., “High-
Fidelity Signal Deformation Analysis of the Live Sky
GLONASS Constellation using Chip Shape Processing,”
Proceedings of the 2017 International Technical Meeting of
The Institute of Navigation, Monterey, California, January
2017, pp. 521-535.



51

52

53

54

Gunawardena, S., Carroll, M., Raquet, J., and van Graas, F.,
“High-Fidelity Signal Deformation Analysis of Live Sky
Galileo E1 Signals using a ChipShape Software GNSS
Receiver,” Proceedings of the 28th International Technical
Meeting of The Satellite Division of the Institute of Navigation
(ION GNSS+ 2015), Tampa, Florida, September 2015, pp.
3325-3334.

Amendment No. 89 to Annex 10 Part 1 Edition No. 6,
International Civil Aviation Organization (ICAO),
Montreal, CA, 14 July 2014.

Shallberg, K.W., Ericson, S.D., Phelts, E., Walter, T.,
Kovach, K., and Altshuler, E., “Catalog and Description of
GPS and WAAS L1 C/A Signal Deformation Events,”
Proceedings of the 2017 International Technical Meeting of
The Institute of Navigation, Monterey, California, January
2017, pp. 508-520.

Phelts, R.E., Shallberg, K., Walter, T., and Enge, P., “WAAS
Signal Deformation Monitor Performance: Beyond the
ICAO Threat Model,” Proceedings of the ION 2017

Pacific PNT Meeting, Honolulu, Hawaii, May 2017,

pp. 713-724.

55

56

57

58

Julien, O, Selmi, I., Pagot, J.-B., Samson, J., and Fernandez,
F. A., “Extension of EWF Threat Model and Associated
SQM,” Proceedings of the 2017 International Technical
Meeting of The Institute of Navigation, Monterey,
California, January 2017, pp. 492-507.

Phelts, R.E., Walter, T., and Enge, P., “Toward Real-Time
SQM for WAAS: Improved Detection Techniques,”
Proceedings of the 16th International Technical Meeting of the
Satellite Division of The Institute of Navigation (ION GPS/
GNSS 2003), Portland, OR, September 2003, pp. 2739-2749.
Phelts, R.E., Altshuler, E., Walter, T., and Enge, P.,
“Validating Nominal Bias Error Limits Using 4 years of
WAAS Signal Quality Monitoring Data,” Proceedings of the
ION 2015 Pacific PNT Meeting, Honolulu, Hawaii, April
2015, pp. 956-963.

Liu, F., Brenner, M., and Tang, C.Y., “Signal Deformation
Monitoring Scheme Implemented in a Prototype Local
Area Augmentation System Ground Installation,”
Proceedings of the 19th International Technical Meeting of
the Satellite Division of The Institute of Navigation (ION
GNSS 2006), Fort Worth, TX, September 2006, pp. 367-380.






determination process, where they are used to describe the
satellite positions at all observation epochs with a mini-
mum set of independent parameters. Even though GNSS
satellite positions can also be recovered on an epoch-
per-epoch basis using a “reverse PPP,” dynamic orbit
determination is generally more robust and accurate.
The use of purely kinematic orbit determination methods
is therefore limited to characterizing the GNSS satellite
motion during selected phases with improperly known
behavior [7].

Estimation methods constitute the third building block of
the ODTS process. They are used to obtain optimal correc-
tions of an a priori model and state parameters from the dif-
ference between observed and modeled measurements.
A variety of different techniques have been developed for
this purpose that can largely be divided into batch and
sequential estimation methods, and are employed in offline
and real-time applications, respectively. Key aspects of
these methods in the context of orbit and clock determina-
tion are presented in Section 11.3.

Finally, Section 11.4 provides an overview of represen-
tative ODTS systems and the various types of GNSS orbit
and clock products made available to users in post-
processing or real time. It also discusses strategies for vali-
dating the precision and accuracy of these products as a
contribution to GNSS performance monitoring and prod-
uct quality control.



correction as well as the presence of an integer ambiguity
term n3 and the phase wind-up correction 3n3:

L% = pg +C- (AtR —Ats + bR,L + bS'L)

— Dpign + A+ (N +8n) + 3py (11.2)

with the receiver and satellite phase biases bg, and b®*
and the wavelength A. For GLONASS, additional inter-
frequency biases (IFBs) have to be considered due to the dif-
ferent transmission frequencies of the frequency-division
multiple-access (FDMA) approach used by GLONASS
[8, 9]. If observations of different GNSSs are processed
simultaneously, additional inter-system biases (ISBs) have
to be taken into account [10]. State-of-the-art GNSS recei-
vers provide a pseudorange measurement precision of
about 10 cm. The carrier-phase measurement noise is typ-
ically around 1-2 mm.

Linear combinations of pseudorange and/or phase obser-
vations of different frequencies i and j can reduce or elim-
inate certain parts of the observation equation. The basic
form of dual-frequency pseudorange (PC) and carrier-
phase linear combinations (LC) is given by

PCiJ‘:Ki-Pi+KJ‘~Pj, LCiyj:Ki~|_i+Kj-Lj.
(11.3)

The most important linear combination is the “iono-
sphere-free” linear combination, which eliminates the
dominating contributions of the ionospheric path delay
Apion and is further discussed later in this section. The Mel-
bourne-Wibbena linear combination is another important
combination, which is formed from pseudorange and
carrier-phase observations [11, 12] on two frequencies. It
is both geometry- and ionosphere-free and is particularly
well suited for ambiguity resolution even on very long
baselines.

By forming differences between observations of different
stations and/or satellites, dedicated terms of Egs. (11.1)
and (11.2) can be eliminated: single differences between
two stations remove the satellite clock correction and the sat-
ellite biases, single differences between two satellites remove
the receiver clock correction and the receiver biases. Double
differences between two stations and two satellites remove
both the clock offsets and biases for receivers and satellites.
Among other factors, this is of interest to avoid a large num-
ber of estimation parameters when determining only precise
satellite orbits (but no clock offsets) from pseudorange
and carrier-phase observations. Finally, triple differences
between subsequent observation epochs eliminate the ambi-
guity term if no cycle slip occurs and can therefore be used
for cycle slip detection.



of reflection at the satellite p3, atmospheric delay Apagm,
relativistic correction Ap,e, and signal delays in the laser
system Apg,s. Within the ILRS, individual SLR range
measurements are averaged over a time interval of
nominally 5 min for GNSS satellites. These resulting nor-
mal points reduce the amount of data and the individual
noise level. They exhibit a precision of one to a few
millimeters, whereas the accuracy is at the 1 cm level for
GNSS satellites.



these conditions, the satellite has to rotate around its Earth-
pointing (yaw) body axis to keep the solar panel axis per-
pendicular to the Sun-spacecraft-Earth plane, and the
solar panels have to rotate around their axis to face the
Sun. This nominal yaw steering is employed by most GNSS
satellites [32] and can be used to compute the orientation of
the spacecraft body axes for a known position of the Sun
and satellite relative to Earth.

Exceptions to the nominal yaw-steering apply only for
specific periods of the year, that is, the eclipse season, when
the elevation of the Sun above the orbital plane is close to
zero. Near orbit noon and midnight, the Sun and Earth
direction are almost collinear in this period, and large
yaw slews need to be performed in a very short time to
maintain the nominal yaw-steering attitude. The resulting
yaw rates can exceed the maximum yaw rates supported by
the satellite, and a different yaw-steering strategy thus
needs to be used. As the attitude control system design
and the preferred strategies for yaw angle control in this
time period differ widely, dedicated attitude models have
been developed for individual constellations and types of
satellites (see, e.g. [33] for GLONASS-M). In some cases,
relevant models have also been disclosed by the system pro-
viders [34, 35], which greatly benefits precise orbit and
clock determination within the scientific community.



periodic part of these effects. As the permanent deformation
due to tides is also removed from the station coordinates,
these are given in a so-called tide-free system. Users of these
products have to apply the same corrections in their own
analysis in order to be consistent. However, non-tidal ocean
loading and atmospheric pressure loading are usually not
considered in the ODTS nowadays, and the signatures of
these effects remain in the estimated parameters although
their amplitude might be damped [39].



Apyp(z,A) = (2) - Bpp + £, (2) - Dpy
+ f4(2) - AppcosA + fy(z) - ApesinA
(11.7)
with the gradient mapping function fy(z) [55], the north/
south gradient Ap,,, and the east/west gradient Ap.. Daily

north/south gradient estimates of a station with a pro-

nounced annual variation are shown in the right subplot
of Figure 11.3.









acceleration [68, 75], which is mostly impractical for orbit
determination. As a workaround, optical properties of box-
wing models may be adjusted to best represent the sum of
SRP and thermal emission, or additional empirical accel-
erations may be taken into account and inferred from
observations.

11.2.2.3 Earth Albedo and Infrared Radiation

Besides the direct illumination by the Sun, reflected sun-
light from Earth as well as infrared radiation from Earth
constitute a second source of radiation pressure. Since
the reflectivity (or “albedo™) varies notably across Earth,
cloud coverage maps are required for a detailed modeling
of Earth radiation pressure (ERP). The total ERP accelera-
tion is obtained by summing contributions from individual
grid points over the visible portion of Earth [76]. For each
grid point, the irradiance is evaluated based on the local
albedo and infrared emissivity as well as the Sun-satellite
geometry, and the contribution to the ERP acceleration is
evaluated in analogy with Eq. (11.11). The impact of ERP
on the orbit modeling of GPS satellites has been assessed
in [77] based on Earth albedo and emissivity data from
the Clouds and Earth’s Radiant Energy System (CERES;
[78]). ERP results in a predominantly radial acceleration
that counteracts the gravitational attraction of Earth and
causes a 1.5 cm reduction of the orbital radius for GPS Block
I1A satellites when considered in the orbit determination
process.

11.2.2.4 Antenna Thrust

Aside from reflected Sun light or thermal emission, the
transmission of radio signals contributes to a recoil acceler-
ation [64] that is always directed away from Earth. The
impact of this “radiation rocket” effect on orbit determina-
tion of GPS and GLONASS satellites has early on been dis-
cussed in [79], but its proper consideration has long
suffered from limited public availability of transmit power
information for most GNSS satellites. More recently, such
values have been derived in [80] from measurements of
received signal power using a calibrated high-gain antenna.
Transmit powers vary substantially across the various
spacecraft types and range from about 50 W for early gen-
erations of GPS and GLONASS satellites to roughly ten
times this value for some of the most powerful GNSS satel-
lites at a geosynchronous altitude [34]. Depending on the
spacecraft mass and orbit, consideration of antenna thrust
in the orbit determination process results in a lowering of
the orbital radius by up to 3 cm [80].

11.2.2.5 Empirical Accelerations
The limited availability of GNSS spacecraft design informa-
tion for orbit modeling purposes has triggered the use of

purely empirical acceleration as a substitute or complement
for a priori models of the non-gravitational forces. Among
these, the Extended CODE Orbit Model (ECOM; [81, 82])
and its successor ECOM-2 [83] proposed by the Center
for Orbit Determination in Europe (CODE) have gained
widespread attention and are routinely applied for POD
of all GNSSs in the scientific community. The ECOM mod-
els describe the acceleration
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due to SRP and other contributions through constant and
harmonic terms in a DYB-frame aligned with the Sun direc-
tion (D), the solar panel axis (Y), and the orthogonal B-
direction. The argument u measures the orbital longitude
relative to the ascending node of the orbit on the equator
(ECOM) or the projection of the Sun’s direction on the
orbital plane (ECOM-2). The individual model coefficients
(or a well-observable subset thereof) are adjusted within
the orbit determination process. While a five-parameter
model considering only Dy, Yo, Bo, and the harmonics
Bc1 and By has proved to be well suited for use with
GPS and GLONASS satellites, higher harmonics were intro-
duced in ECOM-2 to best match the conditions of stretched
satellite bodies such as those of Galileo and QZSS [83].

In order to compensate remaining modeling deficiencies,
additional empirical accelerations in the radial, along-
track, and cross-track directions may be estimated in the
orbit determination process. These are typically modeled
as piecewise constant or piecewise linear parameters. Alter-
natively, pseudo-stochastic pulses can be estimated that
represent instantaneous velocity increments at a limited
set of epochs within the observation arc [81].

