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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.1 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

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

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.
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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-
quency 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, Ian
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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1

Introduction, Early History, and Assuring PNT (PTA)
Bradford W. Parkinson1, Y.T. Jade Morton2, Frank van Diggelen3, and James J. Spilker Jr.1

1 Stanford University, United States
2 University of Colorado Boulder, United States
3 Google, United States

1.1 Introduction

Knowledge of your current location is now taken for granted
by people worldwide. This is largely due to the advent of sat-
ellite-based navigation systems, particularly the Global Posi-
tioning System (GPS). These global navigation satellite
systems (GNSSs) are still rapidly evolving with more capabil-
ityandevengreater robustness.Their fundamental purpose is
determining location in four dimensions – three geographical
positions plus time. A user is indifferent to the source of loca-
tion knowledge – any technique will do if it is reliable. While
much of this book is devoted to satellite-based navigation sys-
tems (satnavs), we intend to give full explanations of virtually
all modern sources of position, navigation, and timing (PNT).

The classical definition of navigation is the act, activity,
science, method, or process of finding a route to get to a
place when you are traveling in a ship, car, airplane, etc.
It involves the determination of position, course, and dis-
tance traveled [1]. A more contemporary, formal definition
of navigation is determining positions, orientations, veloci-
ties, and accelerations, all in three dimensions and in a
stated coordinate system, and time, as well as planning,
finding, and following a route.

The goal for most satnav users is assured PNT; providers
recognize that combining dissimilar sources of basic
PNT information leads to a much more robust positioning
capability – that is, greater PNT assurance. The United
States Federal Aviation Administration (FAA) uses four cri-
teria to measure PNT capability. These are (i) Availability,
(ii) Accuracy, (iii) Integrity, and (iv) Continuity of opera-
tions. They are useful measures for all users and all appli-
cations, not just aviation. In particular, compounding or
augmenting systems (e.g. satnav + inertial) leads to greater
assurance of PNT in the face of deliberate or inadvertent
radio interference. Thus, another purpose of this book is

to illustrate such interconnecting relationships and the
benefits that accrue to the user.

Application Explosion For the user, GPS is simply a
technique to assure PNT; there are significant other ways
to find location today, and more will become available in
the near future. This book will explore both current and
future techniques, especially the other GNSSs and regional
navigation satellite systems (RNSSs). But GPS is now a
name familiar to nearly every cell phone user in the world.
By the year 2015, over 2 billion receiver sets had been pro-
duced, and, driven by cell phone applications, these are
increasing by over 1.4 billion per year.

Besides ubiquitous cell phones, GPS has stealthily crept
into virtually every corner of our society. Even the early
developers have been amazed by the countless applications.
Table 1.1 presents a partial list of application areas. Clearly,
any attempt to explore all applications of satnav and
PNT would require many volumes and be outdated as soon
as it was published. However, we do intend to describe
representative current and future applications for PNT in
this book.

GPS has been called “The Stealth Utility” because many
applications are usually invisible to the user. Operationally,
GPS availability has been over 99.9%, on a worldwide
basis [2]. This pervasive availability drives the enormous
GPS benefits in terms of safety, productivity, and conven-
ience. For example, there are now over 3600 certified
GPS runway approaches for aircraft in the United States.
An economic study for the US National Space-Based PNT
Advisory Board (PNTAB) calculated the mid-range value
of GPS at over $65 billion per year for the United States
alone [3]. These broad benefits have led to GPS being prop-
erly described as “a system for humanity.” As such, GPS
raises some historical questions. How did it come into being
and what applications are likely to be developed in the
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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,1 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

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 I of this book focuses on the
progress made and future trends in satnav technologies

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

Table 1.1 Twelve major application areas for satnav

Areas Example application

Aviation Area navigation, approach, landing up to Cat III, NextGen

Agriculture Autofarming: crop spraying, precision cultivating, yield assessment

Automotive Turn-by-turn guidance, concierge services, driverless cars

Emergency and Rescue Services 911, ambulance, fire, police, rescue helicopters, emergency beacons, airplane and ship locaters

Intelligent Transportation Train control and management, UAVs

Military Rescue, precision weapon delivery, unit and individual location

Recreation Geocaching, drones, hiking, boating, fitness

Robotics and Machine Control Bulldozers, earth graders, mining trucks, oil drilling

Scientific Earth movement and shape, atmosphere, weather forecasting, climate modeling, ionosphere, space
weather, tsunami warning, soil moisture, ocean roughness and salinity, wind velocity, snow, ice,
foliage coverage, etc.

Survey and GIS Mapping, environmental monitoring, tagging disease outbreaks

Timing Cell phone towers, banking, power grid

Tracking Fleets, assets, equipment, shipments, children, Alzheimer’s patients, wildlife, livestock, pets, law
enforcement, criminals, parolees, etc.
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and applications, while Volume II 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.

1.2 A Brief History Prior to SatNav

1.2.1 Early Navigation Techniques

As humans migrated across the globe, the ability to navi-
gate was an absolute prerequisite to survival. The Polyne-
sians developed techniques of using the observation of
stars and planets to navigate across vast areas of the Pacific
Ocean with legendary accuracy. In 1976, these voyages
were replicated using a newly built war canoe of ancient
Polynesian design. This vessel, named the Hokulea, was
navigated solely by the stars from Hawaii to Tahiti. It is a
fascinating story that elaborates on the ancient techniques
of using the heavenly bodies [8].

About 1000 years ago, the Chinese introduced the mag-
netic compass‚ which was particularly useful for voyages
in overcast conditions. On cloudy days, the Vikings may
have used cordierite or some other birefringent crystal
to determine the Sun’s direction and elevation from the
polarization of daylight through cloudy skies.

Then a series of techniques were developed to measure
the altitude (angle above the horizon) of stars and other
heavenly bodies to calculate position, culminating in the
invention of the sextant by British Vice-Admiral John Camp-
bell in 1757. Latitude could be determined by the elevation of
the Sun above the horizon at high noon or the elevation of
the star Polaris, but longitude required accurate time, syn-
chronized to an observatory that had published a nautical
almanac. The challenging requirement for synchronized
time soon led to the development of highly accurate ship-
borne clocks (called chronometers), with the initial success-
ful version by a Yorkshire carpenter, John Harrison‚ in 1761.
His clock was accurate to better than 1 second per day. This
history was documented in the excellent book Longitude by
Dava Sobel [9].

1.2.2 Radio Navigation

With the discovery and exploitation of radio waves, new
navigation techniques could be developed. Perhaps the
most elementary is radio direction finding (RDF), which
allows a user to determine the line of bearing to a radio

source with a known location. Practical RDF devices were
in use by the early 20th century. RDF is an example of
bearing-measurement systems that includes the modern
VHF omni-directional range (VOR) used by FAA. The
other four classes of radio navigation system are beam sys-
tems, transponder systems (including distance measuring
equipment (DME)), hyperbolic systems, and satnavs.

The most well known of the hyperbolic systems is prob-
ably LORAN (Long-Range Navigation). A modernized
variant of this is eLORAN (enhanced LORAN). The under-
lying technique is to measure the difference in time of
arrival (TOA) between pairs of transmitted pulses. Each sta-
tion pair produces a hyperbolic line of position. The user’s
location is determined by the intersection of two or more
such lines. This system is only two-dimensional (2D)
with accuracies of about 20 m in a calibrated differential
mode. It is appealing as an augmentation for GPS because
its powerful RF signal is in an entirely different radio
spectrum band.

1.2.3 Inertial Navigation

Inertial navigation is another method of providing posi-
tioning information. During World War II, the Germans
deployed an elementary guidance system for the V-2 rocket,
but this was not a generally useful configuration. The first
purely inertial, generalized system was invented and devel-
oped by Dr. Charles Stark Draper at MIT in the early 1950s
[10]. The basic idea is to mount very precise accelerometers
on a gyroscopically stabilized platform (in strapped-down
mode‚ such stabilization is maintained in software). By
doubly integrating the accelerometer outputs and correct-
ing for the effect of gravity, which cannot be sensed, posi-
tion can be determined. This requires very accurate initial
conditions (both position and velocity) as well as careful
alignment with an inertial coordinate frame. The nature
of double integration magnifies small sensor biases into
error growth that is proportional to time or time squared,
so periodic reset is essential for most applications.

Draper’s inertial navigation systems were very successful
and quickly became the basic navigation device for the
Navy’s ballistic missile submarines. Professor Walter Wrig-
ley has written a history of inertial navigation and said:
“Notwithstanding the work of those previously discussed,
the MIT Instrumentation Laboratory under Professor
C. S. Draper was the main spearhead in the development
of inertial navigation systems and components for aircraft,
ships, missiles, and spacecraft” [11]. Professor Wrigley
bases this statement on an earlier article in the American
Journal of the Institute of Navigation by H. Hellman [12].
These state-of-the-art inertial navigators still required peri-
odic updates of position and velocity to maintain the
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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.

1.4 The Seminal System Study of
Alternatives for Satellite-Based
Navigation Sponsored by the Air Force
and Ivan Getting [13]

New Satellite-Based Navigation Systems Proposed
1962–1970 By 1962, Dr. Ivan Getting, president of the Aer-
ospace Corporation, saw the need for a new satellite-based
navigation system. While he did not have a specific imple-
mentation, he envisioned a more accurate positioning
system that would be available in 3 dimensions, 24 hours
a day, 7 days a week. He had direct access to the highest
levels of the Pentagon and was a tireless advocate for his
vision.

Getting’s energy and foresight in the early 1960s were
essential to gaining Air Force support to study system alter-
natives. As a result, the Air Force formed a new satellite
navigation program that was later named 621B. His
efforts were recognized in 2003 when he shared the Charles
Stark Draper Prize of the National Academy of Engineering
(known as the “Engineer’s Nobel”) with Dr. Bradford
Parkinson.

Figure 1.2 Dr. Richard Kershner (left) who led the development of
Transit. On his right is Col. Bradford Parkinson, who led the
development of GPS.

Table 1.2 Transit characteristics

First operational
prototype

1962

Operational 1964–1996

Orbit Circular polar orbit at ~1000 km
altitude in 5+ nominal orbital
planes

Transmit frequencies 150 and 400 MHz to correct for
ionospheric delays

Time for a position fix ~15 min

Time between fix Periodic, ~90 min

2D accuracy For moving ship, 200 to 500 m,
needs velocity correction

For stationary user, 80 m
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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:

• Capabilities and limitations of then current DoD naviga-
tion systems.

• Tactical applications and utility of improved positioning
accuracy.

• Comprehensive analysis of alternative system configura-
tions and techniques for positioning using satellites.

Since the full survey of alternative system configurations
was extremely important in selecting an optimum system
configuration for GPS, we reproduce the summarizing fig-
ure in Figure 1.4. Twelve major alternatives were studied.
Note that the “COMPUTATION PERFORMED BY USER”
is split into two columns. The reader should focus on the
columns of the 1-WAY passive ranging techniques with
the red outline. These alternatives can have an unlimited
number of users – i.e. there is no system constraint. In this
column, there are two “user boxes,” one with “A” and one

with “X.” “A” shows that the user needs an atomic clock.
“X” shows the user needs only a crystal clock. The option
that was later selected for GPS is #12, designated with
the green box. This technique is the 3 Δρ (four satellites)
that eliminated the need for the user’s atomic clock and
provided three-dimensional positioning (really four-
dimensional since it also captured time). This technique
is illustrated in Figure 1.5 (taken from [14]).

1.4.1 The 621B Era – Additional USAF Studies

From 1966 to 1972, program 621B continued with trade-off
studies including signal modulation, user data process-
ing techniques, orbital configuration, orbital prediction,
receiveraccuracy, erroranalysis, systemcost, andcomprehen-
sive estimates of the tactical mission benefits. In late 1968,
the Air Force’s NavSat program in the Plans Office (XR) at
the Space and Missile Systems Organization (SAMSO) in
Los Angeles was re-designated as 621B. All of the various
proposals that went forward from SAMSO to Headquarters
came henceforth from the 621B office in XR. Over 90 NavSat
reports completed by USAF/Aerospace during this period
were filed in the Aerospace Corporation library.

1.4.2 The Code Division Multiple Access (CDMA)
or PRN Signal Structure

Of these studies, the most important were those aimed at
selecting the best passive ranging technique for the naviga-
tion signal. By 1967, it appeared that the best method was

Figure 1.3 Front page of the seminal GPS system study performed
from 1964 to 1966 by USAF 621B program. Originally classified
SECRET, it was declassified after the initial GPS constellation had
been launched. This was the essential foundation for the GPS
design concept.

2

12

GPS selected the most Challenging
of 12 Alternatives – 4D Position
with no user need for an atomic

clock
(Demonstrated by USAF 621B–

1971)

USAF/621B 1964 Study of

12 Alternative GNSS Architectures

Competing NRL
proposal–User

required an atomic
clock 

Figure 1.4 Key summary of alternatives for satellite-based
navigation systems. The USAF Program Office selected the 12th
alternative. The competing Naval Research Laboratory (NRL)
proposal (Option #2) was two-dimensional and relied on an atomic
clock at the user’s station.
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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-
quency. 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:

1) Could such a signal be easily acquired in the face of time
uncertainty and Doppler shifts?

2) Was there a technique to encrypt the military signal so
that unauthorized users could not gain access?

3) How would the codes be easily selected to avoid a false
lock and also allow additional satellites to be added
without interfering with existing satellite signals?

4) Would the anticipated complexity of the receiver drive
costs to unacceptable levels?

5) Was the signal resistant to accidental or deliberate
interference?

6) Could this signal accommodate communication capa-
bility for satellite location, satellite clock correction,
and other parameters?

Fortunately, in 1967, a technique for selecting ortho-
gonal codes was invented by an accomplished applied

Figure 1.6 Dr. James Spilker Jr., one of the creative engineers who
led development of the GPS digital signal structure.

+
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(x|, y|, z|)

R|

Measurements: Pseudoranges {R|}

Unknown: User Position (x, y, z)

Given: Satellite positions {(x|, y|, z|)}

i = 1, 2,...., N

Receiver clock Bias b

R1
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(x| – x)2 + (y| – y)2+ (z| – z)2 – bRi =

Figure 1.5 Illustration of the principle of satellite navigation (from [14]). The user-satellite ranging measurements are based on the times
of transmission and receipt of signals. They are biased by a common time offset and are called pseudoranges. Four pseudoranges are
required. Source: Reproduced with permission of Ganga-Jamuna Press.
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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.

1.4.3 The White Sands Missile Range Tests and
Confirmation 1970–1972

To address the remaining problems, the USAF 621B pro-
gram developed two prototype versions of CDMA naviga-
tion receivers (Magnavox and Hazeltine) for testing at the
White Sands Missile Range (WSMR). For the tests, 621B
arranged four transmitters in a configuration known as
the Inverted Range. These transmitters broadcast CDMA
signals from locations that were geometrically similar to
a satellite configuration except that they were broadcast
from the ground, i.e. “upside down.” By 1972, program
621B had successfully proven the effectiveness and
accuracy of the CDMA signal by demonstrating that such
a configuration would achieve 5 m, three-dimensional
navigational accuracy. These test results answered most
of the remaining questions regarding the CDMA signal.

The tests confirmed the enormous technical value of the
modulated signal by showing that all satellite signals could,
indeed, be received simultaneously on the same frequency.
These tests also corroborated the expectation that ranging
to four satellites eliminated the need for a highly precise
user atomic clock, while still supporting full, three-
dimensional navigation. This became an extremely impor-
tant feature of GPS. If each user had required an atomic-
clock-class frequency standard, no inexpensive user equip-
ment could have been produced within the technology
horizon visible at that time. This is still true today.

All this evidence supported CDMA as the passive ranging
signal of choice and was available to the Air Force’s 621B
team when the system configuration was selected at the
September 1973 meeting that will be discussed later.

1.4.4 Distinguishing Between the 621B Demo
Configuration and the 621B Preferred Operational
Configuration

From the time of the 1966 Woodford/Nakamura study on,
the Air Force and Aerospace advocated the use of atomic
clocks in the operational satellites with the modulation also
originating in the satellites. There were two significant risks
to placing atomic clocks on the satellites: first, the technol-
ogy readiness risk (no radiation-hardened atomic clocks
had ever been designed and flown), and second, the polit-
ical and budgeting risk associated with gaining approval for
a development/demonstration program of the full

capability. To reduce both of these risks, the Air Force
had developed a plan.

This included a proposal in early 1972 to deploy a four-
satellite “demonstration system.” This proposal addressed
both risks. It would reduce the technological readiness risk
in the clocks by launching simple L-band transponders.
The navigation signal would be generated on the ground
and transponded to users with a “bent-pipe” in the satellite.
At the same time, it would save substantial money, thereby
reducing the political and budgeting risk.

In many circles, this proposal was erroneously thought of
as the 621B operational proposal because it came from that
office. In fact, the operational concept for 621B never con-
templated or advocated using transponders in the final
operational system. The use of transponders had been
rejected for the operational system because they could be
easily jammed from the ground. Such a jamming signal
would overpower the transponder and steer all of the trans-
mitted energy away from the transponded navigational sig-
nal. This enemy jamming would shut down the entire
system, clearly an unacceptable risk.

621B Proposed Initial Satellite Constellation To dem-
onstrate four-satellite, passive ranging capability, 621B had
studied a number of orbital configurations, including
geosynchronous and inclined, lower orbits. They proposed
placing a constellation of four synchronous satellites in
orbits over the United States. This array would allow
extended periods of four-satellite testing without commit-
ting to a full global employment. If this demonstration were
successful, the next step would have been to add three
more longitudinal sectors, each with its own array. Again,
the principal redeeming feature of this approach was that
there was some hope of it being funded. The Air Force in
the Pentagon was placing enormous pressure on the
621B program to come up with the absolutely cheapest
way to demonstrate the four-satellite approach. In addition,
they wanted any initial configuration to provide the begin-
ning of a full global system.

This proposed constellation design was a reasonable
compromise, given the boundary conditions of a four-
satellite demonstration and absolutely minimal cost. It is
interesting that the Japanese, with a requirement to supple-
ment GPS with satellite signals to improve coverage in
urban areas (where there are high shading angles), have
been deploying a very similar constellation. The Japanese
configuration is intended to improve coverage restricted
to their longitudinal sector of the globe. The new system
is called Quasi-Zenith Satellite System (QZSS), and the
Japanese have announced the four-satellite constellation
is now operational (2018) [15]. The system is further
described in Chapter 8.
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1.5 Competition, Parkinson Appointed
Program Director, the Encounter with
Dr. Currie, the “Lonely Halls” meeting,
and GPS Approved

1.5.1 NRL and the Timation Satellite

In 1964, the US Navy initiated a second Navy Navigation
and Timing satellite program, called Timation, under the
direction of Roger L. Easton Sr., a longtime member of
the NRL staff. The NRL’s Timation project was aimed at
exploring techniques for passive ranging to satellites as well
as time transfer between various timing centers around the
world. It subsequently developed a number of experimental
satellites, the first of which was called Timation 1. This was
a small satellite, weighing 85 pounds and producing 6 W of
power. It was launched on 30 May 1967 (Figure 1.7).

The key feature of Timation 1 was that it included a very
stable quartz clock. The fundamental ranging technique
was to synchronize a clock at the user’s location with the
clock on the satellite and use a passive ranging signal struc-
ture called Side Tone Ranging. By 1968, NRL demonstrated
single-satellite position fixes, accurate to about 0.3 nautical
miles, that required about 15 minutes of measurements.
NRL engineers encountered two significant problems dur-
ing their testing. First, solar radiation caused shifts in the
satellite clock’s frequency, and, second, the ionospheric
group delay created ranging errors.

A second Timation satellite, called Timation II, was
developed and launched into a 500 nautical mile orbit on
30 September 1969. To calibrate the ionospheric group
delay, the satellite broadcast on two frequencies: the same
technique pioneered by the Transit program. Its quartz

oscillator was expected to be somewhat more stable – about
1 part in 1011. Again, a large frequency shift observed in the
clocks was finally traced to a solar proton storm. NRL was
able to demonstrate ranging accuracies of approximately
200 feet to a fixed location with dual frequency and
extended measurement times.

1.5.2 Competition

By 1972 some authorities in the Pentagon had already
recognized that a new satellite-based navigation system
would be valuable. There were literally hundreds of differ-
ent positioning and navigation systems currently used by
the DoD that were expensive to maintain and upgrade.
Obviously, a single replacement system offered significant
cost savings. Understandably, the two competing concepts
(621B and NRL) apparently confused the decision-makers
and led to a very acrimonious competition. As a result of
the competition and a reluctance to commit the necessary
monies, any decision was delayed.

In November 1972, Col. Bradford Parkinson was the
Director of Engineering for the Advanced Ballistic ReEntry
Systems Program (ABRES) at SAMSO. Brig. Gen. William
Dunn, who led the advance planning group (XR), identified
Col. Parkinson as a potential candidate to head the floun-
dering 621B program. At Dunn’s behest, Lt. Gen. Kenneth
Schultz, commander of SAMSO, asked Parkinson if he
would like to be assigned to the 621B program. Col. Parkin-
son had a very relevant background in navigation, guid-
ance, and control that included a PhD from Stanford in
Astronautics. The background was a match, but Parkinson
expressed an unwillingness to volunteer for the assignment
without assurance that he would be the Program Director.
At that point, General Schultz said he could not make that
promise, but, immediately after Parkinson left his office the
General reassigned him to the 621B program and effectively
made him the Director.

Beginning in December 1972, Col. Parkinson, immedi-
ately after he assumed control of 621B, instituted a series
of 7 a.m. educational meetings. At these gatherings, the pro-
gram re-examined every aspect of the proposed 621B pro-
gram, including alternatives. This educational process
was key to having everyone in the Program Office com-
pletely understand the technical issues they faced.

During this period, Gen. Schultz supported the program
in every way that he could. In particular, Parkinson was
allowed to recruit Air Force officers whose background
and experience were aligned with the needs of the fledgling
program. All had advanced engineering degrees from the
very best universities in the country including MIT, Mich-
igan, and Stanford. In addition, virtually every officer had
experience in developing hardware or in testing inertialFigure 1.7 The Navy’s Timation satellite included a quartz clock.
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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

Figure 1.8 Major Gaylord Green. His creativity on modified orbits
ensured the success of GPS.

Figure 1.9 Dr. Malcolm Currie. His support was essential to
GPS approval.
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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.

1.5.3 Definition and Design of GPS

After much intense discussion over that weekend, the Par-
kinson-led team defined GPS with the following 10 facets:

1) The fundamental USAF 621B concept of simultaneous
passive ranging to four satellites would be the underly-
ing principle of the new system proposal, ensuring
that user equipment would not require a synchronized
atomic clock.

2) The signal structure would be the 621B CDMA modu-
lation (also called pseudorandom noise or spread
spectrum). It would include a clear (i.e. unencrypted)
acquisition modulation (C/A) and a precision military
modulation (P/Y). The C/A modulation was to be
freely available to civil users throughout the world.

3) There would be two GPS broadcast frequencies in
the L band using the same dual frequency technique
that Transit had employed to correct for the iono-
spheric group delay as well as provide redundancy.
The use of L-band signals instead of Transit’s UHF
substantially reduces the ionosphere group delay,
which is inversely proportional to the square of
frequency.

4) Based on the progress that NRL had made in satellite
clocks, the program would commit to space-hardened
atomic clocks on the first operational/demonstration
GPS satellites (called Navigation Development
Satellites–NDS). At the “Lonely Halls” meeting,
Parkinson had concluded that the NRL technology
was relatively low risk, obviating the need to use
the ground-relay, experimental demonstration
scheme that 621B had previously proposed. It later
turned out that the NRL development was not as
mature as it appeared, but the USAF/JPO backup
clocks (by Rockwell) were available in time for the
first launches.

5) The nominal constellation would be 24 satellites in
three rings of eight each. The orbits for the satellites
were to be circular and inclined at 62 and not geosyn-
chronous. NRL had advocated similar 8- or 12-hour
inclined orbits. Because of the need for an extensive
testing program on an instrumented range, exact 8-
or 12-hour orbits would have been unsatisfactory,
because those orbits would continuously shift relative
to Earth. Instead Green proposed 11 hour 58 minute
(sidereal synchronous) orbits that gave about two hours
of testing over the same United States test area each
day. While these orbits resembled those advocated
by NRL, Green’s modification was critical to the
success of the testing program. The corresponding
high altitude for these 11h 58m orbits (approximately
20,200 km) helped minimize the number of satellites
that were needed for Earth coverage. It also was the
maximum altitude that the selected booster could
achieve with the expected mass of the first-generation
satellites.

6) Orbit prediction would be handled with modifications
to the Transit-developed orbit-prediction programs
called Celeste.

7) The initial test constellation would include four
operational satellites, competitively procured, one of
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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.

8) A family of user equipment prototypes would be pro-
cured competitively. This equipment would span all
normal military uses, and also include a low-cost set
that would prototype civilian use. Where they were
affordable, competitive contracts would be used. Par-
ticular attention would be devoted to user equipment
integration with inertial navigation units and demon-
stration of anti-jam capabilities.

9) The master control/upload station and its backup
would be on United States soil with monitor stations
located all around the world.

10) The testing would be principally performed at the US
Army’s Yuma test range with accuracy measured from
a trilateration laser configuration. Using three laser ran-
ging devices at the same time would ensure that all test
vehicles could be measured to about a meter of position-
ing error in three dimensions. It was expected (and later
proved) that this technique could even precisely locate
an Air Force or Navy fighter aircraft flying close to
Mach 1. Testing would make use of the inverted range
concept with satellites replacing each range transmitter
as each newly launched GPS satellite became opera-
tional on orbit. This technique allowed the tests to begin
with the first orbiting satellite in 1978 (and three pseudo-
lites on the desert floor at Yuma).

GPS Made Available to Both Military and Civilian
from the Beginning Contrary to some inaccurate ver-
sions of history, from the very beginning, GPS was config-
ured to be a “dual-use” system. Civilian users were to be
given full access to the C/A signal for PVT.2

To enable widespread civil use, the detailed code struc-
ture was published as a specification document and freely
distributed worldwide. (The interesting consequence was
that the first civil receiver to lock onto the first GPS satellite
was developed by students at the University of Leeds in
England in 1978.)

1.6 GPS Approval – December 1973

That Labor Day weekend of September 1973 had been a
very busy three days. With help from the Air Staff Program
Element Monitor (PEM), Lt. Col. Paul Martin, the “Lonely
Halls” gathering developed a seven-page Decision Coordi-
nating Paper (DCP) and a presentation of the new concept.
Over the next two and a half months‚ there was a flurry
of activity as Col. Parkinson made presentations and
defended the concept before all those who could block
the proposal in the Pentagon. This effort culminated with
Parkinson’s second presentation to the DSARC. He was
given approval to proceed on 14 December 1973. There
were no significant modifications to the proposal that
had been developed during the “Lonely Halls” meeting
in the Pentagon.

Parkinson, during the whole Phase I development,
resolved to avoid any conflict with the other original com-
petitors to build a satellite-based navigation system. He
deliberately ignored claims of invention and statements
regarding the origins of technology. He felt the real pur-
pose was to build the system, not to reopen the earlier
fight. His silence may have precipitated a recent article
that suggested the Air Force and JPO provided nothing
in terms of technology and system concept. Aware that
this was a false statement and denigrated the people
who had first analyzed, advocated, and demonstrated
the fundamental concept, as well as built the system, he
resolved to correct the record. The list of corrobora-
tors for this history includes virtually all of the major
Phase I development leaders who are still alive. See coau-
thors of the previously mentioned, May 2010 GPS World
article on GPS origins.

1.7 The Three Essential GPS
Innovations and Their Sources

The 10 points described above provide an outline of the GPS
design. A more complete technical description of GPS and
other satnavs will be provided in later chapters. However,
there were three key innovations in the fundamental design
that deserve elaboration. These have withstood the test of
time – all non-US satnavs have now adopted the same three
GPS innovations.3

2 The inherent accuracy was expected to be about 10 times worse than
the military signal, but innovative techniques (e.g. the Hatch/
Eschenbach filter), developed by civil contractors, very quickly
demonstrated about the same accuracy.

3 The Russian GNSS system called GLONASS has finally accepted the
value of CDMA, and announced that the latest series of their satellites
will include a CDMA signal.
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1.7.1 Innovation #1: The CDMA Signal and
Selection of Frequencies, Verified in the White
Sands Test – This Enabled Centimeter Accuracy

The most significant innovation of GPS may be the CDMA-
based passive ranging signal technique. There are three rea-
sons that support this bold statement. First, this choice
allowed all signals to be broadcast on exactly the same fre-
quency, eliminating all inter-frequency biases that could
occur in a multi-frequency technique, such as that advo-
cated in competing designs. Second, the CDMA spreading
codes enabled a signal processing technique with a proces-
sing gain, which gave substantial resistance to interference,
whether it came from natural sources or was deliberate.
Third, the particular implementation chosen dictated phase
coherence among the code, the carrier, and the data [16].
This led to the unprecedented accuracy in the radio naviga-
tion ranging measurement. By reconstructing the L-band
carrier, the receiver could perform measurements with
accuracy better than a millimeter. This corresponded to
measuring radio signal arrivals with a timing precision of
about 1% of 1 ns. A noteworthy use for this precision and
accuracy is the direct measurement of tectonic plate motion
in three dimensions, to fractions of a millimeter. Later
chapters will describe this application in greater detail.

The Russian GLONASS has operated without CDMA
thus far. It uses different frequencies on different satellites
in view, and the identical PRN code on all satellites. This
PRN code allows it to achieve the necessary processing
gain. And, with differential techniques, GLONASS provides
accuracy approaching GPS. The frequency division does
give an added measure of robustness to narrow band inter-
ference, but the overall argument of the relative benefits of
CDMA has been settled with the Russian decision to use
single-frequency CDMA in the modernized GLONASS sys-
tem now under development.

While the fundamental decision to select CDMA had
been made during the “Lonely Halls” meeting, a vast num-
ber of details had yet to be worked out. Perhaps the most
important detail was the decision that the carrier, code,
and data of the GPS signal would all be phase coherent,
as mentioned. Dr. James Spilker‚ who had also written a

seminal reference book on digital satellite communications
[17], was an author of a key initial study and developed a
near-optimal method of locking the GPS user’s receiver
to satellite signals [18, 19]. Dr. Charles Cahn, Nat Fran
Natali, Burt Glazer, Ed Martin, and Dr. Robert Gold, a con-
sultant to Magnavox‚ all made significant contributions.

The Gold-developed theory guaranteeing code orthogo-
nality assumed no Doppler shifts between signals, but that
clearly was not the case. This is due to both satellite orbital
motion and the velocity of the user (including Earth’s rota-
tion). Selection of the optimal code length (in the face of
these Doppler shifts) required extensive computer simula-
tion at a time when existing computers were quite puny
compared to the current capability. This problem was
pointed out and solved by Dr. James Spilker. The selection
of the optimal Gold code length was shown to be 1023
(considering the limitations of the user’s digital electronics
in 1973). A summary of the key trade-off is shown in
Table 1.3, developed by Dr. Spilker. The optimum (lowest
probability) is circled in red.

On each of the two carrier frequencies, called L1 and L2,
two different signals, named C/A (Clear Acquisition) and
P/Y (Precise Military), were modulated in phase quadra-
ture. As mentioned earlier, the C/A signal on L1 was freely
available for civil use as well as for acquiring the military
signal. Again, these dual frequencies enabled a direct meas-
urement of the ionospheric group delay for correction of the
ranging signal. The civil L2 signal was seldom available due
to power restrictions on the first family of GPS satellites.
The latest generations of GPS satellites not only broadcast
the civil L2C signal, but also the new L5 civil signal in a
fully-protected radio authorization band.

The data message was integrated into both signals through
inversion of their codes every 20 ms. The data stream, there-
fore, came down at 50 bits per second. Through this tiny pipe
of information all the precision data for GPS had to pass.
It included the space vehicle orbit position information
(ephemerides), system time, space vehicle clock predic-
tion data, transmitter status information, and C/A signal
handover time for P/Y code acquisition. Also, as a part of
the message, ionospheric propagation delay models were

Table 1.3 Key trade-off figures for three different Gold code lengths

Parameters

Code Length

511 1023 2047

Peak cross-correlation (any Doppler shift) (dB) −18.6 −21.6 −24.6

Peak cross-correlation (zero Doppler shift) (dB) −23.8 −23.6 −29.8

Probability of near-worst-case cross-correlation (zero Doppler) 0.5 0.25 0.5
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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).

1.7.2 Innovation #2: Four-Satellite
Instantaneous Measurement, Allowing
Inexpensive User Receivers to Solve for Three
Dimensions of Position Plus Time

The genesis of the four-satellite concept was clearly the
USAF/621B Woodford/Nakamura study of 1964 to 1966.
The use of four satellites for four-dimensional positioning
had been confirmed by the previously described tests that
were run by program USAF/621B at the WSMR with the
help of Joe Clifford, Bill Fees, and Larry Hagerman, all from
the Aerospace Corporation. This enabled inexpensive user
receivers without resorting to expensive user atomic clocks.

1.7.3 Innovation #3: Space-Hardened, Long-Life
(Space-Based) Atomic Clocks to Allow Long
Periods of Satellite Autonomy without Significant
Inaccuracy

In 1966, both the Air Force and the Navy recognized that
developing a precise, stable time base for generating the

one-way (passive) navigation ranging signal in the satellite
would be extremely useful. To use GPS required knowledge
of the satellites’ location and system time to nanoseconds.
With very stable clocks, position and time could be pre-
dicted for periods of 12 hours or more with only a small
growth in ranging errors. This prediction could be uploaded
to each satellite for future use without the need for contin-
uous satellite uploads.

An obvious choice to ensure timing stability was a space-
borne atomic clock. Cesium atomic clocks had been
invented, demonstrated, and offered for commercial sale
by the middle of the 1950s, well before the space age.
Unfortunately for satellite applications, they tended to be
bulky, power hungry, and not hardened against space radi-
ation. Particularly challenging, the orbits for GPS were to
be in the upper Van Allen belt, which is an extremely
intense radiation zone and required special hardening of
the clocks. An unshielded human would receive a lethal
dose in less than 10 seconds. For laboratory use, a new
clock based on the rubidium atom was commercially being
developed that was much smaller and drew less power.
Because this development was for ground-based civilian
use, it did not contemplate launch vibration, radiation
hardening, or the extreme temperature variations encoun-
tered in space.

The USAF Woodford/Nakamura study advocated a
technology program to space-harden the existing clock
technology, but it was not pursued by the Air Force at that
time. However, the NRL did institute a program in 1964
with a series of satellites that have already been men-
tioned. The first Timation satellite, launched in May
1967, carried a quartz clock, but the temperature-induced
variations in frequency were unacceptable. The second
Timation satellite also contained a quartz clock, as well
as a temperature controller and showed improved opera-
tion, but the results were still far short of operational
requirements.

This last satellite in the original Timation series was
launched in July 1974. By that time the Timation program
had been placed under the GPS JPO in Los Angeles, report-
ing through the JPO Navy Deputy, Cdr. William Huston,
to the Program Director Col. Bradford Parkinson. The
JPO had renamed the satellite as Navigation Technology
Satellite4 (NTS-1). The gross weight had been increased
to 650 pounds with a power requirement of 125 watts.
Developed by Peter Wilhelm of NRL, this satellite was

Carrier at 1575.42 MHz (L1)

1227.60 MHz (L2)

Code at 1.023 Mcps (C/A)

10.23 Mcps (P(Y))

19 cm (L1)

300 m (CA)

6000 kmNavigation data at 50 bps

Figure 1.10 GPS signals were designed to be all phase-aligned
as transmitted (i.e. coherent) [14]. Source: Reproduced with
permission of Ganga-Jamuna Press.