11.2.2.6 Maneuvers

To maintain a desired constellation geometry under the
action of secular perturbing forces or to move satellites to
anew orbital slot, GNSS satellites need to conduct orbit cor-
rection maneuvers at semi-regular intervals. The maneuver
frequency varies with constellation and orbit type and
ranges from a few maneuvers over the mission lifetime
(Galileo) to semi-annual maneuvers of QZSS and BeiDou
satellites in inclined geosynchronous orbits, or even
monthly maneuvers of geostationary navigation satellites.
In most cases, maneuvers can be described through a con-
stant acceleration vector in a reference frame aligned with



the radial, along-track, and cross-track direction, or, alter-
natively, an impulsive velocity increment. Even though
GNSS satellites are commonly flagged as “unhealthy” in
the vicinity of a maneuver and the outage may be
announced ahead of time, the planned time and parameters
of a maneuver are only available to the control center and
system providers themselves. Incorporation of maneuvers
into the orbit determination by external institutions is ham-
pered by the lack of a priori information and commonly
results in a lack of ephemeris products for the maneuvering
satellite over a full day. Various strategies have therefore
been developed by individual analysis centers to infer the
occurrence of a maneuver and approximate maneuver
times from observations for subsequent consideration
and adjustment of the maneuver in the subsequent orbit
determination process [84, 85].



arc. Least-squares estimation is widely used for orbit and
clock determination in IGS analysis centers but also forms
the basis of the ODTS process in various GNSS control cen-
ters. Sequential estimation schemes, in contrast, enable an
“on-the-fly” refinement of the estimated parameters as new
observations become available. By their nature, sequential
estimation is the method of choice in real-time applica-
tions. Examples include the Kalman filter of the GPS
mission control center [90] or the filters used for generating
real-time orbit and clock estimates in PPP correction
services [91-93].



observations in the entire data arc, sequential estimation
schemes provide a new solution after processing of each
individual observation (or a small batch of observations).
In the most widely applied sequential estimation scheme,
the extended Kalman filter (EKF), an estimate of the filter
state x; and its covariance P; are maintained, which are
recursively updated at each observation epoch t; [89, 98].
This update is performed in two basic steps. In the first part,
the time update step, a dynamical model is used to predict
the evolution of the state parameters and their covariance
from one epoch to the next. Within the subsequent meas-
urement update, the predicted state is “blended” with the
observations to obtain an optimal estimate of the current
state, taking into account both past and new information.
The latter step is essentially equivalent to least-squares esti-
mation using the predicted filter state as a priori informa-
tion and processing just the observations at the new
epoch. However, it does not require solution of the normal
equations but makes use of an explicit relation to compute
the updated state.

Using superscripts ~ and * to denote values before and
after processing of the new observations, the EKF time
update equations may be summarized as

Xi = x(ti;x(ti-1) =x7,)

B . (11.19)
P~ =®P*,®f +Q;.

while the measurement update equations are given by
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The factor K is known as the Kalman gain and maps the
difference between observed and modeled measurements
to a correction of the estimated state. ®; = dx;/dxj—;
denotes the state transition matrix, that is, the partial deri-
vatives of the propagated state x;~ with respect to the initial
conditions x;* ;. The process noise Q that is added to the
propagated covariance accounts for an increase in the state
uncertainty over the propagation arc due to deficiencies in
the dynamical model. Depending on the parameter of inter-
est, different process noise models (white noise, correlated
noise) may be applied. Large amounts of process noise will
give the filter a “fading memory” and reduce the impact of
past observations on the current estimate, while low proc-
ess noise will make the filter less receptive to new observa-
tions and may result in filter divergence. Proper choice of
the size and type of process noise is thus part of the “art”
of Kalman filter tuning and is often a matter of experience
with the specific nature of the problem at hand.

While Eqg. (11.20) provides a mathematically correct
formulation of the filter update step, it is sensitive to

round-off errors and should therefore be avoided in practice.
Alternative formulations such as the Joseph update equation

P = (1—KiH)P (L—KiHi) " + KWK/,
(11.21)

or factorization methods that directly update a unit triangu-
lar matrix U and a diagonal matrix D of a UDU T decompo-
sition of the covariance matrix are therefore recommended
to ensure numerical stability of the Kalman filter imple-
mentation [95].

When applied to orbit and clock estimation of GNSS
satellites, the instantaneous satellite position and velocity
as well as the instantaneous satellite and station clock off-
sets constitute individual elements of the filter state that are
propagated between epochs and subsequently updated with
the new measurements. Compared to a batch least-squares
estimator, the filter provides sequential estimates of the
“current” clock parameters rather than simultaneously sol-
ving for clock parameters at all individual observation
epochs. This allows for a dramatic reduction in the size
of the estimation parameter vector and greatly facilitates
the filter implementation. On the other hand, the filter’s
estimate is only based on past observations, and a for-
ward-backward filter/smoother is needed to achieve results
compatible with the least-squares process when using the
Kalman filter in offline processing.

The Kalman filter concept also offers an attractive way to
handle estimation parameters that cannot be described by a
rigorous dynamical model but rather represent a random
process. In many cases, the respective states (or their devi-
ation from the model) can be described by a first-order
Gauss—Markov process [98]. The corresponding state para-
meters exhibit an exponential autocorrelation with time
scale T and a steady-state standard deviation ¢ [89, 95].
In the time update step of the Kalman filter, the exponen-
tially correlated random variables (ECRVs) are described as
Xi = exp (—(t — ti = /1) - X; — 1, and their covariance is
incremented by a process noise Q = ¢ - (1 — exp (-2
(t — t; — 1)/1)). Among others, ECRYV states are useful to
describe empirical accelerations in the force model or
atmospheric delays in the observation model.



For further improvement of the accuracy, use can be
made of the fact that ambiguities can be partitioned into
an integer multiple of the signal wavelength as well as a
receiver-dependent fractional part (that is common to all
tracked satellites) and a satellite-dependent fractional part
(that is common to all receivers in the network). When
forming between-satellite and between-receiver double dif-
ferences, the fractional parts vanish, and the resulting dou-
ble-difference ambiguity is of integer nature. Knowledge of
this integer value effectively converts the ambiguous dou-
ble-difference carrier phases into highly precise double-
difference pseudoranges and results in a notably improved
stiffness of the observed satellite-station geometry.

Mathematically, the combined adjustment of integer-
valued ambiguities along with float-valued other para-
meters represents a “mixed-integer” least-squares prob-
lem, and various sophisticated techniques have been
developed to solve it in an optimal and robust manner
[99]. However, due to the large number of ambiguity para-
meters, simpler strategies are employed in common ODTS
software packages that build on a so-called wide-lane/nar-
row-lane ambiguity concept for use with dual-frequency
observations [100]. In a first step, the wide-lane ambiguity,
that is, the difference n; — n, between ambiguities on the
first and second frequencies is determined. It can be
obtained through integer rounding from double differences
of the Melbourne-Wibbena combination over a suffi-
ciently long data arc. In a second step, a float-valued esti-
mate of the n; ambiguity can then be computed and
fixed to an integer value based on the ionosphere-free car-
rier-phase ambiguity obtained in the initial ODTS process
and the knowledge of the wide-lane ambiguity [101].
Ambiguity fixing for undifferenced data is also possible if
fractional wide-lane delays are estimated [102]. When con-
straining double-difference ambiguities for a globally dis-
tributed set of stations and satellites to integer values,
representative performance improvements by a factor of
two have been achieved by IGS analysis centers in the orbit
and clock product generation [103].



Since only clock differences but no absolute clock offsets
can be observed from pseudorange observations, a single
monitoring station was originally selected as a master clock
to which all other satellite and station clocks were referred.
Later, a “composite clock” concept [105] was implemented
that realizes GPS time as a weighted average of all clocks in
the space and ground segment to improve the overall accu-
racy. Still, the exclusive use of one-way (pseudorange and
carrier phase) observations implies a tight integration of
the satellite clock offset and system time determination
with the determination of the satellite orbits in the GPS
control system. Despite a different overall architecture,
the same applies as well for other constellations such as
GLONASS and Galileo. As an exception, BeiDou uses a
two-way satellite time and frequency transfer (TWSTFT)
technique to synchronize the space and ground clocks
[106]. The resulting clock offsets are later combined with
independent orbit determination results to generate the
broadcast navigation message in this navigation system.
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Complementary to the MCS Kalman filter, the right-hand
part of Figure 11.6 illustrates the typical data flow of a
least-squares orbit and clock determination process as

IGS Precise Orbit and Clock Product

employed by IGS analysis centers. Examples of software
packages using this or similar concepts include the Bernese
GNSS Software [101] maintained by the Astronomical
Institute of the University of Bern, the GAMIT-GLOBK
software of the Massachusetts Institute of Technology
[107], JPL’s GipsyX [97], the NAvigation Package for Earth
Orbiting Satellites (NAPEOS; [108]) of the European Space
Agency, and the Position and Navigation Data Analysis
(PANDA,; [109]) software of Wuhan University, China.

The IGS processing is typically based on daily files of
GNSS observation data collected by a global station net-
work with a representative sampling interval of 30 s. Out
of the large number of IGS stations, only a subset of typi-
cally 80-300 stations is processed, which is selected based
on data quality, geographic distribution, availability of
high-performance atomic clocks, and co-location with
other geodetic measurement techniques. As part of the pre-
processing, code and phase observations of the selected sta-
tions undergo a screening, which may be purely data driven
or employ a priori information on satellite orbits and sta-
tions coordinates. Furthermore, cycle slips in the carrier-
phase observations are identified and - if possible —
repaired. In addition, the measurements may also be sorted
into passes of continuous tracking and constant carrier-
phase ambiguity.



Starting from a priori state vectors, which commonly
result from a previous prediction, the trajectories of all
GNSS satellite are propagated to the individual observation
epochs. Along with this, the variational equations are inte-
grated to obtain the state vector partials with respect to the
a priori state as well as the partials with respect to force
model parameters. Based on the measurement model for
pseudorange and carrier-phase observations, normal equa-
tions can then be formed and solved for the parameters of
interest. Among others, float-valued estimates of the indi-
vidual carrier-phase ambiguities are obtained, which may
further be fixed to integer values as part of a dedicated
ambiguity resolution step. After correcting the initial values
of all state, force, and measurement model parameters, sub-
sequent iterations may be used for further refinement to
cope with the nonlinearity of the employed models.

11.4.1.3 Estimation Parameters

Aside from the choice of estimation techniques and process
flows, the orbit and clock determination in near-real time
differs from its post-processing counterpart by the way in
which certain parameter groups are estimated or modeled.
Representative choices for ODTS in the control segment of
a GNSS provider and high-precision ODTS in space geodesy
are summarized in Table 11.1.

Within the near-real-time ODTS, satellite orbits and
clock offsets as well as station clock offsets must be
estimated from a limited amount of observation data. To
cope with the resulting lack of observability, the ODTS
process relies on a priori data and models. Post-processed
solutions can be based on a much larger station network
and extended data arcs. This enables estimation of a larger
set of parameters (such as station coordinates, Earth
rotation parameters, and tropospheric delays) from the
observations, and also supports the resolution and fixing

of carrier-phase ambiguities for increased accuracy. In both
cases, constraints may need to be applied to handle correla-
tions among certain parameters. Most obviously, this
applies to satellite and station clocks, which require a com-
mon datum (such as a master clock). Likewise, constraints
are needed in the joint estimation of station coordinates
and Earth rotation parameters. Here, a no-net-rotation con-
dition with respect to a priori station coordinates may be
applied to break the correlation of the two parameter
sets [110].



Figure 11.7 illustrates the radial orbit differences of two
analysis centers (CODE and GFZ) for a selected Galileo sat-
ellite. Until October 2016, CODE and GFZ used different
SRP models, resulting in an STD of 9 cm. After GFZ
adopted the SRP model of [83] already used by CODE
before, the STD decreases to 4 cm with a further decrease
down to 2 cm in August 2017 when CODE implemented
albedo and antenna thrust.

A common quantity to evaluate the stand-alone perfor-
mance of a GNSS is the signal-in-space ranging error
(SISRE). The broadcast orbits, clocks, and group delays
transmitted via the navigation message are compared with
a precise reference product of superior accuracy, and a
global average is formed. The SISRE is computed as

SISRE = RMS|[(W;8r — 8r)” + w3 (83 + 82)]
(11.22)

where dg, da, and 3¢ denote the epoch-wise differences of
broadcast and precise ephemerides in the radial, along-
track, and cross-track directions, while 6 denotes the cor-
responding clock difference. Furthermore, w; and w, are
weighting factors depending on the orbit height that
account for the average contribution of individual orbit
errors to the line-of-sight range [111].