4 The NTS satellites were strictly technology-testing satellites. For
many reasons‚ they had no role in the development of the operational
satellites by the JPO and Rockwell. The latter were operational
satellites and were called NDS satellites (Navigation Development
Satellites). They were the only ones used in the operational testing
during Phase I of GPS.
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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-II) 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-II 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-II was launched on 23 June 1977 from Vandenberg
AFB. Unfortunately, the NRL ranging transmitter in NTS-
II 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

Figure 1.11 NTS-I included first, but unhardened, cesium clocks.
Space-qualified cesium clocks were not successful until the fifth
GPS operational satellite. Source: https://www.nrl.navy.mil/news/
releases/first-gps-navstar-satellite-goes-display. Reproduced
with permission of U.S. Naval Research.
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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.

1.8 The GPS Development Process
and Additional Major Challenges

The GPS Phase I program formal approval on 22 December
1973 meant that the real work could begin. By January
1974, the GPS program at the JPO was well underway.
With only about 30 officers in the program, the workload
was enormous. Fortunately, the Aerospace cadre of about
25 engineers was also making extraordinary contribu-
tions. In a flurry of activities, the team developed Requests
for Proposals (RFPs), drew up top-level specifications‚ and
published initial interface control documents (ICDs). The

work of converting viewgraphs into real hardware, as
many know, is an exacting and sometimes painful process.
By June 1974 (only 5 months after program approval), the
satellite contract had been awarded to Rockwell of Seal
Beach, California.

At the same time, the Air Force generally did not support
the GPS development, and the yearly budget was in constant
jeopardy. To shore up support, Col. Parkinson had to spend
many hours and trips back to Washington DC to avoid seri-
ous budget cuts, while at the same time directing the overall
program and making key technical decisions.

Of course, there were many additional development chal-
lenges, but three of them, principally engineering, stand out
as being particularly formidable. These were

1) Achieving rapid and accurate satellite orbit prediction
2) Ensuring and demonstrating spacecraft longevity

approaching 10 years
3) Developing a full family of GPS user equipment

Each of these challenges will be discussed in some detail,
including the names of those who were most instrumental
in meeting them.

Table 1.4 Satellite navigation clock history to GPS

Program / (Service) Dates
# of Sats /
Nav Method

Nav
Dim Clocks Ops Status

NNSS (Transit);
(Navy-JHU/APL)

1964 to
~1990

(7) Sats;
Doppler meas.

2D (1) Quartz oscillator Was fully operational

Timation I & II;
(Navy- NRL)

1967 and
1969

(2) Sats;
Ranging tones

2D (1) Quartz oscillator Experimental

Navigation Technology
Satellite-1 (NTS-1)
(Navy- NRL)

Launch July
1974

(1) Sat; Hazeltine
621B Transm., No
Data; Ranging tones

2D (2) Efratom Com’l Rb’s,
modified by NRL to
perform in space, +(1)
Quartz

Experimental: (1) Rb
operated for more than
one year; (1) Rb failed
early

NTS-2; (Navy-NRL);
USAF/JPO provided
Nav. payload

Launch
July 1977

(1) Sat; ITT
Engg. PRN
Nav. Pkg. from
USAF-JPO; +
Ranging tones

2D (2) Proto space qualified
FTS Cs + (2) Quartz
oscillators

Although intended to be
part of the initial
(4) Satellite nav. testing,
NTS-2 failed before nav.
testing began

GPS Operational
Prototypes, awarded to
Rockwell in 1974 by
USAF-JPO, now “GPS
Wing”; named GPS in Dec
1973; DNSDPa during
early proposal effort

Devlpmt.
1973-75;
Rockwell
Block-I
launches
began Feb.
1978

(4) Sats, Production
ITT PRN Nav. Pkg

3D (3) RI-Efratom Rb’s on the
1st (3) GPS Sats; 4th Sat &
up, (3) RI-Efratom Rb’s +
(1) 2nd gen. FTS Csb. 1st Cs
on GPS 4 failed after 12 hrs;
Cs ok - GPS-5 & up

GPS Constellation of
(4) Rockwell Block-I GPS
Satellites for the initial
Navigation Test Program
+(1) NRL NTS-2 Sat, but
failed before nav. testing
began (see above)

a Defense Navigation Satellite Development Program.
b Later, Block-II and -IIA, flew (2) Rb and (2) Cs.
Source: From B. W. Parkinson and S. T. Powers, The origins of GPS, Fighting to Survive, Part 2, Figure 3, GPS World, June 1, 2010. Reproduced with
permission of GPS World.
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1.8.1 Achieving Rapid and Accurate Satellite
Orbit Prediction – to within a Few Meters User
Ranging Error (URE) in 160,000 km of Travel

Since the GPS system architecture only had upload stations
on US soil, the satellites were out of sight for many hours,
thus making accurate prediction of their orbits and clock
drift essential. To achieve the expected positioning accu-
racy, the orbit prediction had to contribute less than a
few meters ranging error after 160,000 km of travel (one
complete orbit, bringing the satellite over an upload
station). Achieving this standard was a major challenge
in the early days of GPS. Such a prediction must account
for the complications of Earth pole wander, Earth gravita-
tional fields, Earth tides, general and special relativity, the
noon turn maneuver of the satellites, solar and Earth radi-
ation, the reference station’s location, as well as the drift in
the clock. An example of these problems is shown in
Figure 1.12 as the plot of the Earth’s polar axis wander.
The pole axis of Earth moves in an irregular, but roughly
circular way, occasionally reversing phase 180 . This effect,
known as the Chandler Wobble, has approximately a 400-
day period and an amplitude of over 10 m. It is important if
a PNT user would like sub-meter level accuracies.

Fortunately, the Transit program had pioneered precise
orbit prediction and had taken most of these effects into
account. Their program, called Astro/Celeste, was devel-
oped by Robert Hill and Richard Anderle at the Naval
Surface Weapons Center in Dahlgren, Virginia. For

Transit, the measurements taken by the reference stations
had been batch-processed. Unfortunately, this processing
would take too long to provide timely predictions for
GPS. The JPO devised a modification that included partial
derivatives of predictions relative to reference station
measurements. These calculations allowed an extended
(linearized) Kalman filter to be used for near-real-time
optimal prediction.

Implementers of these techniques included Bill Feess of
Aerospace, Walt Melton of General Dynamics‚ and Sher-
man Francisco of IBM. These calculations were made in
the initial master control and uploaded from Vandenberg
Air Force Base. Primary control has since been moved to
Schriever Air Force Base in Colorado Springs, and more
recently a backup master control station has been reestab-
lished at Vandenberg.

Another important enabler to achieve rapid and accurate
orbit determination is the operational GPS control segment,
which performs precision pseudorange tracking of the
satellites for GPS satellite orbit and clock measurements.
The team of General Dynamics, IBM Federal Systems
and Stanford Telecommunications won the contract for
the GPS Operational Control Segment, which both tracked
the GPS satellites and estimated the satellite clock offset
and precise orbit. Dr. James Spilker recommended that
the best GPS control segment performance could be
obtained by tracking each GPS satellite from multiple mon-
itor stations with precision receivers that coherently
tracked both code and carrier (which are transmitted from
each satellite coherently) as the satellites appear on one
horizon and disappear on the other and, furthermore, track
the carrier for each satellite without ever producing a car-
rier cycle slip. He and his team successfully achieved this
objective with extreme precision. The root-mean-square
(rms) pseudorange error in these monitor station code/
carrier tracking loop receivers was only 7 mm, indeed an
excellent performance for the 1980s time frame [22].

1.8.2 Ensuring and Demonstrating Spacecraft
Longevity Approaching 10 Years (Driving GPS
Affordability)

The issue was simply that sustaining a constellation of
24 satellites would be prohibitively expensive if the satel-
lites did not have long lives. Again, the Air Force/621B
study by Woodford and Nakamura in 1966 focused on
the problem: “the most specific change in satellite technol-
ogy is the increase of Mean Time Before Failure (MTBF),
MTBFs on the order of 3 to 5 years can now be considered
feasible.” Amazingly, some of the recent GPS satellites have
orbital lifetimes of over 25 years. With a 24-satellite constel-
lation, the annual launch rate is 24 divided by the average
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Figure 1.12 Earth’s polar axis wander and example of effects
calibrated by GPS.
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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:

• Designs with carefully selected redundancy (e. g. clocks,
power amplifiers).

• Enforcing a rigorous part selection program including
the de-rating of parts (class S or equivalent).

• “Testing as you fly” and insisting on an in-depth analysis
of all failures.

Demonstrating long lifetimes was an essential key to GPS
affordability, which helped win both approval and support.

1.8.3 Developing a Full Family of GPS User
Equipment That Capitalizes on the Digital Signal
(Leading to Inexpensive Digital Implementation)
and Spans Most Fundamental Military Uses, as
well as Demonstrating Civilian Feasibility

The last, but certainly equally difficult‚ of these three engi-
neering challenges was the development of nine different
types of GPS user equipment in less than four years. These
sets cost $250,000 or more each and had only 1 to 5
receiver channels to make satellite ranging measurements.
Figure 1.14 shows some early GPS receivers: the Magnavox
X-set for GPS Phase 1 validation in 1974–1975 (left); the
first Rockwell Collins GPS receiver from 1976 (center left);
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Figure 1.13 Sustainment of 24-satellite constellation. The plot shows the enormous penalty for short satellite lifetimes. GPS had to
launch about 1/4 of the satellites that the Russians would have needed to maintain a 24-satellite constellation. The current GLONASS
satellites have lifetimes of approximately 10 years.

Figure 1.14 Early GPS receivers. The Magnavox X-set (left) was manufactured in 1974–1975 for GPS Phase 1 validation. The first
Rockwell Collins GPS receiver was from 1976 (center left). The GPS Manpack was carried by solders in 1978 (center right). The TI 4100 GS
Navigator (right) was the first GPS commercial receiver by Texas Instrument in 1981. Source: (Left) Photo provided by Vito Calbi.
Reproduced with permission of Institute of Navigation. (Center Left) Photo courtesy of Rockwell Collins. Reproduced with permission of
Rockwell Collins. (Center Right) US Air Force photo. (Right) Photo courtesy of Phil Ward. Reproduced with permission of Phil Ward.
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the GPS Manpack receivers carried by solders in 1978 (cen-
ter right); the TI 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.

1.8.4 Controversy: Origins of the GPS Concept

Over the past decade, a number of published reports have
attributed the origins of GPS to the NRL and Mr. Roger Eas-
ton. These claims are understandable, since the NRL was
evidently unaware of the earlier USAF/Aerospace
(Woodford/Nakamura) study performed from 1964 to
1966 because it was classified SECRET. This section will
clarify the historical antecedents of GPS.

In October 1970, Mr. Roger Easton applied for a patent
titled Navigation System using Satellites and Passive Ran-
ging Techniques that was awarded in January 1974
(#3789409) [23]. This apparently is the preferred concept
for a new satellite navigation system that Mr. Easton and
NRL advocated and is the basis of the claim of GPS
invention.

Note that the patent application was four years after the
completed, definitive USAF study by Woodford/Nakamura.
The NRL proposal used a ranging signal technique called
side-tone ranging that required satellites to broadcast on
different frequencies.

By the time of the NRL patent application, the USAF/
Aerospace was already embarked on studying and building

CDMA user receivers using the much-preferred PRN/
CDMA signal later adopted by GPS. In its design, the Navy
system was apparently focused on two-dimensional naviga-
tion; furthermore, the patent did not use the GPS four pseu-
dorange calculation to eliminate the need for a precise
(atomic) user clock. Instead it called for the user to have
a clock with stability equivalent to the satellite: “a naviga-
tor’s station including: receiving means for receiving said
broadcast multifrequency signals; signal generating means
including a second extremely stable oscillator for produ-
cing multifrequency signals the same as said broadcast sig-
nals …”. It is shown on the USAF 621B study summary
(figure 4) as #2, and was already described 4 years before
Mr. Easton’s patent application, but again Mr. Easton
was probably unaware of this work because of classification
at the time.

Thus, this patent and the NRL design cannot be described
as the source of GPS in any sense. It did not describe the four-
satellite technique to eliminate the ultra-stable user clock,
and it used an unsuitable ranging technique that was specif-
ically rejected by Col. Parkinson in the GPS design meeting.
Lastly, it was filed four years after the Woodford/Nakamura
(then classified) study that did describe the GPS technique
(as well as describing the technique used by Mr. Easton in
his patent). Finally, there is no record of the technique actu-
ally being experimentally verified, whereas the GPS concept
was confirmed with both the White Sands (1969–1972) and
Yuma testing (1978–1980; see below).

1.8.5 Verification of GPS and the Yuma Test
Results [24, 25]

By the spring of 1979, six satellites had been launched, nine
types of GPS user equipment built, and extensive test
results were available from over 650 individual tests. The

Table 1.5 User equipment developed from 1974 to 1978

User Equipment Set Description Manufacturer

X Unaided Four channels, high-performance, military Magnavox

X Aided Four channels, inertial-aided, military Magnavox

Y Unaided Single channel, sequential, military Magnavox

Y Aided Single channel, sequential, inertial-aided,
military

Magnavox

HDUE-High Dynamic Five channels, high-performance, military Texas Instruments

MVUE-Manpack Vehicular Single channel Manpack/ground vehicle military Texas Instruments

GDM-Generalized Development
Model

Five channels, high anti-jam military Collins Radio of Rockwell International

MP-Manpack Single channel Manpack/ground vehicle military Magnavox

Z Single channel, low-cost civil prototype Magnavox
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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.

1.9 GPS Declared Fully Operational
17 July 1995

Twenty-one years and six months after initial approval for a
demonstration system, GPS was finally declared fully oper-
ational. If the production line for the initial satellites had
been extended, full system capability could have been

attained in half that time. Unfortunately, the Air Force
was ambivalent about its requirements for the system
and on a number of occasions recommended a budget that
would have canceled the project. The events leading up to
that operational date are described below.

The 11 block I satellites were followed by a series of block
II, IIR, IIRM, and IIF satellites with the characteristics
shown in Figure 1.16. Of the 72 satellites launched since
1978, at this time, over 40% of them are still operational.
In fact, many of the satellites have demonstrated lifetimes
of over 20 years, which attests to the spacecraft engineering
skills of their manufacturers (Figure 1.17).

From February 1989 through March 1993, 19 GPS satel-
lites were launched in 49 months. Thus, the system was
close to operational in the early portions of the Bosnian
war. This was a significant milestone because the precision
bombing capability of GPS was clearly established in the
minds of the operational Air Force.

GPS was declared fully operational (FOC) on 17 July
1995: “The Air Force announced today that the Global Posi-
tioning System satellite constellation has met all require-
ments for full operational capability. FOC status means
that the system meets all the requirements specified in a
variety of formal performance and requirements docu-
ments.” The GPS operational configuration is shown in
Figure 1.18 with six inclined orbital planes; each plane
hosts four to six satellites.

A full description of GPS accuracy standards can be
found in [26]. Table 1.6 is extracted from the December
2015 report to show civil capability (“Standard Service”).

GPS performance during landing approaches.
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Figure 1.15 Errors at “decision height” for 25 GPS landing approaches.
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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
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Figure 1.16 A summary of GPS satellites’ statistics and key parameters.
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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.

1.9.1 Presidential Decisions Helping to Assure
GPS for Humanity

There were two presidential decisions that were a substan-
tial boost to the usefulness of GPS and growth of its appli-
cations. These were the decisions by President Reagan and
President Clinton to ensure that GPS was available for all of
humanity with no restrictions on accuracy.

1.9.1.1 President Reagan Guarantees GPS to be Freely
Available to Benefit Humanity

President Reagan’s Address to the Nation on the Soviet
Attack on a Korean Airliner (KAL 007) on 5 September
1983 [28] foreshadowed his orders that GPS would be made
available and supported for civilians throughout the world.
This event has been misconstrued by many reporters. In
fact, the signal had been freely usable for civilians since
1978, as discussed earlier, on a use-at-your-own-risk basis.
President Reagan’s announcement, however, formally
guaranteed civil-signal availability for an indefinite period
with a statement that any termination would have a 10-year
advanced warning. Thus, a signal which could be used only
at risk was converted to a signal with the backing and guar-
antee of the US government. In fact, by 1983, a major mar-
ket was already developing for the use of GPS in precision
survey and mapping.

1.9.1.2 President Clinton Directs Cessation
of Deliberate Civil-Signal Degradation

A different president, Bill Clinton, also made an announce-
ment that affected civil use. It was recognized, after the ini-
tial testing, that the civilian signal was virtually as accurate
as the precision military signal, which was encrypted.
There was a fear that such civil capability might be used
against the United States during periods of hostility. There-
fore, the DoD decided to deliberately degrade the accuracy
of the civil signal with a technique known as Selective
Availability (SA). This was done by perturbing the ranging

Figure 1.18 Current GPS operational configuration showing six
inclined planes with four to six satellites per plane. Source:
Schriever AFB. Reproduced with permission of Schriever AFB.

Table 1.6 GPS accuracy standards for civil capability (Standard Service)

Position Service Availability Standard Conditions and Constraints

≥ 99% Horizontal service availability,
average location

≥ 99% Vertical service availability,
average location

17 m horizontal (SIS only) 95% threshold

37 m vertical (SIS only) 95% threshold

Defined for a position/time solution meeting the representative user conditions and operating
within the service volume over any 24-hour interval.

≥ 90% Horizontal service availability,
worst-case location

≥ 90% Vertical service availability,
worst-case location

17 m horizontal (SIS only) 95% threshold

37 m vertical (SIS only) 95% threshold

Defined for a position/time solution meeting the representative user conditions and operating
within the service volume over any 24-hour interval

SIS = Signal-in-Space
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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, I 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

Table 1.7 FAA Monthly Civil Report Card on GPS performance published in January 2019 [27]

Operational Performance Parameter CY 2018 Dec 2018 Jan 2019

Availability Parameters

Average number of satellites usable 30.77 30.66 30.97

Average number of satellites usable in primary slots 23.83
(99.29%)

23.98
(99.90%)

23.98
(99.91%)

Average availability of 6 satellites in view 100% 100% 100%

99.99% Horizontal DOP

Area Median 1.4 1.4 1.4

Worst site 8.0 9.4 7.5

99.99% Vertical DOP

Area Median 2.4 2.4 2.4

Worst site 35.4 39.3 26.8

99.99% Position DOP (PDOP)

Area Median 2.7 2.7 2.7

Worst site 36.5 40.4 27.6

100% RAIM Availability (HAL = 185m)

NPA Service Area (NSA) 63.36% 47.05% 36.53%

World 65.93% 58.36% 56.45%

Accuracy Parameters

RMS Single Frequency User Range Error

Constellation Median 1.66 1.69 1.65

Worst Satellite 10.96 10.90 10.92

95% Horizontal Error

Area Median 1.70 1.68 1.70

Worst Site 2.99 2.87 2.69

Availability (% <4.5m (historical 3-sigma)) 99.97% 99.99% 100%

95% Vertical Error

Area Median 3.96 3.94 3.96

Worst Site 4.65 4.90 5.14

Availability (% <9m (historical 3-sigma)) 100% 99.99% 99.99%

Source: Wide-Area Augmentation System Performance Analysis Report, available quarterly at: http://www.nstb.tc.faa.gov.
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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 U.S. 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
III) will no longer have SA capability built into their hard-
ware. Thus, it is reasonable to expect that SA is gone forever.

1.10 Improved GPS, Newer GNSSs,
and Augmentations

During the next 10 to 15 years, the world will experience an
explosion of improvements and expansions of GNSS and
RNSS systems, which will be described in this section.

1.10.1 GPS Modernization

While there have been many upgrades and modifications to
the GPS satellites, perhaps the most important improve-
ments are in the signal structure. The additional GPS civil
signals will allow direct measurement of the ionosphere,
create redundancy, and form the basis for a common inter-
national civil signal. GPS has recently launched the IIF and
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Figure 1.20 Example position error plots showing the
improvement of accuracy at the 4th hour, UTC when SA was
turned off.
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III 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 III satellite was launched
in December 2019. The 4th GPS civilian signal, L1C, became
available for use in January 2020.

1.10.2 The Newer GNSSs

This section will provide an overview of the four GNSSs
and two RNSSs which are operational or under develop-
ment. GPS has already been discussed extensively. Each
of the GNSSs and RNSSs will be discussed in detail by
experts from their respective countries in this book in
Chapters 3 through 8.

1.10.2.1 GLONASS

The (then) USSR had mirrored the satnav developments in
the US, about four years later. By 1979, they had a system
similar to the US Transit system, called Cicada or Cricket.
A second system, called GLONASS, is similar to the US
GPS, and was first launched in October 1982. By 1995, a
24-satellite configuration was declared operational. Because
of the challenges of early failures, maintaining this constel-
lation has been problematic, but it now appears that it is a
high national priority, and satellite lifetimes are improving.
Up to now, the signal structure of GLONASS has been dis-
tinct from that of GPS; GLONASS uses a frequency division

multiple access (FDMA) technique which has each satellite
in view broadcasting on a distinct frequency with a short
PRN code of 511 bits. More recently, they have decided to
move to a CDMA structure with the GLONASS-K series
of vehicles. Although the orbital failures and short lifetimes
of early satellites have reduced the general availability of
GLONASS, the surveying community has made use of this
signal for many years, which improved GNSS availability,
especially for the sky-impaired users. And now almost all
new smartphones have GNSS receivers that support both
GPS and GLONASS as well as other constellations. GLO-
NASS is discussed in detail in Chapter 4.

1.10.2.2 Galileo

Galileo is a GNSS developed by the European Union (EU)
and the European Space Agency (ESA) to provide an inde-
pendent high-precision positioning system for European
countries. The first Galileo test satellite, GIOVE-A, was
launched in 2005‚ and the first operational satellite was
launched in October 2011. Galileo went live in 2016. As
of July 2018, 26 of the planned 30 active satellites were in
orbit. There are 22 operational satellites, 2 in testing, and
2 more marked as not available. Galileo provides a low-
precision basic service free and open to the public. It also
offers higher-precision correction capabilities. Because of
the geographical locations of the European countries, Gal-
ileo is intended to provide better position services at higher
latitudes than other positioning systems. Galileo is also to
provide a new global search and rescue (SAR) function.
The system characteristics are very similar to that of GPS;
for a comparison, see Table 1.9. Details of the Galileo sys-
tem will be discussed in Chapter 5, but the capability
is expected to be very similar to that of GPS. Current plans
call for full operational capability in 2020.

Table 1.8 Current and planned GPS signals

Center frequency Signal description
Civil (C) or
protected (P) First broadcast

1575.42 MHz L1 C/A: first civil signal C 1978

L1 P(Y): original military P 1978

L1 M: new military P 2005

L1C: new international GNSS (Block III) C 2019

1227.60 MHz L2 P(Y): original military P 1978

L2M: new military P 2005

L2 CM: civil data channel C 2005

L2 CL: civil pilot channel C 2005

1.176.45 MHz L5 I: new civil safety-of-life data channel C 2010

L5 Q: new civil safety-of-life pilot channel C 2010
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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 IGSO 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

Table 1.9 Statistics of GNSSs and RNSSs

System GPS GLONASS Galileo BeiDou NavIC QZSS

Type GNSS RNSS

Provider United States Russian
Federation

European
Union

China India Japan

Fully operational 1995 2011 2020 2020 2018 2018

Code structure CDMA FDMA
CDMA
(GLONASS-K)

CDMA

Orbital altitude 20,180 km 19,130 km 23,222 km 21,520 km &
35,786 km

35,786 km 35,786 km

Period 11 h 58 min 11 h 16 min 14 h 5 min 12 h 53 min &
23 h 56 min

23 h 56 min 23 h 56 min

Revs/sidereal day 2 17/8 17/10 13/7 & 1 1 1

Repeat period (sidereal
days)

1 8 10 7 1 1

Number ofsatellites Nominal
24 Current: 34
(IIA, IIR, IIRM,
IIF, III)

24 operational
Planned:
3 GLO-M
9 GLO-K
9-10 GLO-K2
4 GLO-V

2 testing
22 operational
Planned:
30 MEOs

3 GEOs
3 IGSO
24 MEOs

3 GEOs
4 IGSOs
2 on Stand-
by
2 Planned

4 IGSO
1 GEO
Planned
2 IGSOs
1 GEOs

Frequencies See Chapter 2 in this book

Status Operational Operational Operational Operational Operational Operational
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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-
quency. 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.

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

1.10.3 Comparison of Existing and Planned
Systems

Table 1.9 summarizes the major characteristics of current
and planned GNSSs and RNSSs. Figure 1.21 shows the fre-
quencies and signals associated with these systems. More
detailed discussions on the systems, frequencies, and sig-
nals associated with the various satnav systems are pre-
sented in Chapters 3 through 8. Until recently, there was
only one civil signal (GPS C/A) available worldwide, with
GLONASS working to attain full availability. As can be
seen, GNSS capability will be greatly expanded in the
coming years.

GPS

GLONASS

Galileo

NavIC

QZSS

BeiDou

SBAS

1160 1170 1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1560 1570 1580 1590 1600 1610
JWBetz

Open: Blue, Encrypted: Red

Figure 1.21 Current and planned GNSS and RNSS frequencies [29]. Source: Reproduced with permission of Institute of Navigation.
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Note that all the constellations have orbital periods that
are integral fractions of a sidereal day: the GPS orbit period
is ½ 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.

1.10.4 Integrity PNT Augmentation Systems:
WAAS, EGNOS, and MSAS

For aviation use, a central issue is the integrity of the PNT
solution. As described in the introductory section, the FAA
has deployed a system called WAAS. Using about 36 mon-
itoring stations throughout North America, all satellites
within view are carefully measured. Within six seconds
of detecting a faulty satellite, a message is transmitted to
the user from a geosynchronous satellite stationed over
the North American continent. Because this signal is broad-
cast on the GPS frequency, there is no significant additional
cost for the user to receive the message. Aircraft that use

WASS can then quickly eliminate the problematic satellite.
In addition, the WAAS provides four-dimensional correc-
tions (called wide area differential corrections) for each sat-
ellite, as well as an ionospheric model for those users that
do not use the two-frequency correction technique. While
principally intended to service the aviation community,
WAAS has been rapidly adopted by many users for a great
variety of applications.

In Europe, a similar system, called EGNOS, has been
deployed and is operational. The Japanese have also
deployed a version called MSAS that has additional features
to service the transportation industries. Russia and India
are also deploying similar capability. Chapter 11 elaborates
on the characteristics of these systems.

1.10.5 Ground-Based Networks for Accuracy
Augmentation

For many civil applications, accuracy is often perceived as
the most desirable feature of a positioning service. Some of
the earliest GPS civil applications are surveying, geodesy,
and geodynamics. These applications depend accurate
measurement of positions of terrestrial points. They also
require knowledge on fundamental properties of the Earth,
such as its geometric shape, orientation in space, and
gravitational field. The accurate measurements and knowl-
edge are used to study the dynamics of the Earth, such as
plate tectonics motion, sea floor spreading, mountain build-
ing, volcanoes, and earthquakes, etc. The stringent require-
ments in measurement accuracy of these geophysics
subjects are major driving forces that led to the develop-
ment of carrier-phase-based techniques which ultimately
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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
a wide 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 StarFireTM 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.

1.10.6 Frequency-Diverse PNT Augmentations:
Enhanced LORAN (eLORAN) and DME

eLORAN is a concept that has been tested, but not yet
deployed and was briefly described in the introductory sec-
tion. It has a powerful ground-based (nearly impossible to
jam) signal with up to 100 kW and can be deployed in
expandable local regions. The operating signal frequency
is at 100 kHz, in a band totally different from GNSS. It is
two-dimensional, but in calibrated local areas, differential
eLORAN is perhaps as accurate as 15 m and better than
100 ns in time dissemination. eLORAN uses GNSS for sig-
nal synchronization.

eLORAN meets the needs of a number of critical applica-
tions: 10–20 m navigation accuracy for harbor entrance; 0.3
mile required navigation performance (RNP 0.3) and avia-
tion integrity; and Stratum 1 for time and frequency users
with 50 ns time accuracy [38].

eLORAN is a significant update from the earlier LORAN
deployment: new infrastructure, solid state transmitters,
state-of-the-art time and frequency equipment, uninterrupt-
ible power supplies; new operating concepts, time of
transmission, all-in-view signals, message channel with dif-
ferential corrections, integrity; and new user equipment that
can digitally process eLORAN and GPS signals interchange-
ably with compact H-field antennas eliminate p-static.

In August 2006, the Department of Transportation (DOT)
undersecretary for policy sponsored a task at the Institute
for Defense Analyses (IDA) to form an Independent Assess-
ment Team (IAT) to review the need for eLORAN. The con-
clusion was that “eLoran is the only cost-effective backup
for national needs; it is completely interoperable with
and independent of GPS …” [39]. The PNTAB also unani-
mously recommended that the US deploy eLORAN. The
DOT and Homeland Security supported it. Unfortunately,
with a change of administrations and with a budget crunch,
the United States began dismantling the existing LORAN
C stations. Congress now appears to be taking action,
and the recent GLONASS outages have given an impetus
to eLORAN deployment. LORAN and eLORAN will be dis-
cussed in Chapter 41.

For aviation, greater accuracy and vertical coverage are
desired. The current plan is to upgrade a selected subset of
DME for backup to GPS. Since DME is installed in virtually
all commercial airplanes, this would be a minimal cost
upgrade. While the FAA does not yet explicitly have a plan
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for the use of non-US GNSS, it is probable that they will be
included after suitable techniques are available to ensure
integrity.These subjectswillbe furtherexploredinChapter61.

1.10.7 “Self-contained” Augmentations:
Inexpensive and More Accurate Inertial
Components and Systems

As described earlier, inertial navigation predates satellite-
based navigation. Although it has been somewhat super-
seded by the GNSS revolution, it is still a very useful tech-
nique with appropriate precautions about unbounded drift
and reliance on precise initial conditions.

Micro-electromechanical Systems (MEMS) implements
inertial measurement sensors onto silicon chips. These
MEMS devices include accelerometers, rate gyroscopes,
magnetometers‚ and pressure sensors (for altitude meas-
urement). They have become extremely affordable and
are now used in automobiles and smart phones. Even
greater improvements are underway for accelerometers,
gyroscopes, and chip-scale atomic clocks.

For many reasons, a marriage of GNSS and inertial com-
ponents can be extremely useful. For example, inertial com-
ponents can improve the jam resistance of GNSS receivers,
allowing operation closer to any source of interference. In
addition, if total reception is denied, such inertial compo-
nents can allow fly wheeling of the solution through such
periods. The fly wheeling can be more accurate because
GNSS can perform real-time calibrations of the various
inertial-component drift parameters right up to the occur-
rence of jamming. The advent of chip-scale atomic clocks
has also proved extremely useful in the event of jamming.

1.10.8 Assisted GNSS

Assisted GNSS (A-GNSS) is another form of augmentation,
distinct from those discussed in the previous sections. A-
GNSS is a technique for decreasing time to fix and increas-
ing sensitivity by providing satellite data over an alternative
communications link (like LTE, or Wi-Fi). A-GPS came to
prominence after the E911 mandate was enforced in the
United States. This mandate required cell phones to provide
location along with any emergency (911) call.

The E911 rules mandated location, but not the location
technology. Indeed, in the first few years, GPS was the
underdog and cellular-network-based location systems
were the early leaders in the race to be the technology of
choice. A-GPS changed all that, dropping GPS time to fix
by about 100× and increasing sensitivity by 1000×, thus
allowing GPS to work efficiently in cell phones. With
Moore’s law on its side, GPS soon became the default tech-
nology for E911 and found its way into most US cell phones.
Commercial applications followed, such as turn-by-turn

navigation, and today it is virtually impossible to find a
smartphone without GNSS. Cell phones account for over
90% of all GNSS receivers.

The US Federal Communications Commission (FCC)
issued the wireless E911 order in 1996 with a phase-in
period over the following years. Several A-GNSS technolog-
ical breakthroughs occurred in these years. They can be
summarized as follows:

1) Massive parallel correlation: Combined with the assis-
tance data, this allows a receiver to acquire the GNSS
signal almost instantly if the signal is strong. If the signal
is weak, the receiver can dwell for a long time on all pos-
sible hypotheses, integrating the signal over time to
increase sensitivity by more than 30 dB (1000×).

2) Coarse-time navigation: Allows the navigation solution
to be computed before the time data from the satellite
has been decoded. This allows instant location following
acquisition.

3) Long-term orbits/extended ephemeris: Following the
discontinuation of SA, it became feasible for a civilian
receiver to observe the orbits precisely and, using this
information, compute future orbits. This has become
an industry standard for delivering future orbits to
mobile devices.

Funding for deployment of E911 services was established
by a bill passed in 2004.

1.11 Prerequisites for Assured
GNSS-Based PNT

Virtually all modern PNT systems rely on GNSS, either as
the sole means of position determinations or as the tech-
nique to initialize position, synchronize time, or calibrate
measuring devices. To assess threats and vulnerabilities,
let us start with a review of the prerequisites for GNSS-
based PNT.

The first GNSS-based PNT prerequisite is a receivable,
accurate ranging signal with full integrity.

Integrity deserves a little elaboration. “Integrity” is the
assurance that the system is operating within the nominal
accuracy bounds. Integrity assurance is a particular focus of
both the International Civil Aviation Organization (ICAO)
and, in the United States, the FAA. In many cases‚ they
require that PNT errors not exceed specified bounds more
than once in 10 million measurements (1 × 10−7). This
integrity level is difficult to verify experimentally because
that would require too many samples – we have not had
that many measured airplane landings, but, with effort, it
can be calculated. The specification is the equivalent of
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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.

1.11.1 Challenges to Receiving Accurate Signals

There are six main challenges to receiving accurate ranging
with integrity:

1) Too Powerful Authorized Signals Nearby: A recent
event was a surprise to both GPS users and developers.
The FCC authorizers licensed a powerful signal in the
frequency band adjacent to GPS. This would degrade
accuracy or totally deny receipt of GPS signals. Such
interference can be called authorized jamming. All
PNT providers must be very vigilant about this; we have
seen ignorant elements of the government poised to do
great harm with well-intended, but destructive actions,
without knowledge of the unintended consequences.

2) Natural Interference: This interference, the cause of sig-
nal delays and attenuation is reasonably well under-
stood, and the subject of much research, dating back
to when GPS was first defined. Random events, such
as solar flares, can potentially cause serious disruptions,
particularly in the high latitude and equatorial regions.
Use of dual frequencies can virtually eliminate the
problem of signal delays. However, during ionospheric
storms, the user can experience deep fading and loss
of signal. Fortunately, this does not usually occur simul-
taneously on all frequencies and for all satellites within
view of a receiver.

3) Inadvertent Natural/Manmade Jamming: A nearby
device that creates spurious, destructive emissions can
be a serious problem for GPS receivers. This class tends
to be manageable by well-designed receivers.

4) Collateral: Collateral damage can occur when a person
who wants to evade tracking inadvertently jams another
receiver rather than his own local tracking device.