11.4.2.2 Orbit and Clock Overlaps

Another method of evaluating the internal consistency of
GNSS orbit and clock products is overlap comparisons.
For multi-day solutions, the 3D orbit RMS or the clock
RMS or STD of overlapping sub-intervals can be computed.
Figure 11.8 illustrates this differencing for the second day of
a two-day arc with the first day of the consecutive two-day
arc. For consecutive one-day solutions, orbit predictions
can be used or so-called day boundary discontinuities can
be computed, that is, the 3D difference between the orbit
positions at midnight.

11.4.2.3 Point Positioning

PPP [112] is an absolute positioning technique utilizing
dual-frequency pseudorange and carrier-phase measure-
ments as well as precise satellite orbit and clock products.
By applying the correction models discussed in Section 11.1
and estimating auxiliary parameters like receiver clocks,
troposphere parameters, and ambiguities, positioning
accuracies at the several-millimeter level can be achieved.
With dedicated orbit and clock products, even integer
ambiguity resolution is possible [113]. As the orbit and
clock accuracy directly affects the positioning performance,
PPP can also be used to evaluate the quality of these pro-
ducts. Formal errors, the convergence time, or the scatter



of kinematic coordinate estimates of a static station or mul-
tiple static solutions with respect to a reference solution
(e.g. the IGS combined reference frame product) are typi-
cally used as quality indicators. The same quantities can
also be used to assess the broadcast orbit and clock products
in a single point positioning with single- or dual-frequency
pseudorange observations.

11.4.2.4 Satellite Laser Ranging

As already mentioned in Section 11.1, the optical SLR tech-
nique can be used as a validation tool for satellite orbits
obtained from microwave observations. SLR residuals rep-
resent the differences between the SLR range measure-
ments and the ranges computed from positions of the
SLR station and the satellite orbit obtained from GNSS
observations. SLR residuals are especially suited to reveal-
ing systematic errors in GNSS orbits, for example, due to
SRP mis-modeling [114, 115]. As an example, Figure 11.9
shows the SLR residuals for the CODE orbits of Galileo
E102. Until 2014, pronounced systematic errors due to an
inappropriate SRP model were visible. These errors van-
ished in 2015, when CODE switched to the more sophisti-
cated ECOM-2 model [83]. However, a systematic bias of
about 5 cm remained. This bias became significantly smal-
ler in mid-2017, when albedo and antenna thrust were con-
sidered. The biannual short periods with increased SLR
residuals are related to eclipses of the satellite.



terms of orbit, clock, and range modeling errors), the “final
products” offer the highest performance level but are only
made available after about two weeks. “Rapid products” in
contrast are made available the next day and exhibit an only
slightly lower precision. “Ultra-rapid” products, finally, are
issued four times a day with a latency of 3 h after the end of
the data arc. The observed part of the ultra-rapid products is
complemented by a one-day prediction, which still provides
a 5 cm orbit accuracy but may exhibit clock errors at the
0.5 m level similar to broadcast ephemerides. All three
GPS products result from a combination process that com-
putes a weighted average of solutions contributed by indi-
vidual IGS analysis centers (ACs) to ensure high quality
and robustness at all times [120]. Making use of monitoring
stations with high-performance atomic clocks and inter-
faces to national timing laboratories in the clock combina-
tion process, a common ensemble time (IGS Time, 1GST) is
realized that is closely aligned with and traceable to the
GPS and UTC time scales.

Complementary to GPS, a combined GLONASS final
orbit product with 3 cm precision is provided by the IGS.
The evolution of the weighted RMS of the individual ACs
with respect to the combined orbits is illustrated in
Figure 11.10. However, no combined GLONASS clock
product is presently provided due to systematic, satellite-,
and product-specific clock biases in the solutions of individ-
ual ACs [121]. These biases are related to the use of an
FDMA modulation scheme in GLONASS along with fre-
guency-channel-dependent code biases in the receivers that
vary notably between different receiver types. To cope with
this problem, weakly constrained bias parameters are com-
monly estimated in the orbit and clock determination proc-
ess. The individual clock products only offer a limited
(decimeter- to meter-level) accuracy for pseudorange-based

positioning, but can still be used for centimeter-level PPP
based on carrier-phase observations.

Aside from the legacy constellations GPS and GLONASS,
the 1GS has started to provide orbit and clock products for
Galileo, BeiDou, and QZSS within the frame of its Multi-
GNSS pilot project (MGEX; [122]). As of early 2020, three
MGEX ACs provide multi-GNSS products covering all five
constellations, and another three cover a subset thereof.
With orbit and clock errors of about 4 cm (RMS contribu-
tion to the modeled pseudorange), the MGEX products for
Galileo currently exhibit the best performance among the
new constellations. Among others, the orbit and clock
determination of Galileo benefits from the public release
of satellite metadata such as radiation pressure models
and antenna characteristics, which greatly facilitate a real-
istic modeling of Galileo orbits and observations.

Compared to Galileo, a roughly three times lower perfor-
mance is presently achieved for BeiDou satellites in
medium Earth orbit (MEO) and inclined geosynchronous
orbit (IGSO), but substantially larger uncertainties apply
for the orbit determination of BeiDou satellites in geosta-
tionary orbit (GEO). In view of the near-static viewing
geometry, some orbital elements are barely observable with
pseudorange and carrier-phase observations from ground-
based stations for these satellites, and the resulting solu-
tions are very sensitive to all forms of measurement and
modeling errors. Complementary use of SLR [123] and
observations from spaceborne GNSS receivers in LEO
[124] have been suggested to cope with this problem, but
are difficult to realize in practice.

QZS-1, the first satellite of the Japanese Quasi-Zenith Sat-
ellite System, has been included in MGEX orbit and clock
products for many years, but only moderate accuracies have
been achieved so far. SLR residuals and the consistency of



different solutions indicate orbit errors at the 0.5 m level
[122] in MGEX products of QZS-1 up to 2016. More recently,
incorporation of enhanced radiation pressure models has
reduced SLR residuals to less than 1 dm [73, 74]. On the
other hand, new challenges are posed by the latest addition
of a GEO satellite into the QZSS constellations.

All IGS ACs make use of common exchange formats for
the distribution of GNSS orbit and clock information. These
include the “Special Format 3” (SP3) format for satellite
orbit and clock information [125] as well as the comple-
mentary “Clock RINEX” format [126] for clock solutions
of satellites and monitoring stations. Since GNSS satellite
orbits are sufficiently smooth to allow interpolation across
extended periods of time, sampling intervals of 5-15 min
are commonly adopted for the respective SP3 files. On
the other hand, a much higher temporal resolution is
required for clock offset information, and most ACs nowa-
days support sampling intervals down to 30 s in their Clock
RINEX products. For specific applications, dedicated high-
rate clock products are, furthermore, made available by the
CODE analysis center [127].

11.4.3.3 Real-Time Products
As a complement to regional, differential correction ser-
vices, various commercial providers have established dedi-
cated services to support global PPP in real time. These are
based on a precise GNSS orbit and clock determination per-
formed by the service provider from a sufficiently dense
network of worldwide monitoring stations. The ODTS proc-
ess is similar to the one performed inside a GNSS control
center, but typically designed to support higher accuracy
and multiple constellations. To reduce the required com-
munication bandwidth, the precise orbit and clock infor-
mation obtained in this process is usually expressed as a
correction relative to the GNSS-specific broadcast ephem-
eris valid at the same instant of time. Once generated,
the corrections can be disseminated through geostationary
communication satellites to users with suitably equipped
GNSSS receivers. Using frequencies close to the L1/E1-band
for transmission of the correction data, combined antennas
for GNSS and correction data reception can be used, and
modems for decoding the correction can be integrated right
into the user equipment. Examples of real-time correction
services include Fugro’s OmniSTAR, Trimble’s RTX serv-
ice, NavCom’s StarFire system, and the TERRASTAR serv-
ice of Veripos [92, 128-130]. In addition, NASA’s JPL has
established the Global Differential GPS system and pro-
vides real-time correction data and orbit/clock products
to interested customers [91] on a commercial basis.

A free access to real-time orbit and clock corrections is
offered by the 1GS Real-Time Service (RTS) [131, 132]. It
comprises GPS real-time products from eight ACs and three

streams with combined solutions for improved accuracy
and reliability. In addition, some streams include correc-
tion data for GLONASS, Galileo, and/or BeiDou. Standard
deviations of the GPS real-time orbits and clocks are at the
3 cm (0.1 ns) level, which enables decimeter-level point
positioning in real time.

Given the increasing public demand for accurate posi-
tioning, various GNSS providers are now considering the
provision of real-time correction data as part of the trans-
mitted GNSS signals. This is particularly convenient for
the respective users since no additional hardware other
than a surveying-grade GNSS receiver and antenna are
required. Examples of such services include the QZSS Cen-
timeter-Level Augmentation Service (CLAS; [133]) and the
planned High-Accuracy Service (HAS) of Galileo. While the
QZSS service area is naturally confined to Japan and sur-
rounding territories, Galileo aims to enable decimeter-level
PPP on a global scale [134].

To harmonize the exchange of orbit and clock corrections
as well as auxiliary data for real-time PPP across different
vendors and service providers, the State Space Representa-
tion (SSR) concept has been developed [135]. An associated
set of messages is also incorporated into the latest version of
the standard for Differential GNSS Services of the Radio
Technical Commission for Maritime Services (RTCM;
[136]). RTCM-SSR messages are used in the IGS RTS,
and an advanced set of highly compact SSR messages has
been defined for the QZSS CLAS.
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12.1 Introduction

The Ground-Based Augmentation System (GBAS) is a local
area differential GNSS (DGNSS) architecture designed to
provide navigation services for civil aircraft users during
precision approach and landing. The GBAS ground compo-
nent, illustrated in Figure 12.1, is composed of a number of
key elements, including multiple spatially separated multi-
path-limiting antennas, a comprehensive integrity monitor-
ing system, and a VHF transmitter to broadcast differential
corrections and integrity information to airborne users. The
airborne component uses the differential corrections and
integrity information to accurately estimate aircraft position
(within about 1 m) and to perform the final quantitative
assessment of navigation integrity.

12.2 Motivation for GBAS

Navigation for civil aircraft precision approach and landing
has a history spanning many decades in the form of the
instrument landing system (ILS). An ILS installation is
made up of a VHF localizer (horizontal) beam, a UHF gli-
deslope (vertical) beam, and three marker beacons under
the approach path. During the final approach, an aircraft
uses the localizer signal to determine its displacement from
the runway centerline and the glideslope to measure its
deviation from the nominal glidepath (typically 3°). The
marker beacons provide coarse distance checks to the air-
craft during the approach.

ILS has been an extremely reliable system over the years,
with a flawless safety record (no fatalities have been directly
attributed to ILS failure). However, there are a number of
important practical issues that have motivated the develop-
ment of GBAS. For example, the ILS system:

@ provides very limited capabilities for curved and parallel
approaches,

@ is highly sensitive to local terrain and nearby structures
(the associated multipath must be eliminated through
careful assessment and grooming of the local environ-
ment), and

@ cach glideslope and localizer can serve only a single run-
way end — meaning that two installations are needed to
fully equip a single runway, and many more for an air-
port with several runways.

GBAS addresses all of these concerns. Curved and paral-
lel approaches are easily handled; multipath is mitigated by
antenna design; and a single GBAS facility can serve all
runaway ends at an airport.

12.3 History of GBAS

The earliest concept related to today’s GBAS was the Spe-
cial Category | (SCAT-I) standard developed in 1993 by
RTCA [1]. It defined the requirements under which DGNSS
could be used to support the same operations as a Category
I ILS. At the same time, the Federal Aviation Administra-
tion (FAA) launched an agenda with more ambitious goals.
The FAA’s “Pathfinder” Category Il Feasibility Program
[2] was a joint effort involving government (FAA and
NASA), industry (E-Systems and Wilcox), and academia
(Ohio University and Stanford University). The program
was decisive success, culminating in over 400 successful
automatic landings using different variants of DGNSS.
On the basis of these successes, in 1995, the FAA launched
the Local Area Augmentation System (LAAS) program [3].
Over time, the FAA has phased out the use of the LAAS
moniker in favor of its international name, GBAS.

Position, Navigation, and Timing Technologies in the 21st Century: Integrated Satellite Navigation, Sensor Systems, and Civil Applications, Volume 1,
First Edition. Edited by Y. T. Jade Morton, Frank van Diggelen, James J. Spilker Jr., and Bradford W. Parkinson.
© 2021 The Institute of Electrical and Electronics Engineers, Inc. Published 2021 by John Wiley & Sons, Inc.
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Figure 12.1 Overview of the GBAS (Source: Federal Aviation Administration (FAA)).

12.4 GBAS Performance
Requirements

The overall quality and utility of an ILS system is rated
according to the specific aircraft operations it can support.
These are divided into three tiers as follows [3, 4]:

@ Category | (CAT 1): If the horizontal visibility on the run-
way, known as the runway visual range (RVR), is greater
than 1800 ft, a CAT | system may deliver the aircraft
down to a decision height (DH) of 200 ft.

@ Category Il (CAT II): If the RVR is greater than 1200 ft, a
CAT Il system may deliver an aircraft down to a DH of
100 ft.

@ Category Il (CAT Ill): These systems are generally
designed for automatic landing. Some variability in
ground system performance is allowed, ranging from
50 ft < DH < 100 ft to no DH at all, depending on the
degree of fault tolerance in the aircraft’s avionics.

0004815231.3D 260

GBAS is intended to provide equivalent performance
with existing ILS CAT I, Il, and 111 systems. It will also pro-
vide a “differentially-corrected positioning service” (DCPS)
to support terminal area operations including initial
approach, non-precision approach, missed approach, and
departure, as well as more complex terminal area proce-
dures. The GBAS service volume is approximately 23 nmi.

GBAS precision approach and landing performance
requirements are classified in terms of GBAS Approach Serv-
ice Types (GAST). GAST A and GAST B designate systems
whose performance is suitable for “approaches with vertical
guidance” (APV-l and APV-II). A GAST C system is designed
to support precision approach operations to the lowest Cat-
egory | minima (i.e. RVR and DH). A GAST D system is
designed to support precision approach operations to the
lowest Category Il minima, when augmented with other
airborne equipment — as is the case with CAT IIl ILS-
equipped aircraft, which additionally use radar altimeters
and inertial systems. The required performance is defined

13/12/2020 12:54:01 AM
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as the navigation system performance as observed at the out-
put of a fault-free airborne subsystem. Faults in the avionics
are managed by onboard redundancy; these are outside the
scope of the ILS and GBAS systems.

GAST A and B are much less stringent services than
GAST C (CAT I) and will not be discussed further (because
any GAST C system will be capable of providing the same
services). Going one step further, it is also true that a GAST
D (Cat 11/111) system will be able to provide GAST C service.
The common requirements between the two systems will
be described in in the context of a GAST C (CAT I) imple-
mentation. A GAST D system, which, as noted above, pre-
sumes additional airborne equipment, will satisfy all these
requirements plus additional ones to enable CAT II/11I
operations.

As is the case with other aircraft navigation systems, the
requirements are allocated across four fundamental areas:

Accuracy is the measure of the navigation system output
error under fault-free conditions. It is most often speci-
fied in terms of required 95% performance.

Integrity is the ability of the system to provide timely
warnings when the system should no longer be used
for navigation — for example, due to the presence of
faulty sensor measurements. The metric typically used
to quantify integrity is integrity risk, which is the joint
probability that a navigation system error or failure is
not detected and that it results in position errors exceed-
ing either a horizontal alert limit (HAL) or a vertical alert
limit (VAL). The effect of this joint event at the aircraft is
called hazardously misleading information (HMI).
Integrity risk is therefore the same as the probability
of HMI.

Continuity is the ability of the navigation system to meet
the accuracy and integrity requirements for the duration
of the intended operation. It is usually quantified by con-
tinuity risk, which is the probability of a detected, but
unscheduled, navigation function interruption after the
operation has been initiated.

Availability is the fraction of time the navigation system is
usable — as determined by compliance with accuracy,
integrity, and continuity requirements — before the oper-
ation is initiated.

The GBAS requirements for GAST C/CAT I are listed in
Table 12.1 [5, 6]. As noted earlier, GAST D systems also
need to meet these requirements. However, to understand
the additional requirements for GAST D, some knowledge
of GBAS integrity threats and their monitoring for GAST
C will be required. We will therefore defer a discussion of
GAST D requirements after the prerequisite topics are
covered.

12.4 GBAS Performance Requirements

Table 12.1 GBAS GAST C requirements

Accuracy Horizontal 16 m
(95%)
Vertical (95%) 4m
Integrity Risk 2 x 10~ per approach
(150 s)
Time to alert 6s
LAL 40 m
VAL 10m
Continuity  Risk 8x10%inany 15s
Availability  Fraction of time  0.99 to 0.99999

12.4.1 Reference Receivers

To ensure integrity and continuity in the event of a refer-
ence receiver failure, GBAS uses multiple reference recei-
vers. At least three receivers are required to provide the
desired capability for detection and exclusion of a failure
of a single reference receiver. Four (or more) receivers
can further help ensure availability (of integrity and conti-
nuity) after a detected receiver fault.

The use of multiple reference receivers will also improve
accuracy and fault-free integrity of the differential correc-
tion. This improvement is possible because ground multi-
path, which is the largest normal source of measurement
error in GBAS that is not reduced by differential correc-
tions, may be averaged across the multiple receivers. The
antennas feeding each of these receivers are typically sepa-
rated by 100 m or more to minimize multipath correlation
between the receivers.

12.4.2 Multipath-Limiting Antennas

If left unmitigated, multipath is a significant error source in
the measured code phase (pseudorange) at the GBAS
ground receivers. Attenuating the multipath error in air-
port environments is not always easy. GBAS installations
typically use special multipath-limiting antennas (MLAS),
careful siting, averaging of differential corrections across
antennas, and, if needed, masking troublesome spot
regions of the sky (if they are the source of unwanted reflec-
tions from nearby structures). However, there is some flex-
ibility allowed in ground system quality, which is measured
by the standard deviation of the accuracy of the broadcast
corrections, 0y, gng- GBAS ground system facility accuracy
performance is divided into three separate classes, called
Ground Accuracy Designators (GADs) [5]. Figure 12.2
shows the upper bound curves for gy, gng as a function of
elevation for the three classes of ground installation:
GAD-A, GAD-B, and GAD-C. The curves assume averaging
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across three reference receivers, which is a typical number
for GBAS. The respective GAD performance for different
numbers of reference receivers can be easily computed
using the standardized formulas provided in [5-7].

The GBAS ground system will broadcast its GAD to air-
borne users as well as the values of gy, ¢nq for each satellite.
It is anticipated that most ground systems will be GAD-C
installations, because this high level of accuracy will be
needed to enable GAST D service. An example of a verti-
cally stacked dipole MLA for GAD-C is shown in
Figure 12.3 (left image).

12.4.3 Ground Processing

GBAS ground processing has two main purposes: (1) gen-
erate differential corrections and other reference data for
transmission to aircraft in the local area and (2) detect
and remove of anomalies present in the GBAS “signal-in-
space” (SIS) that would otherwise result in an unacceptable
integrity risk to an aircraft on the final approach. The sat-
ellite signals and broadcast reference data collectively
define the GBAS SIS. The notion of an SIS is introduced
to distribute accountability between the ground and air-
borne navigation subsystems. The aircraft is responsible
for the proper functionality of the airborne equipment
(which would generally include the implementation of
redundant sensor tracks to provide the means for detection
and removal of airborne equipment failures), while the
GBAS ground system is responsible for the detection of
anomalies in both the received satellite signals and the
GBAS reference data broadcast to the aircraft. The ground
system functions form the core of the GBAS system, and

Figure 12.3 (Left) BAE ARL-1900 multipath-limiting antenna for
GAD-C; (right) DB Systems three-element VHF Data Broadcast
(VDB) antenna.

therefore will be discussed separately, in much greater
detail, in Section 12.6.

12.4.4 VHF Data Broadcast

The VHF Data Broadcast (VDB) organizes and encodes the
data provided by the GBAS ground processor into a stan-
dardized format and transmits it to local area users. The
VDB operates in the 108-117.975 MHz frequency band in
25 kHz channels, using a time division multiple access
(TDMA) protocol. The messages are encoded by a differen-
tial 8-phase shift keying (D8PSK) modulation format and
updated and broadcast at 2 Hz. An example VDB broadcast
antenna is shown in Figure 12.3 (right image).

There are 10 message types (see Table 12.2) [8], three of
which are directly relevant to differential positioning —
Message Types (MT) 1, 2, and 11 — and one message,
MT 4, which provides data describing the local final
approach and terminal area procedures. MT 4 is broadcast
every 10 s.

MT 1 is the core GBAS message; it contains the ranging
corrections obtained using 100 s carrier-smoothed pseudor-
anges, associated correction rates and error standard devia-
tions, as well as orbit ephemeris decorrelation parameters,
and so-called b-values, which will be described in
Section 12.6. MT 1 is broadcast at a 2 Hz rate. It is intended
to support GAST C service. For GAST-D-capable GBAS
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12.5 Error Sources and Faults

Table 12.2 VDB messages and broadcast rates from [8]
Message
type Message name Minimum broadcast rate (Note 5) Maximum broadcast rate
1 Differential corrections — 100 s For each measurement type: All For each measurement type: All
smoothed pseudoranges measurement blocks, once per frame measurement blocks, once per slot
(Note 1) (Note 1)
2 GBAS-Related Data Once per 20 consecutive frames Once per frame
Null message N/A Once per slot
Final Approach Segment (FAS) All FAS blocks once per 20 consecutive  All FAS blocks once per frame (Note 2)
construction data frames (Note 2)
Terminal Area Path (TAP) (Notes 2 and 3) (Notes 2 and 3)
construction data
5 Ranging source availability All impacted sources once per All impacted sources once per 5
20 consecutive frames consecutive frames
6 Reserved for carrier corrections — —
Reserved for military — —
Reserved for test — —
11 Differential corrections — 30 s For each measurement type: All For each measurement type: All
smoothed pseudoranges measurement blocks, once per frame measurement blocks, once per frame
(Note 4) (Note 4)
101 GRAS pseudorange corrections — (As  — —

defined in the ICAO Amex 10 SARPS)

Note: The notes referenced in the table are in [8]. A “frame” is ¥z s in length.
Source: From RTCA DO-246E, GNSS-Based Precision Approach Local Area Augmentation System (LAAS) Signal-in-Space Interface Control

Document (ICD), 13 July 2017.

installations, MT 11 is also broadcast at a 2 Hz rate to aug-
ment MT 1 by additionally providing corrections for 30 s
carrier-smoothed pseudoranges (and associated correction
rates and standard deviations). The significance of the
two different smoothing time constants will be discussed
in Section 12.8. MT 2 contains additional information rele-
vant ionospheric and tropospheric spatial decorrelation
and protection level generation. The data is not needed
for positioning, but it is critical for integrity assurance.
However, the data in MT 2 does not change in response
to real-time measurements at the reference station, and
therefore it does not need to be broadcast at the same high
rate as MTs 1 and 11. Like MT 4, it will typically be broad-
cast once every 10 s.

12.4.5 Avionics

At the GBAS user end, the avionics processor applies the
received differential corrections to the smoothed pseudor-
anges obtained at the aircraft. The corrected pseudoranges
are then used to estimate the aircraft’s position, with a
resulting accuracy of about 1 m (1-0). In addition to gener-
ation of these real-time position estimates, which is an obvi-
ous practical requirement for the navigation system, the
GBAS avionics also has an important role in the integrity

assurance process. Because it has knowledge of the satel-
lites that are being used in the position estimate, which
the ground does not, the position-domain protection levels
are also produced by the avionics. In addition, there are
some specific SIS monitoring functions, in particular aiding
the detection of ionospheric fronts, that are also resident in
the avionics. These integrity functions and the protection
levels will be discussed in detail in the next section.

125 Error Sources and Faults

In basic local area DGPS, a reference GPS receiver is placed
at a precisely known location in the near vicinity of the user
to calibrate GPS SIS errors. These include nominal satellite
orbit and clock errors and nominal ionospheric and tropo-
spheric delays, all of which are highly spatially correlated.
DGPS is not effective against native receiver errors like
thermal noise and multipath; these are actually increased
because multiple receivers are used — two in basic DGPS
(reference plus user) and more in GBAS (multiple refer-
ences plus user). Nevertheless, because the SIS errors are
typically much larger, positioning accuracy can be
improved significantly, to the sub-meter level, using GBAS.
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12.5.1 Nominal Error Sources

The residual nominal errors are due to multipath, thermal
noise, and spatial and temporal decorrelation. A detailed
description of these error sources and their modeling can
be found in [7]. Multipath and thermal noise error var-
iances at the GBAS ground system can vary depending
on the multipath rejection capabilities of the ground system
antennas; the three GAD classes are shown in Figure 12.2.
Itis expected that GAST C and D installations will adhere to
the GAD-C standard. The aircraft multipath and thermal
noise variances are classified into either of two types, Air-
borne Accuracy Designator (AAD) A or B; these are shown
in Figure 12.4. Aircraft serving GAST D must be equipped
with AAD B equipment [9].