5) Deliberate Jamming or Spoofing: This is perhaps the
major concern for developers and users.

6) Errors in the Satellite Signal: In the case of GPS, these
errors have been extremely infrequent but not
unknown. A prudent user or equipment manufacturer
still should incorporate detection and mitigation techni-
ques for this class of problem. Satellite signal quality
monitoring is essential to assured PNT.

1.11.2 The Second Major Challenge for the PNT
User: Satellite Unavailability

There are two possible underlying problems: (1) The satellite
constellation has a “brown-out” because of failures or inade-
quate numbers (possibly due to hostile action), or (2) the user
is operating in a mountainous area or urban area with high,
local shading angles. The user who cannot see enough of the
sky is called “sky-impaired.” Overcoming sky impairment
requires a denser constellation or use of multiple GNSSs.

1.12 Actions to Assure PNT (Protect,
Toughen, Augment) – the PTA Program

With the above fundamental prerequisites in mind, the
PNTAB of the US government has advocated a program
called PTA. The three central strategies are the following:

• Protect the systems and the signals.

• Toughen the user’s receivers and the system.

• Augment GNSS as needed to ensure the user’s PNT
requirements are met.
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Note: The focus is assured PNT, not simply the satnav-
derived position. The following sections will expand on
each of the three strategies.

1.12.1 Assured PNT: P – Protect the System
and the Signal

This can be organized into seven items, three Pre-Actions
and four Re-Actions. Pre-Actions are to be taken before there
is serious interference, and Re-Actions obviously come after
interference occurs.

Pre-Action One: Protect the Spectrum Figure 1.23
represents the frequency plan for the L1 Band, and displays
some of the sources of the 400 signals that will soon be in
this band [29]. The GPS L1 C/ A and the US GPS military
signal (including the P(Y) and the new M code spectrum)
are shown. One can see the military signal has important
power lobes close to the band edge.

The Galileo power curve, which is green, has very signif-
icant nodes close to or at the band edge. The imperative for
these wider bandwidths is that they produce sharper corre-
lation edges and consequently produce greater measure-
ment precision. This leads to greater accuracy,
usefulness, and utility for many PNT users.

The Threat of Reallocation of Radio Bands Adjacent
to GNSS The band edge of the proposed high-power com-
munication signal (sometimes called broadband) is shown
as the black vertical line. It obviously overlaps the edges of
most of the PNT signals. Tests of a proposed power increase
of an adjacent band, non-navigation signal conclusively
demonstrated unacceptable levels of interference with
L1 C/A.

Consider the proposed, high-powered terrestrial
broadband signal one quarter mile from a GPS receiver.
This produces a power ratio of 5 billion (broadband) to
one (GPS). This is the power ratio that was almost
authorized with 40,000 ground-based transmitters in
the United States. At a city block away, the effect is
10 times worse.

Crowding in this band will worsen in the next decade as
the newer signals become operational. The proposed adja-
cent broadband signal is even more incompatible with the
newer GNSS signals since they will be closer to the proposed
broadband frequency. Note that the whole approach was
rejected, solely on the basis of L1 C/A. It was not even tested
against the other, more modern, signals. The worst would
have been yet to come, had they been authorized to broad-
cast in the adjacent band.

Adjacent bands can continue to broadcast non-GNSS sig-
nals originating in space because the power levels will be
comparable with the PNT spectrum. But authorities must
be very vigilant to stop any high-power terrestrial signals from
being authorized. They would become, effectively, author-
ized jammers.

There is an important frequency authorization concern
for Europe. A group at the Electronic Communications
Committee, European Commission recommends allowing
pseudolites to broadcast in the L1 GNSS band. Such signals
will generally add to the noise floor and, depending on the
proximity, create a direct jamming signal. Pseudolites can
very useful, but their broadcast frequencies should be cen-
tered well away from any current GNSS band.

Pre-Action Two: Stiff Legal Penalties for Interfer-
ence The second pre-action is to increase the legal penalties
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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.

1.12.2 Assured PNT: T – Toughen Receivers

The second strategy of PTA is to design and manufacture
GNSS receivers that have significantly greater resistance
to jamming. This is called “toughening.” There are at least
five well-known ways to toughen receivers, thereby
increasing jam resistance:

1) Increased satellite signal spreading (such as the new
L1C and L5 signals) allows greater processing gain.

2) Integration with inertial navigation components allow-
ing tighter tracking filters.

3) Incorporating digital beam-steering or null-steering
antennas can improve resistance by factors of 1000
or more.

4) Increased satellite power (such as L5).
5) Local antenna shading, for example, the top of an air-

plane which is shaded from the jammer.

These effects generally cascade‚ and the improvements
are cumulative; the remaining problem is to make such
techniques more affordable. Civil receivers of today can
be toughened so that they can operate as close as 1 mile
from a 1 kW deliberate jammer. Such techniques will be
discussed in later chapters.

The point is that toughening the PNT receiver with the
technologies mentioned is an extremely effective strategy.
Some have advocated increasing the power in the satellite
signal. Such increases are very expensive because of the
demands for additional solar panels and will take decades
to incorporate into all satellites. Many receiver-toughening
techniques are very affordable today, while others, such as
digital beam-forming antennas, may be too expensive for
the ordinary user. However, the cost of digital components
continues to go down. In addition, there is a potential US
problem of export restrictions. These restrictions have
the perverse effect of incentivizing non-US development
and production.
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1.12.3 Assured PNT: A – Augment with Other
Systems, Sensors, or Techniques

The last element of the PTA strategy is to Augment or sub-
stitute PNT sources. Chapters 35–43 in Part D and Chapters
44–52 in Part E of Volume II are devoted to non-GNSS-
based PNT sensors and sensor integration techniques.

1.12.3.1 Augmentations: Using the “Other” GNSSs

A PNT user may regard any GNSS as primary; the other
GNSSs are, nevertheless, opportunities to augment and
increase the robustness of the PNT solution. Such augmen-
tation will diversify signals and frequencies, thereby alle-
viating certain classes of interference. Other GNSSs can
be a very effective counter to spoofing, using advanced
crosschecking of range measurements (ARAIM). Such aug-
mentation also improves availability for the sky-impaired
user because of densification of satellite sources. Thus,
satellites from multiple constellations can significantly
improve availability, provided integrity requirements
are met.

With these additional constellations, there are three
major levels of cooperation:

1) Compatible: no mutual interference
2) Interoperable: designed to allow common time and

geodesy system
3) Interchangeable: using accurately calibrated biases and

offsets – any four SVs will be enough

The major problem again is most probably integrity,
because to ensure economic value, availability requires
known integrity. Please see the previous section for addi-
tional discussion of integrity. As far as the US FAA and
ICAO are concerned, for aircraft operations, the integrity
value should be expressed as zero minutes of unavailability.
That may seem extreme, but public safety demands it.
Regarding integrity, some new GNSS are clearly making
faster progress than others.

1.12.3.2 Augmentations: eLORAN and DME

These frequency-diverse sources of PNT measurements are
a powerful deterrent to deliberate or inadvertent jamming.
They have been extensively discussed in an earlier section,
which will not be repeated here. The FAA is sponsoring a
detailed study on the use and upgrades of the legacy DME
to augment GNSS‚ which helps ensure that a disruption to
GPS will not impact aviation operations. Note that a com-
pound receiver could combine GNSS and eLORAN or DME
in a way that was seamless to the user. This is another tech-
nique to flywheel through periods of GNSS unavailability.

1.12.3.3 Augmentations: Inexpensive Inertial
Components and Systems

The value of augmenting GNSS-derived PNT with inexpen-
sive inertial components to flywheel through periods with-
out GNSS measurements has already been described.

Ground augmentations also include pseudolites, but it is
important that such devices transmit on frequencies out-
side the normal GNSS bands for reasons that have been
discussed.

1.12.4 Who Should Be Responsible for PTA
Implementation?

Some elements of PTA are currently being pursued, but
there is no single entity that has the authority, the knowl-
edge, the breadth, and the resources to implement all. Some
suggestions for responsibility are outlined below.

1.12.4.1 Protect PNT

•Work with lawmakers to increase legal penalties for PNT
interference.

•Work with communications and enforcement to improve
the timeliness and accuracy of interference identification
(crowdsourcing, every cell phone a detector).

• Deploy jammer location equipment.

1.12.4.2 Toughen PNT

• Develop industry (ICAO/RTCA/RTCM) standards for
deep inertial integration; use directional antennas.

• Develop vector receivers that use all GNSS signals. See
Chapter 16 on this subject.

• Continue to implement ARAIM and inertial for Integrity
(+WAAS/EGNOS).

• Encourage users to move to more jam-resistant receiver
designs.

1.12.4.3 Augment and Supplement

• Must ensure Integrity for all GNSS – NASA’s GDGPS is
an option.

• Develop RTCA standards for seamless DME and
GPS/GNSS.

• Implement eLORAN and develop RTCM standards for
seamless use.

• Create a blueprint for GNSS Certification for all GNSSs
(GLONASS, Galileo‚ and BeiDou); study feasibility of
interchangeability; all signals to include WAAS and
EGNOS (as well as MSAS and similar systems‚ etc.).
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1.13 Selected Current Applications
and Their Values

Volume II of the book is devoted to current and emerging
PNT applications. The following are selected current appli-
cations that are representative of GPS and GNSS uses for
humanity.

1.13.1 Aircraft Blind Landing

In 1992, under direction of Professor Bradford Parkinson, a
group of Stanford students led by Clark Cohen developed
and demonstrated the first Category III (Blind Landing)
system in a commercial aircraft. It only used GPS as a sen-
sor for both position and attitude. The carrier tracking
receiver relied on the CDMA signal structure for accuracy
and integrity. Independent tracking by a laser verified that
the system was accurate to a fraction of a meter. The traces
from the 110 landings, from a laser tracking system, are
shown in Figure 1.24. The FAA now has a program, using
similar technology, to develop certified, GPS-based, cate-
gory II/III landing systems. This project was sponsored
and funded by the FAA.

1.13.2 Geodesy and Survey

The first commercially viable market for GPS receivers was
land survey‚ as mentioned. Beginning about 1982, sur-
veyors and scientists were able to make accurate measure-
ments, periodically during the day, when only 8 of the
24 satellites were in the constellation. Dr. Charles Counsel-
man III of MIT and the commercial companies, Macro-
meter Inc., Texas Instruments, and Trimble Navigation
(under CEO Charles Trimble), and JPL pioneered this field.
They quickly demonstrated accuracies better than a

centimeter in three dimensions and have now improved
to fractions of a millimeter. Today, GPS and GNSS are a
vital part of surveying and mapping industries around
the world, supporting accurate mapping, monitoring, and
modeling of the physical world. In addition to providing
the highest accuracy, GPS-based data collection is also
much faster than conventional surveying and mapping
techniques, enabling timely decisions and efficient utiliza-
tion of resources to benefit society.

One interesting application is tracing tectonic plate
motion, as illustrated in Figure 1.25. This shows the global
horizontal velocity fields based on the International Terres-
trial Reference Field (ITRF) 2014 [40]. A major input for the
calculation is daily GNSS data submitted by IGS stations
spanning a period of over 11 years (1994 to 2015). The accu-
racy of the velocity measurements is better than 0.2 mm/
year. Such accurate measurements are currently used to
derive the latest plate motion model.

1.13.3 Robotic Vehicles

Robotic Farm Tractor Using similar technology, a
different group of Stanford students, led by Mike O’Connor
and Tom Bell‚ demonstrated the first precision robotic farm
tractor, using GPS alone. Again the capability was enabled
by the GPS CDMA signal. This research was sponsored by
the John Deere Company. At least six companies now offer
products and have total annual sales of over $800 million
(Figure 1.26).

Robotically Guided Bulldozers With sub-centimeter
accuracy, GPS has spawned a revolution in the automatic
or robotic control of many classes of vehicles. The operator
can go directly from digital databases to automatic com-
mands for tractor motion and blade control. There is typi-
cally a pair of antennas attached to the bulldozer blade
which yield tilt as well as vertical position. There are many
examples of this class of applications.

1.13.4 Banking and the Use of Precise Time

Most people use GPS for geographical location, but GPS
time also plays a key role in many activities that are not
highly visible. For example, cell towers and the power grid
are both synchronized by time from GPS. A less visible
application is the use of GPS to create financial transaction
timestamps. By providing time and time delay information,
banking companies can ensure that the transaction has not
been captured for hostile uses. Any undue time delay
implies that the transaction was not made directly, but
rather had gone through a third party with a strong prob-
ability of illegal actions. The goal of banking transactions
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Figure 1.24 First demonstration of aircraft blind landing using
GPS alone. The traces from the 110 landings and from a laser
tracking system are shown.
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Figure 1.26 Robot tractor first demonstrated by Stanford researchers.
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is to timestamp with accuracies of better than a microsec-
ond, which is easily attained by GPS.

1.13.5 Advanced PNT Applications for Ground,
Air, and Maritime Vehicles

Self-Driving, Long-Haul Trucking This PNT applica-
tion could revolutionize long-haul trucking. With drivers
frequently driving for up to 12 hours a day, relieving them
from the tedium could significantly improve safety and pro-
ductivity. While there are many issues of integrity and reli-
ability to be resolved, the first steps have already been
taken. Daimler-Benz, in October 2015, announced: “Fitted
with smart systems including radars, cameras and active
speed regulators, the truck made a successful journey
between Stuttgart airport and Denkendorf.” A company
called Freightliner was granted a license to operate these
trucks in the state of Nevada. Such trucks do not operate
autonomously, but are under the supervision of a human
driver. Figure 1.27 shows a Daimler-Benz self-driving
long-haul truck. In this case, PNT is provided by a combi-
nation of visual, radar, and GNSS sensors.

Remotely Piloted Cargo Airplanes There are
already thousands of remotely piloted aircraft flying for
both civil and military uses. It is hard to visualize such air-
planes carrying human passengers, but flights that simply
carry cargo may be a very different story. While landing
and takeoff are the critically challenging maneuvers in
an airplane, there are long spells of droning through the
sky that require minimal supervision. The issues of integ-
rity and reliability are also prominent in this case.

Robotic Cargo Ships While most ships of the day still
require a crew for maintenance and operation, the
improvements in reliability and navigation offer the poten-
tial for completely unmanned cargo ships. This idea is being
explored by several companies. Advanced and reliable
communication links would be required for remote
operation.

1.13.6 Scientific Applications

Originally designed for PNT applications, GPS and GNSS
have found unexpected applications in scientific discov-
eries and in studies of our environment. GNSS receivers
are deployed around the world and fleets of low-earth-orbit
(LEO) satellites are using GNSS signals to

• observe the ionosphere and space weather activities,

• provide information to improve accuracy for meteorolog-
ical and global climate models,

• offer an unprecedented view of ice, snow, soil moisture,
ocean surface conditions, and vegetation coverage on the
Earth surface, and

• monitor earthquake, volcano eruptions, and potentially
providing advanced warning for tsunami events.

Ionosphere and Space Weather One of the original
reasons for including two frequencies for GPS signals was
to enable correction for the ionospheric group delay. Today,
this capability is utilized by scientists worldwide to generate
ionospheric TEC maps and monitor the space environment
through the establishment of numerous ground networks
as well as receivers on LEO satellites. Just like the meteor-
ological weather on the surface of the Earth that can disrupt
our daily lives, the ionosphere also experiences stormy
“space weather” which can affect operations of all space-
based systems and power grids. The globally distributed
nature of GPS signals offers unparalleled spatial and tempo-
ral coverage of the highly dynamic ionosphere, providing a
powerful tool for studying space weather phenomena and
to further our understanding of the complex Sun–Earth
interactions. Figure 1.28 shows a global TEC map obtained
with dual frequency GPS measurements from a network of
worldwide GPS stations. Ionospheric effects on GNSS recei-
vers and development of ionospheric scintillation monitor-
ing GNSS receivers have led to the utilization of GNSS
signals as a major source of studying ionosphere and space
weather.

Meteorological Weather Monitoring, Forecasting,
and Climate Modeling The troposphere delay on GPS
signals is not dependent on frequency‚ and nearly 90% of
the delay errors can be predicted accurately using well-
established atmospheric models. The major variable in
the troposphere error is water vapor, which is an important
parameter in the meteorological weather system. GPS net-
works are now able to provide near-real-time water vapor
measurements to enable assimilation into weather models
to improve short-term forecasting accuracy. GPS radio
occultation (RO) receivers on board LEO satellites now rou-
tinely produce near-real-time measurements which are
inverted into atmospheric parameters, such as tempera-
ture, pressure, and water vapor distributions on a global

Figure 1.27 Daimler-Benz self-driving long-haul truck. Source:
Courtesy of Daimler-Benz.
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scale. The joint Taiwan and US Constellation Observing
System for Meteorology, Ionosphere, 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

KOMPSAT-5 Metop-AB PAZ COSMIC-2

Figure 1.29 Location distributions of COSMIC 2 GNSS radio occultation soundings over one day period. The densely populated locations
of atmospheric profiles by the COSMIC 2 satellites are shown in stark contrast 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”). Source: Courtesy of Dr. William Schreiner and Dr. Jan Weiss of UCAR.
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Figure 1.28 A snapshot of global total electron content (TEC) map generated from a network of dual frequency GPS receivers managed
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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-
quake 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
Tōhoku, Japan 2011 earthquake underestimated the
quake’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.

1.14 Summary

This introduction and early history have emphasized
GNSS, and GPS in particular. But the history of PNT is still
being written in bold terms and involves many more tech-
nologies and techniques. While most people in the world

today take for granted their knowledge of location, the
improvements in integrity, accuracy, and availability will
lead to ever more creative applications. At the same time,
it is extremely important that the developers and providers
be proactive in protecting PNT. This is particularly imper-
ative for the GNSSs‚ which have such low power in received
signals. PTA provides a strategy for this protection.