Residual tropospheric errors are primarily due to the
altitude differences (Ah) between the reference station
and aircraft. They are largely removed via modeling using
broadcast data in MT 2, which includes the local estimated
refractivity index (Ng) and tropospheric scale height (h), as
well as the refractivity uncertainty (o). The tropospheric
correction (TC) applied at the aircraft is

TC = Ng ho £ (8) {1—e'Ah/h°}=NR £(6) Ah
(12.1)

where 0 is the satellite elevation angle, and f (8) is the asso-
ciated mapping function:

f(8) = 10~%/1/0.002 + sin?@.

The post-correction tropospheric error is assumed to be
zero mean with standard deviation given by

(12.2)

Otropo = On o T(8) {1_e_Ah/h°} =gy f(8) Ah
(12.3)

Residual ionospheric error due to spatial decorrelation
cannot be modeled like the troposphere because of the
extreme spatial variability of the ionosphere (even under
normal conditions). However, the differential ranging error
is equally likely to be positive or negative, so it is modeled as
zero mean. The standard deviation of the error is propor-
tional to the standard deviation of the vertical ionospheric
gradient (oyvig), and the effective displacement (Xef)
between the reference station and the aircraft:

Tiono = OviG 9(6) Xet (12.4)
where g(0) is the obliquity factor
(0)=4/1- Re cos § i (12.5)
g(0) = Re+h ) .

Re is the Earth radius (6378 km), and h; is the assumed ion-
ospheric shell height (350 km). The effective distance is the
sum of the physical distance and an additional virtual dis-
placement caused by the “memory” of the airborne
smoothing filter of the aircraft traveling through the
gradient:

Xeff = Xair + 2VairT (12.6)

where X4, is the physical displacement between the current
aircraft location and the GBAS reference point indicated in
MT 2, v, is the aircraft’s ground speed, and T is the smooth-
ing filter time constant. The proof of this result is provided
in [10]. The parameter oy, is broadcast in MT 2. Values of
2 to 4 mm/km are typical, but some margin may be imple-
mented to account for unmodeled effects of horizontal trop-
ospheric variations, as suggested in [11].

Orbit ephemeris errors also decorrelate spatially, but
under normal (unfaulted) conditions the resulting satellite
position errors are on the order of a few meters, which is far
too small to cause appreciable differential error even for air-
craft at the outer edges of the GBAS service volume. Finally,
as noted earlier, the effect of data link latency is managed
by broadcasting the rate of change of the pseudorange cor-
rection in MT 1. The result is centimeter-level differential
error at the aircraft given nominal range accelerations. It
is important to keep in mind, however, that satellite orbit
and clock faults can cause much larger differential ranging
errors. This will be discussed in some detail in the next
sections.

The effects of all of the nominal errors are quantified by
the fault-free protection levels [5]. For example, the fault-
free vertical protection level is
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N
2 —
st,i Giz = kﬁmd Oy.

i=1

VPLHO = kffmd (127)

where

N is the number of satellites usesd in the position estimate,

Sy,i is the partial derivative of position error in the vertical
direction with respect to the corrected pseudorange error
on the ith satellite,

a? is an upper bound of the variance of the nominal error
(due to all sources) of the corrected pseudorange used
at the aircraft for satellite i, and

gy is the standard deviation of the nominal vertical posi-

tion error.

This position error bound is consistent with the integrity
risk allocated to the fault-free hypothesis, which is encoded
in the integrity multiplier, K¢mg, Whose value (based on a
bounding zero-mean normal distribution) ranges from
5.76 to 5.85 [9], depending on the number of reference
receivers being used.

12.5.2 Anomalous Error Sources

The most important potential threats to GBAS integrity are
listed in Table 12.3. There are three possible ultimate ori-
gins: GPS SIS faults (i.e. the satellites), GBAS ground sta-
tion faults, and anomalies in the propagation medium.
The mean fault rate for most of the SIS faults is
assumed to be 107*/h. This rate is much larger than
the satellite fault probability of 107°/h specified in
the GPS Standard Positioning Service Performance
Specification (GPS-SPS-PS) [12]. The reason for this

12.5 Error Sources and Faults

is that the definition of fault in the GPS-SPS-PS corre-
sponds only to errors larger than 4.42 x gyra. The
broadcast GPS navigation data provides the information
needed to compute oyra for each satellite, and the smallest
Oura that can currently be encoded is 2.4 m. This means
that faults smaller than about 10 m are never accounted
for in the specified 10~°/h rate, and that faults much larger
than 10 m may not be covered for satellites with larger
Oura. Because operations with VAL = 10 m will be heavily
influenced by ranging errors with magnitudes smaller than
10 m (per satellite), the GPS SPS-PS fault definition is not
suitable for GBAS. So, to include the probability of occur-
rence of smaller faults, a fault rate of 107%/h — an order
of magnitude larger than the GPS-SPS-PS rate — is used
instead. This specific rate is based on analysis in [13].
The use of 107°/h for ephemeris faults is justified by the fact
that extremely large satellite position errors (1000 m or
more) are needed to produce worrisome differential posi-
tioning errors. As long as only satellites with oyra 200
m are used, the GPS-SPS-PS specified rate of 107°/h can
be safely assumed.

As discussed in Section 12.5.1, nominal spatial and tem-
poral variations in the ionospheric delays are accounted for
in GBAS and do not pose a threat. However, unusual
behavior during ionospheric storms may result in large spa-
tial gradients, over 400 mm/km in slant ionospheric delay,
which are referred to as ionospheric fronts. Such structures
have been observed over continental United States
(CONUS) in 2000 and 2003 and are detailed in [14]. It is
expected that much higher values are possible in more
active regions near the equator. For an approaching aircraft
using GBAS, gradients this large could cause vertical

Table 12.3 GBAS anomalous error sources and faults [4], and prior probabilities of occurrence
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Origin Fault/anomaly Threat Prior probability
SIS Excessive range Rapid accelerations cause large differential errors over latency 107%h
acceleration period
SIS Erroneous ephemeris Large satellite position errors lead to differential positioning errors ~ 107%/h
data
SIS Satellite signal Inconsistent correlation errors between ground and air receivers  10%/h
deformation causes differential ranging error
SIS Code-carrier divergence ~ Ground and air filter mismatches and differences in start times 107%h
lead to differential ranging error
SIS Low satellite signal Possible ranging error caused by cross-correlation with satellite 107%h

Propagation
Environment

GBAS Ground
System

power

lonospheric storm
fronts

Reference receiver/
antenna failures

with stronger signal

Large ionospheric gradients cause large differential ranging errors
due to spatial decorrelation

Erroneous measurements from reference receiver lead to errorsin
broadcast correction

107° to 1 (state
probability)

10~%/approach

Source: From Federal Aviation Administration, “Criteria for Approval of Category Il Weather Minima for Takeoff, Landing, and Rollout,”
Washington DC, Advisory Circular AC 120-28D, July 1999.
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position errors of up to 20 m. More details about the hazard-
ous impact of sharp ionospheric fronts on GBAS navigation
are provided in [14]. The prior probability that may be
assumed for ionospheric storm fronts is still a matter of
some debate. The range provided in the table is bounded
on the high end by the most conservative possible assump-
tion and on the lower end by a more realistic value that may
be justifiable based on data collected to date.

The probability of a ground receiver failure is limited by
specification to be no larger than 107> per 150 s aircraft
approach (equivalent to 2.4x10~%/h). This ensures that at
most one reference receiver fault would ever need to be
detected to satisfy the 10~'/approach integrity requirement.

12.6 GBAS Integrity Monitoring

An example functional flow diagram of GBAS ground-
based integrity monitoring is shown in Figure 12.5. The
associated function and acronym definitions are provided
in Table 12.4. It is evident from the diagram that GBAS
integrity monitoring presents a complex and multifaceted
challenge. Some of the important details involved are dis-
cussed in the following subsections.

12.6.1 Signal Quality Monitoring

The SIS Receive and Decode (SISRAD) function (A) is exe-
cuted by the GPS reference receiver and antenna subsys-
tem. Its inputs are the L1 RF Signals from the GPS
satellites, conforming to the GPS-SPS-PS [12]. Its outputs
are raw code phase (pseudorange) and carrier phase mea-
surements, both at 2 Hz rates, as well as decoded satellite
navigation data, which is output immediately after the is
decoded.

The Signal Quality Receive (SQR) function (B) is also a
GPS receiver, but it has the more specific purpose of gener-
ating observables to be used in some Signal Quality Monitor
(SQM) tests, in particular those that target signal deforma-
tion faults. Other SQM tests are designed to detect code-
carrier divergence and low satellite signal power events.
These latter monitors can work with either SISRAD or
SQR outputs. It is also possible to implement the SISRAD
and SQR functions in a single receiver.

The intent of the SQM functions (E) is to detect and
identify anomalies in the received GPS SIS resulting from
satellite signal generation or transmission failures — for
example, deformation of the L1 code correlation peak.
Implementation of SQM at the GBAS ground segment is
necessary to ensure interoperability of different types of
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Table 12.4 GBAS function definitions and acronyms

12.6 GBAS Integrity Monitoring

A. SISRAD: Signal-in-Space Receive and Decode Function
B. SQR: Signal Quality Receiver Function

C. MQM: Measurement Quality Monitor Functions

D. Smooth: Carrier-Smoothed Code Function

E. SQM: Signal Quality Monitor Functions

F. DQM: Data Quality Monitor Functions

G. EXM: Executive Monitor Functions

H. Correction: Correction Generation Function

I. Average: Clock Adjustment and Correction Average Functions

J. MRCC: Multiple Receiver Consistency Check Functions

K. o-Monitor: Standard Deviation and Mean Monitoring Function

L. VDB Message Formatter and Scheduler
M. VDB TX: VDB Transmitter
N. VDB RX: VDB Receiver

0. VDB Monitor: Data Broadcast Parameter Verification Functions
P. Database: Approach Path, Antenna Loc., Elev. Mask, VDB Info.

Q. LAAS Ground System Maintenance: External Maintenance Function and Data Archive

receivers in the LAAS service volume. This is important
because ground and airborne equipment will typically be
built by different manufacturers. Detection and isolation
of signal anomalies on the ground is needed because
ground and airborne receivers may respond differently dur-
ing such events, resulting in differential ranging errors. The
impacts and monitoring of signal deformation faults are
discussed in detail in Chapter 10, so the subject will not
be elaborated on further here. The SQM signal deformation
monitor specifications for GBAS are provided in attach-
ment D of [6].

Low satellite signal power (due to an onboard failure) can
directly affect the thermal noise contribution to the ranging
error standard deviation. The most straightforward monitor
simply tests the estimated C/Ng against a predetermined
threshold. However, satellites that are broadcasting at
anomalously low power levels can present additional pro-
blems because of the potential for cross-correlation within
the receiver with other satellite PRNs with higher received
powers. The effect occurs only when the Doppler difference
between the two satellites is an integral multiple of 1 kHz
[15, 16]. Therefore, it can be monitored by using predicted
Doppler differences together with the estimated C/N,.

Code-carrier divergence (CCD) can be caused by iono-
spheric activity or a satellite fault. The latter is the primary
CCD threat, because the ionosphere cannot produce arbi-
trarily large divergence rates, but it is theoretically possible
that satellite failures can. This motivates the need for
ground-based CCD monitoring. During active ionospheric

events, the CCD monitor can also help detect moving
storm fronts. However, as will be discussed shortly,
there are other means of monitoring against ionospheric
fronts.

In GBAS, both the reference station and the aircraft
employ code-carrier smoothing to mitigate the effects of
receiver noise and multipath. For GAST C, a first-order fil-
ter with a 100 s time constant is implemented; for GAST D,
a separate 30 sfilter is also used. In the event of a CCD fault,
transient differential ranging errors will result if there are
differences in either (1) ground and air filter implementa-
tions, or (2) start times of ground and air filters. A typical
GBAS CCD ground monitor filters raw code-minus carrier
over time to estimate the divergence rate. A detailed
description of this type of monitor may be found in [17].