In this book‚ we want to describe the state of the art in the
science and engineering of PNT and stimulate the reader’s
imagination for developing even more PNT applications for
humanity.
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2

Fundamentals of Satellite-Based Navigation and Timing
John W. Betz

MITRE Corporation, United States

2.1 Introduction

1

Satellite-based navigation and timing (satnav) has become
the predominant technology for positioning and timing,
with billions of users and an almost infinite number of appli-
cations. As additional satnav systems are added to the Global
Navigation Satellite System (GNSS), this trend will increase,
even while other technologies are increasingly used to aug-
ment and extend satnav to overcome its limitations.

The general term satnav includes a wide range of technol-
ogies and approaches. Radio frequency (RF), optical, and
infrared techniques can be used for positioning – a simple
example would be an imaging satellite geolocating a build-
ing on Earth’s surface. Active techniques for positioning or
timing, where the user equipment must transmit, include
approaches based on Radio Determination Satellite System
(RDSS) technology [1], and other similar transponder-
based approaches.

A variety of passive techniques, where the user equip-
ment only receives and does not transmit, include the
following:

• Radar and its equivalent at other wavelengths, where
external sensors estimate an object’s location by measur-
ing the propagation time and Doppler shift of a signal
reflected from theobject with known speed of propagation
and communicate its position and velocity to the object.

• Doppler ranging (used on the first satnav system, Transit
[2]), where the receiver estimates its position by measuring
Doppler shifts over time of a signal transmitted by a satel-
lite having a known orbit.

• Triangulation, where the receiver estimates its position
by measuring the angle of arrival of signals transmitted
from known locations.

• Multilateration, also known as hyberbolic positioning, where
the receiver estimates its position by measuring the time dif-
ference of arrival of synchronized signals transmitted from
pairs of known locations, with a known speed of propagation.

• Trilateration, where the receiver estimates its position by
measuring the propagation time of signals transmitted
from known locations, with a known speed of propagation.

Passive RF trilateration2 has become the dominant sat-
nav technique, and is the focus of this chapter.

As discussed in [3], satnav using passive RF trilateration
has attributes that are unmatched by any other currently
known positioning and timing technology:

• Availability
– All-weather operation: Satnav’s use of L-band signals

in the 1 GHz to 2 GHz band makes its use for calculat-
ing position, velocity, and time (PVT) insensitive to
most weather effects, except for the heaviest rain-
storms and occasional space weather events.

– Day and night utility: Satnav’s use of RF signals allows
it to work under any conditions of light or dark.

– Worldwide service: Global systems using satellite con-
stellations in medium Earth orbit (MEO) allow satnav
to work anywhere there is an adequate view of the sky,
on the surface of Earth and even in air and space.

– Consistency: Consistent performance even over fea-
tureless surfaces of Earth.

• Absolute accuracy
– Absolute measurements: Measurements of position and

time are made, or can be transformed into, inertial1 Approved for Public Release; Distribution Unlimited; MITRE Case
Number 17-0108.

The author’s affiliation with The MITRE Corporation is provided for
identification purposes only, and is not intended to convey or imply
MITRE’s concurrence with, or support for, the positions, opinions or
viewpoints expressed by the author.

2 More rigorously, the satnav systems described here use biased
passive trilateration, since all range measurements share a common
bias, as will be seen.
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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.

• Ease of use
– Inexpensive user equipment: Receiver costs range from

tens of dollars for a simple consumer device to several
thousands of dollars for a professional device to tens
of thousands of dollars for a certified aviation device.

– Ease of use: User equipment with small size, low mass,
and modest power consumption.

– User training: No or minimal user training, without
requirement for expertise involved in using traditional
means for navigation.

– Rapid updates: Time, position, and velocity measure-
ments reported on the order of seconds or fractions of
seconds.

– Passive operation: User equipment does not need to
transmit, but only receive.

– No local infrastructure: Sparsely spaced monitoring
stations and several ground control stations with
antennas that transmit to the satellites are the only ter-
restrial infrastructure needed for satnav.

– No detailed local surveying or measurements: No need
for local surveys of gravity, terrain, or magnetic fields,
and no need to know building topography.

• Privacy: Unless the receiver communicates the position,
only it has that information.

• Maturity
– Existing, widely fielded technology.
– Continuing enhancements.

Two additional characteristics that have amplified
the use of satnav based on passive RF trilateration
result from far-sighted policies rather than technological
characteristics:

• No user charges: For decades, both GPS and GLONASS
have provided civil signals to the world free of user
charges, funded out of the United States and Russian
Federation government budgets.

• Open signal descriptions: For decades, both GPS and
GLONASS have provided full technical descriptions of
their civil signals, with openly available documentation
on how to use them. Anyone can build and use receivers
for these signals.

These policies have led to worldwide acceptance and
use, and to innumerable innovations that exploit satnav
systems and signals in ways never conceived by their
original developers. Furthermore, more recently intro-
duced and planned systems have mostly adopted similar
policies.

However, satnav has limitations. Severe space weather
events can cause fading, signal distortion, and loss of track-
ing lock in receivers, especially those operating in equatorial
and high latitude regions. Satnav signals do not propagate
underground or underwater, and they do not propagate well
to receivers deep indoors. In urban canyons and indoors,
evenwhenreceivers canobtainandprocess the signals, mea-
surements are often distorted by shadowing and multipath,
producing errors of tens or hundreds of meters. Since the
received power of satnav signals is very low, receivers of
these signals are susceptible to even relatively low-power
interference. Many receivers in use today do not use secure
designs; like first-generation computers on the Internet,
many satnav receivers have been specified, designed, and
tested under the implicit assumption that no one would
attack them. Consequently, many receivers assume that
any apparently valid signal is in fact valid, making the recei-
vers potentially vulnerable to spoofing. There are ways to
mitigate, but not eliminate, these limitations, and multiple
efforts are underway to do so.

Section 2.2 introduces satnav basics – the measurements;
calculations of PVT; and the overall structure of a satnav sys-
tem. Sections 2.3 through 2.6 describe different parts of a sat-
nav system: the space segment, navigation signals, the
ground segment, and the user segment respectively. An
increasingly important part of satnav is its augmentation sys-
tems of various types, discussed in Section 2.7. Key to satnav
performance is understanding, characterizing, and mitigat-
ing various sources of errors; this topic is discussed in
Section 2.8. Section 2.9 summarizes this chapter.

2.2 Satnav Basics

This section provides the basics of satnav. Section 2.2.1
describes the mathematics of passive trilateration for stand-
ard point positioning (SPP), which solves for receiver posi-
tion and the time offset between satnav system time and
receiver time using observables called pseudoranges.
Section 2.2.2 presents the special case for a timing receiver
having a pre-surveyed position. Section 2.2.3 then pro-
gresses to the mathematics that solve for receiver velocity,
either using observables called delta pseudorange, delta
ranges, or pseudorange rates. Section 2.2.4 completes the
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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.

2.2.1 Standard Point Positioning

The concept of passive trilateration is illustrated in
Figure 2.1. It all starts with time, and there are two different
time standards involved. Signals transmitted from all the
satnav system’s satellites are synchronized to system time.
Receiver time is different for each receiver, and is based on
a time reference within the receiver whose time offset and
drift from system time are unknown. Thus, the unknowns
at a particular epoch are the receiver position [xr, yr, zr]

T

and velocity xr , yr , zr
T , as well as the time offset between

receiver time and system time, Δr. This time offset yields
a common bias in all the measurements, which are termed
pseudodelays rather than delays because of the com-
mon bias.

Positions in satnav are generally computed in an Earth-
centered, Earth-fixed (ECEF) coordinate system, then con-
verted to other coordinate systems as needed. Consequently,
in Figure 2.1, the positions are in ECEF coordinates. Assume
that at a particular epoch, the receiver knows the speed of
propagation, c, the positions of K ≥ 4 satellites, [x(k), y(k),
z(k)]T, and the system time at which a specific point on each
signal was transmitted. The receiver then measures the times
(in receiver time) at which the same points on the signals are
received. If the time delay between transmission of the signal
by the kth satellite and reception of the signal is Tk, the
receiver can measure the biased signal propagation times,
or pseudodelays, Tk + Δr, that incorporate the unknown
time offset between receiver time and system time. Conse-
quently, the geometric range between the kth satellite and
the receiver is

r k = Tkc = x k − xr

2
+ y k − yr

2
+ z k − zr

2 1 2

2 1

and the pseudorange, which includes the range bias due to
the time offset between system time and receiver time, is
ρ(k) = c(Tk + Δr) = r(k) + cΔr.

The resulting system of SPP equations for K satellites is

ρ 1 = x 1 − xr

2
+ y 1 − yr

2
+ z 1 − zr

2 1 2

+ cΔr

ρ 2 = x 2 − xr

2
+ y 2 − yr

2
+ z 2 − zr

2 1 2

+ cΔr

ρ K = x K − xr

2
+ y K − yr

2
+ z K − zr

2 1 2

+ cΔr

2 2

At least four equations are needed in Eq. (2.2) in order to
solve for the four unknowns (xr, yr, zr, Δr).

In practice, receiver processing provides measurements

of the pseudoranges ρ k as observables. An iterative

algorithm is commonly used to solve Eq. (2.2), based on
estimates of the geometry matrix

H =

− e 1 1

− e 2 1

− e K 1

2 3

computed using the unit direction vectors from the receiver
to the kth satellite

e k = x k − xr r k y k − yr r k z k − zr r k

2 4

Pseudodelay D1 

Pseudodelay D2 

Pseudodelay D3 

Pseudodelay D4 

Four Unknowns:

(xr, yr, zr), tr = ∆r + ts

(x(1), y(1), z(1)), ts
(x(2), y(2), z(2)), ts

(x(3), y(3), z(3)), ts

(x(4), y(4), z(4)), ts

Figure 2.1 Standard point positioning geometry [3]. Source: Reproduced with permission of IEEE.
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In this algorithm, the initial estimate for the unknowns

xr,0, yr,0, zr,0, Δr,0 can be either a set of recently calculated

values, or the center of Earth with zero time offset:

xr,0, yr,0, zr,0, Δr,0 = 0, 0, 0, 0 . At the ℓth iteration, the

estimate of the unknowns xr,ℓ , yr,ℓ, zr,ℓ, Δr,ℓ is used to form

the ℓth estimates of the pseudoranges

ρ k
ℓ

= x k − xr,ℓ

2
+ y k − yr,ℓ

2
+ z k − zr,ℓ

2 1 2

+ cΔr,ℓ

2 5

which are then used to form the ℓth estimates of the unit
direction vectors from the receiver to each satellite

e k
ℓ

=
x k − xr,ℓ

ρ k
ℓ

− cΔr,ℓ

y k − yr,ℓ

ρ k
ℓ

− cΔr,ℓ

z k − zr,ℓ

ρ k
ℓ

− cΔr,ℓ

2 6

from which an estimate of the ℓth geometry matrix is
formed

Hℓ =

− e 1
ℓ

1

− e 2
ℓ

1

− e K
ℓ

1

2 7

Linearizing Eq. (2.2), using a Taylor expansion around the
initial estimate [3], produces the linear system of equations

δρℓ

1

δρℓ

2

δρℓ

K

= Hℓ

δxr,ℓ

δyr,ℓ

δzr,ℓ

cδΔr,ℓ

2 8

that relates the differences between the receiver’s measure-
ments of the pseudoranges and ℓth estimates of the pseu-

doranges δρℓ

k
= ρ k − ρℓ

k to the corrections of the ℓth
estimates. This linear equation is now solved in the stand-
ard way, premultiplying by the left pseudoinverse of the

geometry matrix estimate: Hℓ

†
= Hℓ

T
Hℓ

− 1
Hℓ

T
.

The result is the ordinary least-squares (OLS) estimate

βℓ,OLS =

δxr,ℓ

δyr,ℓ

δzr,ℓ

cδΔr,ℓ

= Hℓ

†

δρℓ

1

δρℓ

2

δρℓ

K

2 9

enabling the updated estimate of receiver location and
clock offset

xr,ℓ + 1

yr,ℓ + 1

zr,ℓ + 1

Δr,ℓ + 1

=

xr,ℓ

yr,ℓ

zr,ℓ

Δr,ℓ

+

δxr,ℓ

δyr,ℓ

δzr,ℓ

δΔr,ℓ

2 10

Subsequently, the left-hand side of Eq. (2.10) is (with ℓ
incremented) substituted into Eq. (2.5), then Eqs. (2.6)–
(2.10) are computed again.

The iteration stops when the vector norm βℓ,OLS 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

Rρ = E

ρ 1

ρ 2

ρ K

ρ 1 ρ 2 ρ K

− E

ρ 1

ρ 2

ρ K

ρ 1 ρ 2 ρ K ,

a weighted least-squared (WLS) variation of the above
algorithm can be employed in the above algorithm by using

βℓ,WLS =

δxr,ℓ

δyr,ℓ

δzr,ℓ

cδΔr,ℓ

= Hℓ

T
R − 1

ρ Hℓ

− 1
Hℓ

T
R − 1

ρ

δρℓ

1

δρℓ

2

δρℓ

K

2 11

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.

2.2.2 Timing Using a Pre-Surveyed Receiver

If the receiver is only used to provide time and it has been
surveyed into a known location, the pre-surveyed receiver
location can be inserted into Eq. (2.2), leaving only Δr as an
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unknown. One measurement alone can be used to directly
solve the system of equations

1
c

ρ 1 − x 1 − xr
2

+ y 1 − yr
2

+ z 1 − zr
2 1 2

ρ 2 − x 2 − xr
2

+ y 2 − yr
2

+ z 2 − zr
2 1 2

ρ K − x K − xr
2

+ y K − yr
2

+ z K − zr
2 1 2

=

1

1

1

Δr

2 12

for the time offset Δr. As long as >1, then either the OLS or
WLS solution to (2.12) is used, with the OLS solution, as

well as the solution for K = 1, given by Δr =
1

cK

K

k = 1

ρ k

− x 1 − xr
2

+ y k − yr
2

+ z k − zr
2 1 2

In SPP, as

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 Δr 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.

2.2.3 Estimating Receiver Velocity

Once the position and time offset are determined, Doppler
(or pseudorange rate) measurements can be used to com-
pute the receiver velocity. Receiver processing estimates
the received carrier frequency of each signal. Typically,
the receiver does not form this estimate from the RF signal
itself, but from a version of the signal that has been fre-
quency-translated in the receiver by fΔ. If the estimate of
the frequency-translated carrier frequency from the kth sat-

ellite is f
k

, then the delta range over a time interval T is

c f
k

+ f Δ − f 0 T f
k

+ f Δ , where f0 is the carrier fre-

quency. Generally, the receiver’s oscillator is biased from
the true frequency, so that the estimated frequency of arri-

val f
k

m + f Δ is biased by fr. The biased estimate of the aver-
age line-of-sight velocity, or pseudovelocity, to the satellite
over time interval T is then the delta range divided by T, or

ρ
k

≜ c f
k

+ f Δ − f 0 f
k

+ f Δ .

Alternatively, if the receiver processing tracks the carrier
phase, it can count the number of carrier cycles N k

θ

to the kth satellite received over a time interval T (where

N k
θ need not be an integer), producing an alternative

estimate of the received frequency N k
θ = f

k
− f 0 T .

The pseudorange rate is
cN k

θ

T f
k

+ f Δ

, which also is biased

by fr. In this case, the biased estimate of the line-of-sight
velocity, or pseudorange rate, to the kth satellite is

ρ
k

≜ c Nθ T + f Δ f
k

+ f Δ .

The equation relating receiver velocity to pseudorange
rates is obtained by differentiating Eq. (2.8), yielding

ρ
1

− ρℓ

1

ρ
2

− ρℓ

2

ρ
K

− ρℓ

K

=
∂

∂t
Hℓ

δxr,ℓ

δyr,ℓ

δzr,ℓ

cδΔr,ℓ

+ Hℓ

δxr,ℓ

δyr,ℓ

δzr,ℓ

cδ f r,ℓ

2 13

Typically,
∂

∂t
Hℓ is small‚ and the first term on the right-

hand side can be ignored.3 In this case, the geometry matrix
is known from having already solved for the receiver posi-
tion, and Eq. (2.13) becomes

ρ
1

− ρℓ

1

ρ
2

− ρℓ

2

ρ
K

− ρℓ

K

= H

δxr,ℓ

δyr,ℓ

δzr,ℓ

cδ f r,ℓ

2 14

leaving a linear system of equations like Eq. (2.8), but relat-
ing the receiver velocity to the pseudorange rates and fre-
quency offset. An iterative OLS or WLS algorithm
analogous to that used to solve Eq. (2.8) rapidly converges
to a solution.

2.2.4 Satnav System Architecture

Figure 2.2 depicts the architecture of a satnav system. The
space segment comprises a constellation of satellites that
broadcast signals to the system’s service region – the part
of Earth, the atmosphere, and outer space where the system
is defined to provide given levels of PVT service. These sig-
nals are carefully designed and precisely transmitted,
enabling receivers to make the number and quality of mea-
surements needed to form the needed observables. The user
segment consists of all devices that receive and process
these broadcast satnav signals for any purpose. While many
of these are used to estimate position, velocity, or time,
others are used for remote sensing or other applications.

3 If the receiver velocity is known (typically, if the receiver is
stationary), Eq. (2.13) can be solved for receiver position using Doppler
measurements alone, as shown in Chapter 8 of [5].
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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.

2.3 Space Segment: Satellites and
Constellations

This section discusses the space segment, consisting of mul-
tiple satellites in a carefully designed and controlled con-
stellation. Section 2.3.1 describes the basics of a satnav
satellite, followed by a discussion of satnav constellations
in Section 2.3.2. Section 2.3.3 introduces a specific set of
constellation characteristics that are used in subsequent
chapters to describe specific satnav constellations.

2.3.1 Satnav Satellites

Figure 2.3 shows the architecture of a satnav satellite’s pay-
load, with an example of five signals on two carrier frequen-
cies. Telemetry, tracking, and control (TT&C) links
intermittently or continuously provide payload and bus sta-
tus to the ground segment, and receive data from the
ground segment. An atomic frequency standard (AFS) in
the payload provides precision frequency information to
the signal generator, which produces a set of satnav signals

Receiver

Ground
Segment

Space Segment

Receiver
Receiver

. . .

User Segment

Figure 2.2 Satnav system architecture [3]. Source: Reproduced
with permission of IEEE.
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Figure 2.3 Satnav satellite payload [3]. Source: Reproduced with permission of IEEE.
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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-
quency 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)4 for MEO satellites, and approximately
100 (20 dBi) for satellites at geosynchronous equitorial orbit
(GEO). 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.

2.3.2 Satnav Constellations

As described in subsequent chapters, the first two satnav
systems were designed for a global service region, as are
two additional systems currently being completed. How-
ever, the space and ground segments are less complex if a
satnav system’s service region covers only a portion of
Earth, and several satnav systems have been or are being
deployed to provide regional coverage as well.

Regardless of whether the service region is global or
regional, a satnav system’s constellation is designed with
several characteristics in mind:

• As seen in Section 2.2, measurements from multiple
satellites are typically needed.

• Section 2.8 shows that there are accuracy benefits when
these multiple measurements employ signals arriving
from angles that are geometrically diverse in azimuth
and elevation.

• Users typically desire continuous availability of satnav
capability, so multiple satellites must be in view contin-
uously, providing the desired geometric diversity.

• User equipment may be situated where signals cannot be
received fromeveryangledownto thehorizon, so it is desir-
able to provide enough satellites at higher elevation angles.

• Satellites may be temporarily taken out so service, or may
fail, so it is beneficial to design the constellation to pro-
vide good performance even if one or more satellites
are not functional.

These capabilities motivate a constellation having many
satellites, but the costs of developing, acquiring, launching,
and operating the satellites is high (the United States’ GPS
is said tocostmore thanUS$1billionperyear).Consequently,
there is a strong motivation for well-designed constellations
that provide these benefits with modest numbers of satellites.

4 Typically, transmit antennas are designed to focus power on the
small angular region subtended by Earth. The expressions in Chapter 2
of [3] show that, for a satellite at 20,000 km altitude, Earth subtends a
solid angle of 0.235 steradians, representing approximately 1.9% of the
total sphere’s solid angle, yielding a theoretical antenna gain of 17.3
dBi. For a satellite at a geosynchronous orbit altitude, Earth subtends a
solid angle of 0.092 steradians, representing approximately 0.7% of the
total sphere’s solid angle, yielding a theoretical antenna gain of 21.4
dBi. The gain of an actual antennas is typically approximately 2 dB less
than that predicted by theory.
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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.

2.3.3 Constellation Characteristics

Table 2.1 lists a comprehensive set of constellation character-
istics that will be employed in Chapters 3 through 8. These
characteristics, while not offering sufficient detail for a

precise representation of satellite locations over time, pro-
vide a useful way to compare constellation characteristics.
In some cases, there may be multiple values for a given con-
stellation, or a range of values may be more appropriate than
a specific value.

2.4 Satnav Signals

Satnav signals enable a receiver to produce the observables
described in Section 2.3. Receivers make precise measure-
ments of each signal’s time of arrival and carrier frequency
of arrival, along with reading data modulated onto the sig-
nal. Thus, satnav signals must have the characteristics of
radar signals (enabling precise measurements by the
receiver) as well as communications signals (enabling
error-free demodulation of data by the receiver).

Two additional aspects also make satnav signals very dif-
ferent from most communication signals. One is that satnav
(at least the passive RF trilateration technology considered
here) is a broadcast system – satellites transmit to an unlim-
ited number of receivers, and receivers only need to receive
the signals and need not transmit anything. The other is
that, for conventional SPP, four signals must be received,
requiring multiple access techniques.

Direct sequence spread spectrum (DSSS) is used for sat-
nav signals, enabling receivers to make precise time-of-
arrival measurements; wide bandwidths improve accuracy
since even using small amounts of signal power in fre-
quency-domain sidelobes can provide substantial accuracy
improvements [4]. DSSS also enables efficient and flexible
sharing of limited spectrum by multiple signals and signal
types, as well as providing improved resistance to some
types of interference.

Each satnav system transmits a number (typically
between four and eight) of signal types, where each signal
type has its own design as described below. In some cases,
more than one satnav system shares the same signal type.
Each satellite in a satnav system transmits a different signal
of each given signal type. Even though all signals of a given
type have the same design, each signal of that type contains
different data message content, and, depending upon the
multiple access technique used, either employs a different
spreading code for code division multiple access (CDMA),
or a different carrier frequency for frequency division
multiple access (FDMA).

As introduced in [6] and detailed in Chapter 3 of [3],
12 characteristics can be used to describe a satnav signal
type. These characteristics are reviewed briefly here.

A signal type’s carrier frequency is typically within the
L band, although some signals are in the S band, and
the C band is under consideration. L-band frequencies
are inthe range 1164 MHz to 1300 MHz, or 1559 MHz to
1610 MHz, based on frequency allocations by the

Table 2.1 Summary of nominal constellation characteristics

Total number of operational satellites

Orbital altitude (km)

Orbital radius (km)

Orbit eccentricity

Orbital period: hour/minute/second (sidereal days)

Time between ground track repeats (sidereal days)

Walker constellation description

Number of orbital planes

Number of satellites per plane

Separation of right ascending nodes ( )

Inclination ( )

Satellite speed (km/s) in ECI coordinates

Maximum satellite speed (km/s) in ECEF coordinates
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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 fc = n × 1.023 ×
106 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, fs = m × 1.023 × 106 Hz and
chip rate fc = n × 1.023 × 106 Hz is denoted as BOC(m, n).
Other spreading modulations such as alternative BOC
(AltBOC), 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

ΦBPSK-R n f =
1
f c

sinc2 πf f c 2 15

where sinc(x) ≜ sin (x)/x.
For BOC(m, n) spreading modulations, the PSD depends

upon the BOC ratio, defined as kBOC ≜ 2fs/fc = 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

ΦBOCs m,n f =

1
f c

sinc2 πf f c tan 2 πf
2 f s

, kBOC even

1
f c

cos 2 πf f c

πf f c
2 tan 2 πf

2 f s
, kBOC odd

2 16

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

ΦBOCc m,n f =

4
f c

sinc2 πf f c

sin 2 πf
4 f s

cos πf
2 f s

2

, kBOC even

4
f c

cos 2 πf f c

πf f c
2

sin 2 πf
4 f s

cos πf
2 f s

2

, kBOC odd

2 17
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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

ΦMBOC m1,m2,n,α f = 1 − α ΦBOC m1,n f

+ αΦBOC m2,n f 2 18

with 0 < α < 1.
Several signals also use AltBOC spreading modulations.

There are different variants, each having slightly different
PSDs. An AltBOC signal having BPSK-R(n) signals on
both carrier phases of both subcarriers, with independent
data messages, is denoted AltBOC(m, n) where the subcar-
rier frequency is fs = m × 1.023 × 106 Hz and the chip rate
is fc = n × 1.023 × 106 Hz. The unit-power PSD of the
resulting constant envelope AltBOC(m, n) signal, when
kBOC is odd-valued, is [3]

ΦAltBOCce m,n f =
4 f c

π2 f 2

cos πf f c

cos πf f s

2

× cos 2 πf 2 f s − cos πf 2 f s

− 2 cos πf 2 f s cos πf 4 f s + 2 2 19

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
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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.
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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
simplybeadded togetheratbaseband,with the resultingcom-
posite signal used to modulate the carrier, this sum would not
have a constant envelope, and thus would require less effi-
cientpoweramplificationon the satellite.Morecomplex 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.

Table 2.2 Summary of signal characteristics

Signal Name

Signal Summary

Service

Interface Specification or Interface Control Document

Satellite’s Broadcasting Signal

Signal Characteristics

Carrier Frequency (MHz)

Transmit Bandwidth, Two-Sided (MHz)

Data and Pilot Combining

Correlation Loss (dB)

Specified Minimum Received Total Power in All Components
(dBW)

Data Component

Spreading Modulation

Spreading Code Chip Rate (Mcps)

Spreading Code Symbol Duration (μs)

Table 2.2 (Continued)

Spreading Code Type

Spreading Code Duration (ms)

Spreading Code Length (bits)

Overlay Code Bit Rate (bps)

Overlay Code Duration (s)

Overlay Code Length (bits)

Data Message Bit Rate (bps)

Data Message Symbol Rate (sps)

Data Fraction of Power (%)

Pilot Component

Spreading Modulation

Spreading Code Chip Rate (Mcps)

Spreading Code Symbol Duration (microseconds)

Spreading Code Type

Spreading Code Duration (ms)

Spreading Code Length (bits)

Overlay Code Bit Rate (bps)

Overlay Code Length (bits)

Overlay Code Duration (s)

Pilot Fraction of Power (%)

Table 2.3 Characteristics of data messages

Signal Name

Data Message Name

Message Structure (Fixed/Flexible)

Message Length (bits)

Message Duration (s)

Forward Error Correction

Error Detection

Repetition of Clock Corrections and Ephemeris (s)

Maximum Broadcast Interval for Ionospheric Model (min)

Maximum Broadcast Interval for UTC Conversion

Maximum Broadcast Interval for Time Offset to Other Satnav
System Times

Time Rollover (weeks)

Leap Seconds Included (yes/no)

Clock Correction and Ephemeris Validity Interval (min)

Typical Message Upload Rate (uploads/day)
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2.5 Ground Segment

The ground segment is the “brains” of a satnav system,
forming a closed loop system that provides commands to
the satellites updating the broadcast signals to provide
accurate information to receivers. The ground segment pro-
vides three fundamental functions: monitoring the signals,
determining clock corrections and ephemeris, and control-
ling the broadcast signals’ contents (e.g. data message con-
tents and message sequence) and characteristics (e.g. power
levels, operating modes). The ground segment may also
control and monitor payloads and satellite buses as well,
but these details are not addressed here.

Figure 2.6 shows the architecture of a typical ground
segment consisting of monitoring stations, a master con-
trol station, and ground antennas. Monitoring stations dis-
tributed on the ground throughout the service region
receive the broadcast signals and examine the RF charac-
teristics of the broadcast signals and the data messages
modulated onto these signals to ensure that the signals
are “healthy” – within specification, containing the cor-
rect information, and thus suitable for use. These monitoring
stations are precisely located and independently surveyed, so
their location is known a priori. The monitoring stations also
process the signals to produce observables. Modern global
systems typically have a dozen or more monitoring stations;
better performance is obtained if satellites can be tracked
continuously over their orbits, and even better performance
is obtained if two or more monitoring stations can view each
satellite with geometric diversity. In some cases, monitoring

stations may also have access to other information, such as
satellite ranging information from laser ranging from the
ground or RF transponders on the satellites.

Time-tagged information is transmitted from monitoring
stations via communications links to the master control sta-
tion. Typically, systems have a master control station that is
the primary location for this processing, as well as one or
more alternate master control stations at other locations,
which can be used in case the master control station is
not functional.

The master control station compares observables and any
ranging measurements from the different monitoring sta-
tions with their known locations, essentially inverting the
SPP equations to determine offsets between each satellite’s
clock and system time, and differences between each satel-
lite’s actual orbit and the ephemeris information in the data
message. A master clock provides UTC to the master con-
trol station. The updated clock corrections and ephemeris
are combined with updated system information (constella-
tion almanac, system status, coordinate conversions and
geodetic updates, relationship between system time and
UTC, etc.) into data messages that are uplinked to the sat-
ellite payloads via ground antennas, of which there may be
several spaced over the service region. This updated infor-
mation applies to a specific validity interval that could last
for tens of minutes to hours, best approximating that infor-
mation over that time. During a single upload, data mes-
sages for multiple validity intervals may be uploaded, so
that contact between the ground antenna and the satellite
is not needed at every validity interval.
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Monitoring
Receiver

Antenna and
Antenna

Electronics

Monitoring Station

…
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Receiver

Antenna and
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Electronics
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• Orbit determination

• Synchronization

• Message generation

Figure 2.6 Ground segment architecture.
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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.

2.6 Satnav User Equipment

As navigation and timing technology continues to employ
more diverse sources of information, the term navigation
and timing (NT) user equipment is employed to describe
the device that provides PVT, possibly along with route find-
ing. NT user equipment that employs satnav as its primary
source of PVT information is called satnav user equipment;
it may be augmented or aided by other sensors such as a
precision clock or inertial sensors. Section 2.6.1 describes
the typical architecture of satnav user equipment, while
Section 2.6.2 outlines the receiver processing. Section 2.6.3
addresses receiver performance, and Section 2.6.4 overviews
other aspects of receiver processing.

2.6.1 Satnav User Equipment Architecture

Satnav user equipment as described in this section has the
architecture shown in Figure 2.7; it comprises an antenna
and associated antenna electronics, a receiver, other sen-
sors that augment or aid the receiver, and interfaces to a

user or host system; route finding is optional and is not
addressed further in this chapter.

The receive antenna must be able to receive signals from
satellites over the upper hemisphere. The simplest way to
accomplish this is with an antenna that has an approxi-
mately hemispherical gain pattern, known as a fixed recep-
tion pattern antenna (FRPA). The antenna electronics for
an FRPA are relatively simple – protection from lightning
or other overvoltages, filtering to suppress strong out-of-
band interference, and amplification. An alternative to an
FRPA is to use an array of elements whose outputs are
weighted in gain and phase and then summed to decrease
the gain in the direction of the undesired signals (interfer-
ence or jamming) while retaining the gain in the direction
of the desired satellite signals. This is called a controlled
reception pattern antenna (CRPA), and its antenna
electronics is a far more complicated set of analog elec-
tronics (e.g. filters, amplifiers, phase shifters, summers)
usually combined with digital electronics (analog-to-
digital converters (ADCs), processors). Much greater
detail is found in [8, 9].

While there are many fundamentally different receiver
architectures used for different applications, a generic pro-
cessing flow is shown in Figure 2.8. The antenna and
antenna electronics output RF waveforms that contain
the satnav signals of interest, along with noise and interfer-
ence. These RF signals are conditioned by filtering and
amplification within the receiver, then downconverted
(shifted in frequency) to a lower, intermediate frequency
(IF) or to baseband, changing the carrier frequency but
retaining the other characteristics of the waveforms. IF con-
ditioning then includes additional filtering and amplifica-
tion, along with ADC, although more modern receiver
architectures can perform ADC after RF conditioning
rather than on the IF waveforms. Signal processing involves
the extraction of needed information from the signals, as
described subsequently. Navigation processing uses this
information to produce PVT. An oscillator drives a fre-
quency synthesizer providing frequency references and
timing signals used throughout the receiver. Classic refer-
ences on GPS receivers include chapters in [10–12], and
Part III of [3].

2.6.2 Satnav Receiver Processing

Processing in a conventional receiver involves synchroniza-
tion, time-of-arrival estimation, frequency-of-arrival esti-
mation, reading the data message, and observables
formation. This signal processing is performed on each sat-
nav signal to be used; the signals can be at one or more car-
rier frequencies.
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Figure 2.7 Satnav user equipment.
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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.
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Figure 2.8 Conventional receiver processing flow [3]. Source: Reproduced with permission of IEEE.
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Measurements are transformed to high-accuracy obser-
vables by the various steps detailed in [3]:

• Adjusting the time of transmission, determined from the
data message, to account for offset between satellite time
and system time.

• Subtracting the time of arrival from the time of transmis-
sion (in system time) to determine the uncorrected
pseudodelay.

• Correcting the pseudodelay for tropospheric delay and
reducing ionospheric delay either by applying the iono-
sphere model in the data message, or by employing an
ionosphere-free pseudodelay using dual-frequency
measurements.

• Smoothing the pseudodelay using carrier measurements.

• Adjusting the measured frequency of arrival based on fre-
quencies used in downconversion.

Once the above steps are completed for the number of sig-
nals being processed, PVT is calculated using the approach
outlined in Section 2.2. Various adjustments, including for
the Sagnac effect, are then performed.

2.6.3 Receiver Performance

The fundamental processing function in a receiver is the
cross-correlation between a replica generated in the
receiver, and the received sum of signals, noise, and inter-
ference output by the antenna. A generalization of cross-
correlation processing, cross-ambiguity function proces-
sing, is used in initial synchronization, where detections
are based on the magnitude of the correlation peak, and ini-
tial estimates of the delay and frequency shift are obtained
by the location of the peak. Cross-correlation processing is
also used in code tracking, where the location of the
correlation peak in delay is tracked. Complex values of
the correlation peak are used in carrier tracking and data
demodulation.

The ratio between the magnitude-squared average peak
of the correlation function, and the variance of the corre-
lation function is called the correlator output signal-to-
noise ratio (SNR). In turn, the correlator output SNR is
directly related to a fundamental quantity called the
effective carrier power to noise PSD ratio, denoted as
(C/N0)eff = (C)eff/(N0)eff.

When the carrier phase is perfectly removed, or “wiped”
before correlation processing, the correlator output SNR
(see Chapter 5 of [3]) is given by

ρ = 2T C N0 eff 2 20

Here, (C/N0)eff is the effective C/N0 – the ratio of the
received signal power to the white noise PSD that would
produce the same output SNR in an ideal receiver.

The effective C/N0 is given by

C N0 eff =
Cη2

ηN0 + Iκιs
2 21

where C is the received signal power at the input to the
receiver, and all filtering before the correlation processing
is represented by bandlimiting to the bandwidth ±βr/2, the
bandlimiting factor being

η ≜

βr 2

− βr 2

Φs f df 2 22

with Φs f being the signal’s normalized PSD
∞

− ∞
Φs f df = 1.