The smoothing function (D) uses the carrier phase mea-
surements to reduce errors on the code phase due to noise
and high-frequency multipath. The standard GBAS
smoothing filter is

N—-1 _

_ 1
P = —— [Pk—1 + P — o] + Npk

S (12.8)

where

k is the time index,

At is the sample interval (0.5 s for the ground; 0.2 s for air),

N is the number of samples used to define the filter gain,

T=N x At is the time constant of the smoothing filter (100 s
for GASC C and 30 s for GAST D),
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p is the raw pseudorange (code phase),
p is the smoothed pseudorange, and
¢ is the carrier phase (expressed in the same length units

as p).

The same filter is prescribed at the ground and aircraft,
which helps to significantly limit the potential impact of
undetected CCD faults, but some variation in filter start-
up is permitted. The linear time-invariant (LTI) filter
defined above can be implemented directly. Alternatively,
a linear time-varying (LTV) version can be used at start-
up. This filter differs from the LTI filter only during the first
100 s (or 30 s) of operation, when the effective filter time
constant increases uniformly in time up to the k = T/At,
at which point the gain is held constant and the LTI filter
is the result [9]. Using a time-varying gain at start-up signif-
icantly speeds up the noise reduction benefits of the filter,
but it does increase the differential ranging error somewhat
after a CCD fault. These small effects have been carefully
considered in the design of and integrity analysis; see, for
example, [17].

12.6.2 Measurement Quality Monitoring

The MQM functions (D) are designed to detect anomalous
satellite signal generation and propagation behaviors that
are potentially observable in the measurements directly.
For example, they provide the means for detection of exces-
sive range acceleration faults, including step and impulsive
errors. Detection of these faults is necessary for ground/air
interoperability because a constant range rate model is used
at the aircraft to account for latency in the broadcast correc-
tions. Due to natural delays in the ground processing, data
formatting, and transmission, the reference corrections
received at the aircraft will typically be delayed about
0.5 s relative to the punctual airborne GPS receiver output.
There are two basic ground-based tests that have been put
forward to detect these events. The first is the carrier-
smoothed-code innovations test, which compares the fil-
ter-predicted pseudorange, py_; + ¢ — ¢ 1, With the
actual measurement, py, relative to a predefined threshold.
It is effective as a coarse check against rapid changes in the
range rate. The second monitor, known as the excessive
acceleration (EA) test, is more important, because it
directly estimates the second derivative of the clock error
using the last three measurements [18]. Using the estimate,
along with the known estimate error statistics, the maxi-
mum differential ranging error can be upper-bounded for
any specified data latency.

The MQM function also includes an ionospheric gradient
monitor (IGM) to detect potentially hazardous ionospheric
storm fronts. GBAS installations will have multiple spatially
separated GPS antennas, primarily intended to detect and

0004815231.3D 268

isolate receiver faults, but also to reduce the ranging error
by averaging measurements for a given satellite. However,
differential carrier phase measurements across these anten-
nas can also be used to detect the presence of ionospheric
fronts. This type of monitor was first introduced in [19]
and subsequently investigated in more detail in [20, 21]
and [22]. It is a powerful means of detecting ionospheric
fronts, but it cannot see fronts that do not reach the GBAS
ground antennas; these can still affect an aircraft during
parts of its final approach.

As noted in the SQM discussion above, the ground CCD
monitor also contributes to ionosphere front detection.
However, fronts that are nearly static are invisible to it.
Because of the limitations of the IGM and CCD ground
monitors against ionospheric fronts, GAST D aircraft are
also required to take an active role by applying the follow-
ing four monitors and mitigations [9]:

® Implement an airborne CCD monitor of the type similar
to that on the ground. As the aircraft passes through a
gradient, it will be visible as CCD, unless that front is
moving at nearly the same speed as the aircraft.

@ Generate and use position estimates using 30 s smoothed
pseudoranges instead of the standard 100 s smoothed
pseudoranges used for GAST C. This decreases T in
Eg. (12.6), thereby making X smaller and reducing
the effect of gradients (nominal or anomalous) on the dif-
ferential ranging error.

® Implement a new detection function, called the Dual
Solution lonospheric Gradient Monitoring (DSIGMA),
which computes the difference between the 30s
smoothed and 100 s smoothed position solutions. If the
absolute value of the difference between the two is
greater than 2 m, the aircraft must fall back to GAST
C operations.

@ Perform satellite geometry screening, in which the air-
craft will compare the maximum absolute value of any
single S,; and the sum of the two maximum absolute
values of S,; (and their lateral equivalents) to separate
user-specified thresholds. If either threshold is exceeded,
the aircraft must fall back on GAST C operations. The test
assumes that the probability of three or more satellite
being affected by an ionospheric front is negligibly small.
The thresholds are based on the aircraft airworthiness
requirements described in Appendix J of [9].

12.6.3 Data Quality Monitoring (DQM)

The DQM functions (F) are implemented to detect anoma-
lies in the decoded GPS satellite navigation data. Of partic-
ular importance is the need to provide protection against
the possibility of errors in the broadcast ephemerides that

13/12/2020 12:54:02 AM



0004815231.3D 269

define the satellite orbits. Satellite ephemeris errors that are
in the reference-to-satellite line-of-sight (LOS) direction are
implicitly corrected for using DGPS. However, satellite
orbit errors orthogonal to the LOS can lead to an effective
differential ranging error proportional to the distance
between the reference station and the aircraft.

Although there may be a variety of potential causes for
such anomalies, for example, unscheduled maneuvers,
incorrect orbit uploads, and faulted data decoding in the
receiver, all ephemeris errors can be categorized into just
two basic types, with the first type being further subdivided
into three subtypes:

Type A: The broadcast ephemeris data is erroneous follow-
ing a satellite maneuver.

Type Al: A nominal station-keeping maneuver occurs,
and the satellite is set to unhealthy status by the
GPS ground segment during the maneuver, but after
the maneuver the satellite is restored to healthy status
with an incorrect ephemeris. Nominal GPS maneu-
vers only occur in the along-track direction (i.e. tan-
gent to the direction of motion of the satellite, either
positive or negative).

Type A2: A nominal station-keeping maneuver occurs,
but the satellite is not set to unhealthy status by the
GPS ground segment during the maneuver. GBAS
continues using the broadcast (pre-maneuver) ephem-
eris, but the satellite orbit has since changed.

Type A2: An unscheduled maneuver occurs in any
direction. This fault subtype acknowledges the possi-
bility of an operational fault causing the firing of arbi-
trary thrusters, thereby changing the orbit.

Type B: The broadcast ephemeris data is erroneous, but no
satellite maneuvers are involved.

Both Type A and Type B events can cause differential ran-
ging errors. However, the two failure types differ in both
likelihood of occurrence and means of detection. The like-
lihood of Type B failures is relatively higher than Type
A because orbit ephemeris uploads and broadcast ephem-
eris changeovers are frequent (nominally once per day
and once every two hours, respectively, for each satellite),
whereas spacecraft maneuvers are rare (not more frequent
than once or twice per year). Nevertheless, both fault types
have occurred in the past: Type B on 17 June 2012 (SVN 59),
Type Al on 20 July 2004 (SVN 60), and Type A2 on 10 April
2007 (SVN 54). In each of these cases, the maximum orbit
error ranged from 400 m to many kilometers. No known
Type A2’ faults are known to have occurred, and the corre-
sponding prior probability of such faults is expected to be
lower. However, the potential for this type of fault must still
be accounted for in GAST D designs.

12.6 GBAS Integrity Monitoring

GBAS standards [5, 6] assign the responsibility for detect-
ing orbit ephemeris faults to the ground facility, rather than
to the users. However, it is recognized that any monitor
implementation, ground or aircraft based, will be imperfect
(i.e. smaller ephemeris errors will be difficult to detect) and
any undetected orbit error will ultimately cause navigation
errors that are dependent on the (time-varying) displace-
ment between the ground and aircraft antennas. Therefore,
the impact of possible undetected orbit errors on navigation
must ultimately be assessed separately by each individual
aircraft within the GBAS service volume. Accordingly,
along with the DGPS ranging corrections, the GBAS MT
1 also carries an ephemeris decorrelation parameter (p)
that defines the minimum ephemeris gradient error
detectable by the ground monitor. The bound on navigation
error is consistent with the integrity risk allocated to
ephemeris faults, which is also broadcast to users in MT
1 via a missed detection multiplier (kmg,). The aircraft uses
this information to compute vertical and horizontal posi-
tion error bounds under the hypothesis of an ephemeris
failure. The vertical error bound associated with an ephem-
eris fault on satellite j is

VEB; = [Syj| Xair £ + Kmd. (12.9)

The resulting bound over all satellites being used is then

VEB = mjax (VEBj). (12.10)

The horizontal/lateral ephemeris error bounds are
analogous.

An alert condition will be triggered at the aircraft when
the ephemeris position bounds exceed fixed alert limits,
VAL (and LAL), defined for the specific aircraft procedure.
The capability to generate such alerts is necessary to ensure
navigation integrity. However, to maintain continuity, it is
important that the minimum position error bound be small,
which, in turn, means that p; must be small, establishing a
minimum performance limit for the ephemeris monitor.
The decorrelation parameter is defined as a spatial gradient
in terms of the minimum detectable satellite position
error (MDE),

»; = MDE /p;, (12.11)
where pj is the distance to the satellite from the reference
station. The detection probability associated with MDE must
also be consistent with the broadcast value of kg, as well as
the assumed prior probability of ephemeris fault (in
Table 12.3). As each new ephemeris — with new or updated
parameters — is received it must be validated before it is
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used. To mitigate Type B threats, the GBAS ground station
can store validated prior ephemerides and use them to proj-
ect forward an independent predictive estimate of the cur-
rent ephemeris for comparison. The last available validated
ephemeris will usually be the previously transmitted one
(2 h old). For a new rising satellite, however, it will be
the last ephemeris received at that particular LGF on the
previous pass. The limiting case will be for a pass that is
shorter than 2 h, where the difference in broadcast ephem-
eris times approaches 24 h. Figure 12.6 shows an example of
variation of an orbit semimajor axis over adjacent 24 periods
for a typical satellite. Forward projection of previously vali-
dated ephemeris parameters for monitoring can be done in
a variety of ways, the simplest of which, the zero-order hold
(ZOH) and first-order hold (FOH), are shown in
Figure 12.7. These types of monitors have been described
in detail in [23].

In Type A faults, ephemeris data is erroneous following
a satellite maneuver. A Type B monitor like the one
described above is not effective against such threats
because its predictive capability is compromised by the
intervening maneuver. Instead, it is necessary to directly
monitor ranging measurements to determine whether
they are consistent with the broadcast ephemerides.
The most straightforward approach is to monitor the size
of the pseudorange correction. GBAS will actively cull
any ephemeris errors that have a component in the
LOS direction exceeding 328 m, the correction message
field in MT 1. However, this test alone is not sufficient
because errors orthogonal to the LOS (which are the main
risk for GBAS) are not removed. Another proposed mon-
itor compares range rate measurements over time against
the ephemeris predictions. The monitor is generally effec-
tive, but analytical proof of its integrity sufficiency is dif-
ficult, especially for Type Al and A2’ faults [24]. The most
effective monitor against such faults is the GAST D IGM,
which is equally capable of detecting gradients that orig-
inate from either ionospheric fronts or orbit ephemeris
errors. The application of this monitor concept to the
detection of orbit ephemeris faults is discussed in detail
in [25, 26] and [27].

In addition to integrity screening of the navigation data,
the GBAS ground system also broadcasts an Issue of Data
(10OD) time tag for each satellite in MT 1. This ensures that
the aircraft will know what ephemeris was used on the
ground to generate the broadcast corrections. Inconsis-
tencies in the ephemerides used on the ground and in
the air can lead directly to effective differential ranging
error because the aircraft will not be able to correctly
“reconstitute” the ground measurements. For added
integrity, the GBAS ground system also broadcasts a 16-
bit CRC on the ephemeris message used to generate the
corrections.

12.6.4 Executive Monitor

The Executive Monitor (EXM) function (G) is a central
logic processing algorithm that consolidates detection deci-
sions across different monitors to identify which satellites
and which receivers have failed. Given the outputs of the
monitors described so far, it is possible to make determina-
tions about failed satellites (including satellites that have
experienced propagation anomalies). In the first phase of
EXM, satellites are either screened or validated based on
the current monitor detection results. The second phase
is implemented in conjunction with the Multiple Reference
Consistence Check (MRCC), which will be described
shortly.
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12.6.5 Correction Generation, Clock Adjustment,
and Correction Average Functions

The correction function (H) is used to reduce the amount of
data broadcast. For each satellite on each reference
receiver, the computed range to the satellite (ry), based
on the known location of the reference antenna and the
location of the satellite (as computed using the navigation
data), is subtracted from the smoothed measurements to
compute the pseudorange correction: ¢y = p, —rk . Since
the aircraft also has access to the GPS satellite navigation
data, it has enough information to reconstitute the original
reference receiver measurement by simply adding back the
removed terms. This is not necessary, however, because the
correction can be applied directly to the aircraft’s ranging
measurements.

The clock adjustment and correction average function (1)
is implemented to level the receiver clock biases; these
biases are different for each of the reference receivers. This
function is required for two reasons: (1) to further reduce
the amount of unnecessary data broadcast and (2) to facil-
itate a simpler consistency check of measurements across
reference receivers. The clock adjustment sub-function is
implemented by subtracting the average of the smoothed
corrections across each receiver from those for each indi-
vidual satellite. Define

S¢ to be the set of common satellites tracked by all EXM-
validated reference receivers,

N, as the number of elements in S;, and

m and n to be individual receiver and satellite indices,
respectively.

Then the clock-adjusted smoothed pseudorange correc-

tions is

t(n, m) = c(n,m)— Nich(n, m)

C nes,

(12.12)

The correction average sub-function generates candidate
broadcast corrections by averaging T (n, m) for a given sat-
ellite across all reference receivers tracking the satellite.
Define S, as the set of reference receivers with at least
two EXM-endorsed values of T« (n, m) for satellite n. (Two
or more measurements are needed for subsequent proces-
sing, as described below.) Also, define M(n) to be the num-
ber of elements of S,,. The candidate broadcast correction
(smoothed, clock-adjusted, and averaged) is then

() = iy S m)

meS,

(12.13)

Averaging across multiple independent receivers reduces
the variance of the multipath error in the broadcast correc-
tion for satellite n by a factor of 1/M(n).

12.6 GBAS Integrity Monitoring

12.6.6 B-Values and MRCC

The purpose of the “b-value” generation and MRCC func-
tions (J) is primarily to facilitate the computation of integ-
rity protection levels at the aircraft, and secondarily to
prescreen reference receiver measurements prior to broad-
cast of the corrections. The b-values are defined as the
difference between Tx(n) as defined in Eq. (12.13) and
its equivalent with each individual receiver removed
in turn:

bk(n, m) =& (n) — W D t(ni) (1214
ies,
i#Zm

As defined, the b-value gives the best estimate of the error
in the broadcast correction under the hypothesis of a single
reference receiver failure. For example, if N satellites are
being tracked on all M reference receivers, given a fault
fn, on reference receiver m on the receiver channel corre-
sponding to satellite n , the mean b-values are

E(bL ) = (N—1)f, (12.15)

E(bﬁf” ) =-f" (12.16)
N—-1_

E( N ) =51 (12.17)
1 -

where f, 7 /MN. For a large fault, it is evident the
b-value in Eq. (12.15) will be much larger than the others.
The MRCC test exploits this fact to detect large faults and
then returns the result to the EXM for a second phase of
fault identification and screening. However, it is possible
that faults of intermediate size will be left undetected by
MRCC/EXM and be passed along to the aircraft in the
broadcast corrections. To ensure integrity, the ground
broadcasts the b-values to the aircraft so that it can compute
position-domain protection levels under the hypothesis
(H1) of a failure on reference receiver m [9]:

VPLy1(m) = + Kmd

N
2 52
Z Syn O

n=1

N
> Sy b(n,m)
n=1

(12.19)

The upper bound protection level over all reference recei-
VEers is
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VPLy, = mrﬁlx {VPLHl(m)} (1220)

This position error bound is consistent with the integrity
risk allocated to the H1 hypothesis, which is encoded in the
integrity multiplier bound, kg, whose value is approxi-
mately 2.8 (the exact value differs very slightly depending
on the number of reference receivers being used) [9].

12.6.7 Sigma Monitor

The GBAS ground system will broadcast the values for
Opr_gnd €ach to use for each satellite. These will be used
as inputs to position error bounds in Egs. (12.7), (12.9),
(12.10), (12.19), and (12.20). Therefore, it is critical that
the ground system be capable of detecting any changes —
in particular, increases — in 0, gng OVer time. Monitoring
changes in variance can be done in a number of ways,
including direct estimation and cumulative sum
(CUSUM) monitoring. These methods are described in
some detail in [28] and [29]. It is important to understand
that detection of variance changes takes some time, and
cannot be expected to meet GAST C or D time to alert
requirements. However, if the probability of undetected
variance change is treated as a state probability (related
to an attribute of the ground station), rather than as fault
event to be detected within a specified time to alert, it is pos-
sible to build a coherent integrity case. A rigorous approach
to do this is provided in [29].

12.7 GBAS Integrity Analysis: GAST C

The largest of the position error bounds in Egs. (12.7),
(12.9), (12.10), (12.19), and (12.20) (and their lateral coun-
terparts) is the overall VPL (and LPL). It is compared to the
VAL (and LAL) to ensure that integrity requirements are
met under normal error conditions, and under the hypoth-
eses of orbit ephemeris and reference receiver faults.
Implicit in this statement is that GBAS ground system man-
ufacturers demonstrate that

@ the monitor MDE; used to generate the broadcast value of
#j in Eq. (12.11) must be consistent with the broadcast
value of kmg,and the assumed prior probability of ephem-
eris fault (in Table 12.3), and

@ the probability of a reference receiver failure is lower
107° per 150 s aircraft approach (equivalent to
2.4x107%/h).

Of course, it must also be demonstrated that the monitors
designed to detect the remaining GPS SIS faults in
Tablel2.3 are also are effective enough to meet integrity
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requirements. For all these faults, we must ensure that
the probability of the aircraft position error exceeding the
VPL (or LPL) is no larger than the ratio of the GBAS ground
system manufacturer’s integrity risk allocation for the fault
and its prior probability of occurrence (10~*/h for all
remaining faults in Table 12.3). As will become evident
in the remainder of this section, this is not an easy task,
even for the simplest monitors.

For a given SIS monitor and a fault f; on satellite j, we can
express the test statistic gj = 0 as a positive random variable
with a known cumulative distribution function Fq(x; f;).
For a given continuity allocation to the monitor’s fault-free
detection probability, Pgq, the detection threshold is
L =F, ' (Pra;0). The probability of a Loss of Integrity
(LOI) is then defined as

P(LOI|fJ-) P{|ev(t)\ > VPL(t) V't e [0,Tal Na;(t)

<LVte[-eo,Ta-1g) | f}} (12.21)
where e, is the vertical position estimate error, Ta is the
required time to alert, 14 is the latency in the transmission
of information to the aircraft, and t is the time since fault
onset. For GAST C, Ta = 65, and 1y will typically be less
than 1 s and can never exceed T, (because the continuity
of the navigation function will be terminated at that point).
Only vertical errors are considered in Eq. (12.21), but the
same analysis can be applied to the lateral case. Noting that
VPLo < VPL, we can write the following upper bound on
Eqg. (12.21):

P(LOI\ fj) < P{ [ey(t)| > VPLyo(t)

Vte[0,Talng(ty) <LVte [0,Ta—T,] ‘ £}
(12.22)

Assuming statistical independence of random error (i.e.
non-failure) contributions to the position error and test
statistic:

P(LOI| fj) < P{ ley(t)] > VPLuo(t) Yt € [0, Tl ‘ fj}

P{q(t“) <LVte[0,Ta—T1g ’ fj} (12.23)

Define t. to be any individual time in the interval [0, Ta]
and tq to be any individual time in the interval [0, Ta — Tg].
Then, because Eq. (12.23) is true, it is also true that

i}

P(LOI| fj) < P{ ley(te)] > VPLo (te)

P{Q(tq) < L’ fj}

(12.24)
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Because t, and ty can be chosen arbitrarily within their
respective intervals, it is permissible to choose each time
to separately minimize the two probabilities on the right-
hand-side of Eq. (12.24) individually. This is desirable
because it would yield the tightest possible bound on the
probability of the LOI. One straightforward choice is

t,=0 (12.25)

tg=Ta—Tqg (12.26)
so that the monitor detection probability (the second term
on the right side of Eq. (12.24)) is evaluated T — T4 later
than the position error bounding probability (first term
on the right-hand side of Eq. (12.24)). The basis for this
choice is that it allows the monitor T, — T extra time (rel-
ative to the position error) for the test statistic to grow
beyond the threshold.

Consider now the two terms on the right-hand side of
inequality (12.24) separately. For brevity in notation in
the following few steps, the time variables will be temporar-
ily omitted. They will be included again in the final result.
Given a failure on satellite j with a fault vector fj not close to
zero, the first term is closely approximated by

P{ ley| > VPLio ‘ fj} = P{

Sv,j fj‘ +¢g > kffme'v }:
(12.27)

where ¢, is the nominal (fault-free) contribution to the
vertical position estimate error, which can be upper-
bounded using a normal distribution with standard
deviation o, using the techniques described in [30] and
[31]. Let Q(x) be the right tail probability of the standard
normal distribution (i.e. the complement of its cumulative
distribution function). Then, we have

P{ ley| > VPLyo ‘ fj} :Q{kﬁmd_ Svévfi’ }

(12.28)

Now define
v [Sul0] (12.29)

so that we can write

f.
Ovj| ]
P{le > VLo | 1) :Q{k“m“‘ov;‘o,-}

The upper bound probability occurs when g, j/0, — 1.
Therefore, it is convenient to conservatively use the follow-
ing satellite-geometry-free expression

]

P{ lev| > VPLyo ‘ fj} = Q{kffmd - ‘;—_j’ } (12.31)

Now we turn our attention to the second term on the
right-hand side of Eq. (12.24), which can be directly
expressed as follows:

P{ a(tg) <L) fj} =1—Fq(L;fj).

Substituting Egs. (12.31) and (12.32) into Eq. (12.24)
yields

(1111 = {o( o 1)

{1-Fo(ui 1))}

(12.32)

(12.33)

In general, a space segment fault event f; on satellite j will
cause different transient responses in the differential posi-
tion error e, and the monitor test statistic g;. The LOI prob-
ability in Eq. (12.33) will be a function of both of these fault
response functions, the magnitude of the fault itself, the
elapsed time since fault onset (t), as well as the ground
and airborne receiver tracking start times (tog) and (toa).
For every type of SIS fault, it is necessary to find the specific
conditions that maximize the LOI probability and to deter-
mine whether the result exceeds the integrity risk alloca-
tion for the failure mode.

12.7.1 Example GAST C SIS Integrity Case

Figure 12.8 shows example results of this analysis fora CCD
monitor of the type described in [17]. The plot shows the
LOI probability as a function of the fault magnitude, which,



in this example, is the divergence rate d. To obtain worst-
case results, it was assumed that the aircraft uses an LTV
smoothing filter and the ground uses an LTI filter. The LOI
probability is a function of four variables: t, tog, toa, and d.
For each value of d on the figure, the values of t, to;, and
toa Were found to maximize the probability of LOI. The
dotted horizontal line was located at 10~*, a typical monitor
integrity risk allocation. As long as long all points on the
curve are below the allocation, integrity is assured.

12.8 GAST D Requirements and
Integrity Case

As noted in Section 12.4, there are additional requirements
for GAST D operations. These are defined in terms of |E,|,
which is the differential ranging error on the 30 s smoothed
corrected pseudorange at the landing threshold point (LTP)
(of any runway for which the ground system supports
GAST D). The first requirement, termed the “limit case”
requirement, specifies the minimum required probability
of missed detection of a ranging source fault as a function
of |E,|. The requirement is given in Table 12.5. An addi-
tional requirement, known as the “malfunction case”
requirement, applies to all faults that have a prior probabil-
ity of occurrence greater than 1x107°. It stipulates that the
probability of an undetected fault leading to a differential
ranging error greater than 1.8 m must not exceed 1x10~°,
The time to alert for the GAST D ground system to detect
an out-of-tolerance condition is 1.5 s [31]. Details concern-
ing the origin of these requirements may be found in [32]
and [33]. An example visual illustration of the require-
ments is shown in Figure 12.9 for the case where the prior
probability of the fault is 107°. A hypothetical, compliant
performance curve is also shown.

There are also additional requirements for ionospheric
front monitoring for GAST D. For the most part, these were
already discussed in Section 12.6 — namely, 30 s smoothed
pseudoranges, airborne CCD and DSIGMA monitors, and
geometry screening at the aircraft. The ground system man-
ufacturer is responsible for ensuring that through the

Table 12.5 GBAS GAST D limit case integrity requirements [34].

Probability of missed detection Pseudorange error (meters)

Prd_iimit =< 1 0< |E | =075
075< |E | <27

27< |E | €0

Prnd_timit < 10(~256 % [Ed| +1.92)

Prd_timit < 107°

combined use of all air and ground monitors, the probabil-
ity of an undetected ionospheric front leading to a differen-
tial ranging error greater than 2.75 m must not exceed
1x107° at the LTP for any approach supporting GAST
D [32, 34]. The total probability of an undetected iono-
spheric front gradient includes both the prior probability
of the front (if applicable) and the probability of not detect-
ing it.

12.9 Current State and Future of GBAS

To date, GBAS systems have been installed at 30 airports in
the United States, Europe, Australia, India, Brazil, and Rus-
sia. Honeywell International’s SLS-4000 SmartPath GBAS
ground system has been certified by the FAA for Category
I (GAST C) precision approach operations, and Rockwell-
Collins’s Multi-Mode Receiver (MMR) and Honeywell
International’s Integrated Navigation Receiver (INR) are
approved GBAS avionics packages. GBAS avionics are avail-
able as standard or optional equipment on all Boeing and
Airbus aircraft. Current air carriers using GBAS include
United Airlines, Delta Airlines, British Airways, Emirates
Airlines, Lufthansa, Cathay Pacific, Qantas, TUI, Swiss
Air, Air Berlin, and various Russian airlines [35].

In October 2016, The International Civil Aviation Organ-
ization (ICAO) issued an update (Amendment 90) to [6] to
officially codify GAST D standards, including those cited in
the source documents [34, 36], and [37]. Validated stan-
dards for dual-frequency equipment and multiple core con-
stellations are planned for the 2022-2023 timeframe [38].
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Satellite-Based Augmentation Systems (SBASS)

Todd Walter

Stanford University, United States

The concept of an SBAS has its roots in the 1980s. The GPS
constellation was not yet complete, but people immediately
began to consider how it could be used for aviation. The
main problem was that since GPS was not designed as a
safety-of-life system, it occasionally provides misleading
information. A network of monitoring stations was envi-
sioned to send flags to the user when a satellite’s ranging
information was not correct. Then it was realized that this
network could differentially correct the errors, leading to
better accuracy and availability. Finally, the idea of broad-
casting the corrections and flags from a geostationary satel-
lite was incorporated. The signal from this satellite would
be similar to the GPS satellites and be able to provide ran-
ging as well as data. These three ideas together are what
make up an SBAS.

13.1 Introduction to SBAS

An SBAS is a system designed to improve global navigation
satellite system (GNSS) service such that the augmented
service meets the strict requirements of air navigation. In
particular, the service must be accurate, safe, and suffi-
ciently available to guide aircraft in close proximity to each
other or to other obstacles. Stand-alone (or unaugmented)
satellite navigation does not meet all of these aviation
requirements. Specifically, the reliability of the signals is
not assured. Large positioning errors could be presented
to the pilot without suitable warning. An SBAS monitors
the core constellation signals using a network of ground
monitoring equipment and broadcasts information about
the status of their performance via a satellite communica-
tion link. An SBAS has a strict upper limit on the length
of time that erroneous information could be presented to
the pilot. The Time-To-Alert (TTA) for an SBAS is 6 s in
order to support operations where the aircraft is near to
the ground.

Each SBAS also evaluates the effects of the ionosphere on
the ranging signals. Differential corrections and confidence
bounds are produced to improve the nominal positioning
accuracy and alert the user when the ionosphere may be
creating unacceptably large errors. SBAS has been used
for many years to guide aircraft both at high altitude and
down to within 200 feet of the ground. Examples of SBASs
are the Wide-Area Augmentation System (WAAS) covering
North America [1] and the European Geostationary Navi-
gation Overlay Service (EGNOS) covering Europe [2].

13.1.1 Principles and Use in Civil Aviation

An SBAS is designed to replace a large number of distribu-
ted navigational aids with a single integrated system. An
SBAS is capable of providing guidance for all phases of
flight including takeoff, ascent, en route, terminal area,
and approach. It was conceived to supplant non-directional
beacons (NDBs), distance measuring equipment (DME),
tactical air navigation systems (TACANSs), VHF Omni
Range systems (VORs), and Category | instrument landing
systems (ILSs) [3]. There are, or were, over a thousand of
each type of navigational aid (navaid) in use in US air space
when the decision was made to implement WAAS. The
Federal Aviation Administration’s (FAA’s) goal was to
replace the thousands of pieces of equipment and their
associated maintenance cost with a single much more eas-
ily maintained system. Over time, the need to back up
GNSS-based navigation became better understood, and
the reduction of traditional navigational aids has been
much more gradual than initially planned. Nevertheless,
WAAS has fulfilled its goal of providing seamless guidance
throughout US airspace.

The advantages of satellite-based navigation are clear;
GNSS provides global coverage, and its signals come down
from space, covering almost all areas where aircraft are
most likely to operate. Unlike terrestrial navigation aids,

Position, Navigation, and Timing Technologies in the 21st Century: Integrated Satellite Navigation, Sensor Systems, and Civil Applications, Volume 1,
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the signals are rarely limited by terrain in any open sky
environment. GNSS provides all-weather service. It pro-
vides three-dimensional guidance (including altitude)
whose accuracy does not rapidly degrade as the user moves
away from reference locations. Aircraft can fly any three-
dimensional path that they desire and are not constrained
to particular routes extending from one navaid to another.
Any airport can be supplied with a precision approach (PA)
capability without the need for specific guidance equip-
ment to be installed at that airport. The avionics are simpli-
fied, as a single SBAS box can supply navigation at all
locations rather than needing different boxes for different
navigational aids that have to be handed off from one fre-
quency to another. Finally, the accuracy of GNSS is much
higher than that of traditional navaids. The uncertainty of
position is reduced so that more aircraft can be placed
closer together without increasing the risk of collision.
Navigation systems designed for use in aviation are judged
by four important criteria: accuracy, integrity, continuity,
and availability. Accuracy is perhaps the most obvious of
these required attributes. It is a statistical measure of how
close the indicated position is to the true position. Integrity
consists of two key aspects: an upper bound on the position
error at any given time and a maximum time required to
alert the user if that upper bound cannot be assured to the
required level of confidence. Both aspects must be met at
all times to claim that the system meets the required integ-
rity. It is this requirement in particular that motivated the
development of the different augmentation systems. It is this
requirement that is held above all others when making sys-
tem design choices. Continuity and availability measure the

system’s ability to provide a predictable and consistent level
of service. The requirements on these latter two criteria also
create a challenge, as it can be difficult to maintain service in
the face of potential integrity threats. For a much more
detailed description of these parameters, please see
Chapter 23 on GNSS integrity.

13.1.2 SBAS Architecture Overview

The SBAS ground segment consists of four elements as
shown in Figure 13.1. It has a network of reference stations
to observe GNSS performance, a communication network
to transfer data to and from the other elements, a master
station to aggregate the data and decide what information
to send to the users, and an uplink station to send the data
to a communication satellite so that it can be relayed to
the user.

The reference stations are the eyes and ears of an SBAS.
Each reference station has multiple (either two or three
depending on the system) GNSS receivers that are capable
of precisely measuring the code and carrier on two frequen-
cies. Currently, GPS is the only constellation monitored by
operational SBASs, and measurements are made on the
GPS L1 and L2 frequencies. However, SBASs are evolving
to incorporate other constellations (Galileo, GLONASS,
and BeiDou) as well as new signals on different frequencies
(e.g. GPS L5 and Galileo E5a). Two different frequencies are
used so that the system can measure the effects of iono-
spheric delay. The redundancy of receivers is to identify
and isolate individual receiver faults or excessive multipath
effects. The reference stations have atomic clocks and
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precisely surveyed antennas to improve the overall meas-
urement consistency and aid in detecting and isolating
errors. The raw measurements from all of the reference sta-
tions are sent once per second to the master stations.

The master stations are the brains of the SBAS. They take
in the raw measurements, process them to reduce the
effects of noise, and make estimates of the errors that are
affecting the signals. The master stations generate correc-
tions to reduce the errors to the user. The corrections
improve the accuracy compared to stand-alone ranging sig-
nals. Most importantly, each master station estimates how
much the corrections may be in error and sends confidence
bounds on these corrections to the user. This information is
packaged into individual messages and then transmitted to
the user. The avionics are then able to use these bounds to
determine if the corrected position solution may be used for
its intended operation. The master station also determines
if there is any unsafe information being used by the SBAS
receiver and can immediately send an alert to the user if
needed.

The communication network carries the data to and from
the master station. It needs to be redundant and reliable.
The information is time critical, so it cannot get lost or
delayed. Consequently, it has very tight requirements in
terms of latency (no more than 50 ms in the case of WAAS)
and reliability. WAAS requires that more than 99.9% of
messages reach their intended destination on time along
each channel and that the two parallel channels achieve
at least 99.999% reliability.

Ground uplink stations and communication satellites
(currently all geostationary satellites) take the information
on its final leg to the user. The signal from the geostationary
Earth orbit (GEO) satellites is very similar in structure to
the GPS L1 C/A signal. The primary difference is that the
data rate has been increased to 250 bits per second. The
information is encoded into 1-s-long, 250-bit messages that
each contain a portion of the information required by the
user. The user must aggregate information from many mes-
sages over time in order to obtain the full set of corrections
and integrity bounds.

13.1.3 WAAS Architecture Overview

The previous section described a generic SBAS architecture.
This section presents the specific structure and nomencla-
ture used by WAAS, as illustrated in Figure 13.2. WAAS has
a network of 38 WAAS reference stations (WRSs) spanning
most of North America, each containing three parallel
threads of equipment. These WAAS reference elements
(WREs) each consist of a GPS antenna, a GPS receiver, a
cesium clock, and a computer to format the data and send
it to the WAAS master stations (WMSs). Each of the three

13.1 Introduction to SBAS

WMSs has a Corrections and Verification (C&V) processor
that consists of two parts: a Corrections Processor (CP) and
a Safety Processor (SP). The CP performs an initial screen-
ing of the data to identify and remove outliers. The resulting
output is fed into filters that estimate the receiver and sat-
ellite inter-frequency biases (IFBs) [4], the WRE clock off-
sets, the satellite orbital locations, and the satellite clock
offsets [5]. These are then passed along to the SP for
evaluation.

The SP is responsible for ensuring the safety of the WAAS
output. It will decide what information will be sent to the
user and to what level such information can be trusted.
The SP performs its own independent data screening on
the input WRE data. Its Code Noise and MultiPath
(CNMP) monitor [6] performs data screening, carrier
smoothing, and produces a confidence bound for the
remaining uncertainty on the smoothed pseudorange
values. The user differential range error (UDRE) monitor
takes in the smoothed ionosphere-free pseudoranges and
bounds from the CNMP monitor and uses them to deter-
mine a confidence bound on the satellite clock and orbital
correction errors from the CP [7]. The code-carrier coher-
ence (CCC) monitor [8] and the signal quality monitor
(SQM) [9] use inputs from the CNMP monitor to determine
whether or not the UDRE bound is also sufficiently large to
protect against potential code-carrier divergence and/or
signal deformations, respectively.

The grid ionospheric vertical error (GIVE) monitor [10,
11] takes in the smoothed ionospheric delay estimates
and bounds from the CNMP monitor as well as the IFB esti-
mates from the CP to estimate the ionospheric delays and
confidence bounds for a set of ionospheric grid points
(IGPs) defined to exist 350 km above the WAAS service area
[12]. The user is able to interpolate between these 1GPs to
determine an ionospheric delay correction and correspond-
ing confidence bound for each of their satellite measure-
ments. The range domain monitor (RDM) then evaluates
all of the corrections and confidence bounds. The RDM
uses smoothed L1 measurements and bounds from the
CNMP monitor to determine whether corrections and
bounds from the prior monitors combine as expected to
bound the fully corrected single-frequency measurements.
If there is a problem, the RDM may increase the corre-
sponding UDRE and GIVE values, or it may flag the satel-
lite as unsafe to use. All of this information is then passed to
the user position monitor (UPM) [13], which evaluates
whether all the corrected position errors at each WRE
are properly bounded. Like the RDM, it too has the ability
to increase the broadcast bounds or set a satellite as unus-
able. Finally, the corrections, UDREs, and GIVEs are
broadcast to the user in a sequence of messages [12, 14].
In order to understand the functioning of these monitors,
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