In Eq. (2.21), N0 is the thermal noise computed using the
Friis formula [3]. Interference effects are represented by
Iκιs, where I is the received power of the interference,
and κιs is the spectral separation coefficient (SSC)

κιs ≜

βr 2

− βr 2

Φι f Φs f df 2 23

which has units of s, or Hz−1, and is often expressed in dB/

Hz. In Eq. (2.23), Φι f is the PSD of the interference, nor-
malized to unit power over infinite bandwidth. The effect of
other losses, including those from sampling and quantiza-
tion, can also be accounted for in the expressions for
(C/N0)eff [3].

Performance of initial synchronization, carrier tracking,
and data message demodulation all can be expressed in
terms of (C/N0)eff, which describes the vertical fluctuations
of sequential estimates of the correlation function peak.
Thus, in white noise the (C/N0)eff does not depend upon
the signal’s PSD, except for the bandlimiting factor
(Eq. (2.22)). However, the code tracking performance is
related to horizontal fluctuations of the correlation func-
tion peak, and is not uniquely determined by (C/N0)eff;
the code tracking accuracy does depend on the signal’s
PSD even in white noise. Chapters 18 and 19 of [3] provide
expressions and numerical results for carrier tracking and
code tracking performance.

2.6.4 Other Aspects of Receiver Processing

The term acquisition is used to describe all the steps
between when initial synchronization begins and when
PVT is first output with specified accuracy. Acquisition per-
formance is typically expressed in terms of the time to this
first output (time to first fix) at a given (C/N0)eff.
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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/N0)eff 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/N0)eff 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.

2.7 Augmentation Systems

Over the past two decades, augmentation systems have
provided tremendous enhancements to satnav. The most
widely used augmentation around the world is assisted

satnav, or A-satnav, described in [5] and Chapter 24 of
[3] and depicted in Figure 2.9. Using infrastructure that
reads data messages from all broadcast signals, A-satnav
provides the needed information via communications
links to a satnav receiver integrated with a communica-
tions system – typically a commercial wireless network.
The receiver then need not perform much of the relatively
fragile and time-consuming process of reading informa-
tion from each broadcast signal’s data message, although
the time of transmission may be needed. Furthermore, the
communications network can also provide a frequency
reference and time reference to the receiver, allowing it
to reduce the uncertainty region over which it needs to
search for signals. The result of A-satnav is a much faster
time to first fix, along with positioning under challenging
conditions, such as indoors, where stand-alone satnav
reception would not function.

A second type of augmentation system, known as Satel-
lite-Based Augmentation System (SBAS), was developed
to enable greater reliance on satnav for aviation safety
of life. As shown in Figure 2.10, SBAS uses reference sta-
tions dispersed over the service region, which may be the
size of a continent or larger. Receivers at these reference
stations, whose antennas are in precisely surveyed loca-
tions, read the data messages from broadcast signals and
measure the quality of the broadcast signals, while per-
forming code tracking to measure pseudoranges to the
satellites. This information is passed to a master station,
which computes the errors between the measured pseu-
doranges and the true pseudoranges between the satellites
and the known receiver antenna locations, as well as ion-
ospheric delays using dual-frequency, ionosphere-free,
measurements [3].

User
ReceiverLocation

Server

Figure 2.9 Assisted satnav [3]. Source: Reproduced with permission of IEEE.
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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.

2.8 Satnav Errors

As shown in Figure 2.12, errors in position and time esti-
mates produced by satnav receivers are attributed to four
sources: the ground segment, the space segment, signal
propagation, and user equipment. Often, some errors due
to signal propagation are attributed to the ground segment
and others to user equipment, based on the segment’s
responsibility to compensate for them; in the following dis-
cussion, they are all included in user equipment errors.

Ground and space segment errors are typically consid-
ered together as the signal-in-space ranging error
(SISRE), resulting from three major contributors: clock
error, ephemeris error, and satellite group delay. The clock
error and ephemeris error both reflect the difference
between the contents of the data message and reality. Clock
and ephemeris errors are caused by a combination of esti-
mation error, prediction error, and curve fit error. Estima-
tion errors reflect discrepancies in the ground segment’s
measurement of clock and ephemeris. Prediction errors
reflect differences between what the ground segment

Master

Station

Ground

Reference

Station

Ground

Reference

Station

Ground

Reference

Station

Ground

Reference

Station
Uplink

Station

Augmented
Satellite

GEO Satellite with
SBAS Transponder

Augmented
Satellite

Figure 2.10 Satellite-Based Augmentation System [3]. Source: Reproduced with permission of IEEE.
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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-
osphere5 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

User
Receiver

Reference
Station

Figure 2.11 Differential satnav [3]. Source: Reproduced with permission of IEEE.
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Figure 2.12 Satnav error sources [3]. Source: Reproduced with permission of IEEE.

5 Extreme space weather can cause severe ionospheric disturbances
that produce effects beyond those discussed here, including time-
varying distortion of the signal amplitude and carrier phase.
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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. Iono-
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 = SISRE 2 + UEE 2 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 × 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

D = HTH
− 1

=

D11 D12 D13 D14

D12 D22 D23 D24

D13 D23 D33 D34

D14 D24 D34 D44

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 = D11 + D22 + D33 + D44

PDOP = D11 + D22 + D33

HDOP = D11 + D22

VDOP = D33

TDOP = D44 c

2 27

Substituting any of the first four into Eq. (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.
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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 Eq. (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.
PDOP 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.

2.9 Summary

Satnav using passive RF trilateration is the foundational NT
technology for many applications, and will remain essential
for decades to come. While the principles of satnav are
straightforward, sophisticated implementations are needed
to provide the exquisite performance that is commonly
obtained.

The unique capabilities and benefits of satnav now touch,
either directly or indirectly, virtually everyone on Earth.
The principles and techniques summarized in this chapter,
primarily developed either by or for GPS, are now being
applied and extended to a GNSS that will consist of four
global satnav systems, three regional satnav systems, and
a growing number of SBASs whose coverage will continue
to increase over much of Earth’s landmasses.

The projected set of signals transmitted by the GNSS
occupy much of the L-band spectrum between 1 GHz
and 2 GHz, as well as a slice of the S band between 2583
MHz and 2500 MHz, as shown in Figure 2.13. This rich
set of signals, to be transmitted by as many as 150 satellites,
promises a new revolution in satnav.
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Figure 2.13 Future satnav signals [3]. Source: Reproduced with permission of IEEE.
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The Navstar Global Positioning System
John W. Betz

MITRE Corporation, United States

The Navstar Global Positioning System (GPS) is the most
widely used satnav system in the world. Its availability and
consistently excellent performance have revolutionized nav-
igation and timing, enabling many previously unimagined
applications. GPS is a dual-use civil/military system, provid-
ing consistently high navigation and timing accuracies to bil-
lions of consumer and commercial users worldwide, as well
as to many militaries around the world. Third party augmen-
tations to GPS have provided additional levels of robustness,
integrity, and accuracy to stand-alone GPS, enabling even
more extensive and indispensable applications.

Entire books, including [1–3], are available that focus on
GPS, its constituent technologies, and its applications in
considerable detail. This information is complemented by
extensive official documentation on GPS, its services, and
its signals at the official US website that provides informa-
tion about GPS and related topics [4].

This chapter describes Navstar GPS in summary form.
Section 3.1 outlines the history and evolution of GPS, while
Section 3.2 explains the current structure for managing
GPS. Section 3.3 describes the geodetic and time reference sys-
tem employed by GPS, and Section 3.4 depicts GPS services
including their performance standards. Sections 3.5, 3.6, and
3.7 summarize key characteristics of the GPS constellation,
ground segment, and signals, respectively. Section 3.8 sum-
marizes theGPSionospheremodel,Section3.9describesother
payloads and functions provided by GPS and its satellites,
while Section 3.10 is a summary of this chapter.

3.1 GPS History

As the world’s premier satnav system, GPS had led in exploring
and implementing concepts that other satnav systems have
subsequently adopted and extended. Development and mod-
ernization of GPS has involved continuing innovation, put into
practice. Section 3.1.1 provides an overall timeline for GPS, fol-
lowed by Sections 3.1.2, 3.1.3, 3.1.4, and 3.1.5, which describe
the evolution of GPS signals, the GPS space segment, the
GPS ground segment, and GPS user equipment, respectively.

3.1.1 GPS Timeline Summary

The events involved in developing technologies needed for the
original GPS, and in establishing the joint GPS program under
the Air Force leadership, are described in Chapter 1 of this
book, along with other references [5–7]. This section sum-
marizes early history as well as describing more recent events.

On-orbit testing of GPS began in 1974 and continued
through 1985, as enough test satellites were launched to
validate the underlying concepts and assure that perfor-
mance expectations would be achieved or exceeded.

In 1983, shortly after the Soviet Union shot down Korean
Air Flight 007 when the 747’s guidance system malfunc-
tioned and it wandered into prohibited airspace, President
Reagan recommitted the United States to provide free civil
use of GPS for improved navigation and air safety. Later in
the 1980s, deployment of the GPS constellation was slowed
by funding challenges, combined with the 1986 Space Shut-
tle Challenger disaster – the plan had been to deploy oper-
ational GPS satellites using the space shuttle, but after the
Challenger explosion, the decision to use Delta II rockets
introduced a two-year delay.

In 1990, Selective Availability (SA) and anti-spoofing
(AS) capabilities were introduced. SA degraded the accu-
racy of the signal available to civil users, while AS crypto-
graphically protects the military signal.

1
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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 (IOC). 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. IOC 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 III, 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
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result was two important contributions to the utility and
use of GPS:

• The development of Assisted-GPS (A-GPS) [12], which
makes consumer device use of GPS more responsive
and more robust,

• Significant investment in small, inexpensive, and low-
power GPS chipsets that drastically increased the utility
and utilization first of GPS and then other satnav
systems.

GPS history since 2000 has had two primary focuses:
implementing GPS Modernization and adapting to the
internationalization of satnav. The details of GPS Modern-
ization are described in Sections 3.1.2 through 3.1.5. Inter-
nationalization, however, is described below.

While GPS has always provided service to an interna-
tional set of users, GPS’s international interactions
expanded in the 21st century to include a leadership role
with other satnav system operators. Although GPS and
GLONASS had coexisted in the 1990s, there was little inter-
action between the two service providers. Not even spec-
trum coordination was needed since GLONASS and GPS
signals use distinct frequencies. As Europe’s development
of Galileo began after the turn of the century, however,
two realizations occurred in the United States:

• It became clear that GPS and GLONASS would be joined
by other satnav systems, with their signals sharing the
limited frequency spectrum allocated by the Interna-
tional Telecommunications Union (ITU) for Radionavi-
gation Satellite Service (RNSS) use,

• It was obvious that receivers could benefit by using sig-
nals from multiple satnav systems.

These realizations led to a US decision to catalyze inter-
national efforts to coordinate compatibility and interopera-
bility among satnav systems. Negotiations between the
United States and European Community, which started
in 2002, led to an agreement on GPS–Galileo cooperation
[13]. The work during these negotiations introduced the
formal concepts of compatibility (multiple signals and sys-
tems can be used separately or together without unaccept-
ably degrading or otherwise affecting use of an individual
service or signal) and interoperability (receivers and appli-
cations can use multiple signals and multiple systems to
obtain better capability than could be obtained using only
one signal or system). Methods for assessing radio fre-
quency compatibility developed by GPS [14] were subse-
quently formalized for international use [15]. Spreading
modulations originally developed by GPS and subsequent
variants proved valuable in designing signals that are
compatible and interoperable, while offering superior

performance. The design effort for the newest GPS signal,
L1C, included consultation with experts representing other
satnav systems leading to widespread adoption of similar
signal designs to enhance interoperability.

These contributions from GPS have formed the basis for
bilateral coordination and technical working groups
between GPS and other satnav systems, as well as between
other pairs of systems. In addition, the International Com-
mittee on Global Navigation Satellite Systems (ICG) [16],
founded in 2005, has provided a forum for multilateral dis-
cussions not only among satnav providers, but also with
users across the world.

Internationalization also continued to affect US policy. In
2004, President Bush updated relevant US policy [17]. Even
the title is notable, referring to PNT rather than GPS in the
earlier policy. This new policy recognized foreign satnav
systems and the need for compatibility and interoperability,
extensively addressing interactions and relationships with
foreign systems. The policy also replaced the IGEB with a
National Executive Committee for Space-Based Position-
ing, Navigation, and Timing, defining higher level co-chairs
than IGEB leadership.

President Obama’s 2010 National Space Policy [18] took
further steps toward internationalization, permitting the
use of foreign PNT services to augment and strengthen
use of GPS. The 2011 National Security Space Strategy
[19] went even further, seeking collaboration with partners
to augment US capabilities, sharing risk and cost.

3.1.2 GPS Signal Evolution

Although the details of GPS signals are summarized in
Section 3.7, this section summarizes their evolution, which
also has driven the evolution of satellites, ground segment,
and user equipment. The original GPS signals were the
Coarse/Acquisition (C/A) signal and Precision (P) signal
on Link 1 (L1) – a carrier frequency of 1575.42 MHz –
and the P-signal on Link 2 (L2) – a carrier frequency of
1227.60 MHz. The first Block II satellite, launched in
1989, introduced the ability to transmit the encrypted (Y)
version of the P-signal, known as the P(Y)-signal.

In 1998, the IGEB decided to add two new civil signals
[20]. The result was the L2 civil (L2C) signal at L2 and the
L5-signal at a carrier frequency of Link 5 (1176.45 MHz).

Even the earliest GPS satellites were specified to be able
to transmit either the P-signal or the C/A-signal on L2.
When the decision was made to transmit both a civil signal
and the P(Y)-signal on L2, the intent was merely to transmit
a duplicate of the L1 C/A-signal on L2, in addition to P(Y)-
signal. However, the C/A-signal’s design included several
undesirable compromises.
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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-
quencies 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 III satellites, compared to Block
II 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.

3.1.3 GPS Space Segment Evolution

Institution of the GPS Program led to the launch of two
technology demonstration satellites, with the first atomic
clocks ever launched into space [26, 27]. The first Naviga-
tion Technology Satellite, denoted NTS-1, was a modified
TIMATION satellite. It was launched in 1974, and used
two rubidium-vapor frequency standards (clocks) to gener-
ate signals composed of a set of sequential side tones cen-
tered at 335 MHz and 1580 MHz. NTS-1 was fitted with
laser retroreflectors for precise orbit determination. The
NTS-1 orbital altitude, slightly less than 14,000 km, was sig-
nificantly lower than the eventual GPS orbital altitude,
leading to an orbital period of slightly less than 8 hours.

The NTS-2 satellite, launched in 1977 and portrayed in
Figure 3.2, introduced many technologies fundamental to
satnav [28]. Also known as the first GPS Phase 1 satellite,
it used cesium frequency standards for signal generation
and a nickel-hydrogen battery to provide power during
solar eclipses. Its three-axis gravity-gradient stabilization
employed momentum-wheel unloading. Like NTS-1, it
was fitted with laser retroreflectors for precise orbit deter-
mination. Besides side tone ranging, it could also transmit
a direct sequence spread spectrum signal. Experiments per-
formed using its signals verified Einstein’s relativistic clock
shift. Figure 3.2 shows NTS-1 and NTS-2, with their long
structures to perform gravity stabilization.

While numerous constellation architectures were consid-
ered, the selected GPS constellation placed satellites in six
planes evenly spaced around Earth, inclined at 55 . The
orbits are circular, with a medium Earth orbit (MEO) alti-
tude of approximately 20,200 km. This orbit design resulted
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Figure 3.2 NTS-1 [29] (Left) and NTS-2 [30] satellites. Images Courtesy of US Naval Research Laboratory. Source: (Left) Reproduced with
permission of Gunter Dirk Krebs. (Right) Reproduced with permission of Gunter Dirk Krebs.
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Figure 3.1 Modernization of GPS signals [25]. Source: Reproduced with permission of John Wiley & Sons.
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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 I 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 I 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 II, 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 II rockets. Nine
Block II satellites were launched in 20 months. Block IIA
(“Advanced”) satellites, first launched in 1990, were
updated with the capability to operate for 180 days without
contact from the control segment. (Block II 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 IIA satellites
launched, the Block II and IIA satellites became the

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

The first operational Block IIR (“Replenishment”) satel-
lite was launched in 1997 after the first IIR satellite was lost
to a launch failure earlier that year. Block IIR satellites were
functionally like IIA 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 IIR-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 IIR-M satellite to bring the L5 filing into use. Unfor-
tunately, this modification was not properly implemented

Figure 3.3 GPS Block I [32] (left; Image Courtesy NASA/JPL-Caltech) and Block II/IIA [33] (right) satellites. Source: (Left) Reproduced with
permission of NASA. (Right) Reproduced with permission of GPS.
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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 IIR-M satellites. Block
IIR and Block IIR-M satellites are shown in Figure 3.4.

Block IIF (“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 IIF 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
IIA and IIR satellites had been operating for more than
20 years.

The GPS Block III program was intended to provide
32 satellites in three different sub-blocks, each providing
increasing capabilities. The first eight Block IIIA 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 II satellites, and broadcast the L1C-signal.
Block IIIB and IIIC 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 III program, however, causing a change
in plans. As of 2017, it appears that the first 10 GPS Block III
satellites will all have similar capabilities. The Air Force
re-competed the contract for the final 22 Block III 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 III
satellites have a design life of 15 years, and their solar
panels produce 4480 W at end of life [36]. Block IIF and
Block III satellites are shown in Figure 3.5. Block IIIF (“Fol-
low-on”) satellites will be introduced after the first ten
Block III 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.

3.1.4 GPS Ground Segment Evolution

NTS-1 and NTS-2 employed ground segments customized
for these experimental satellites. Six tracking stations, dis-
persed across Earth, were used for NTS-1, while four track-
ing stations were used for NTS-2, providing almost
continuous tracking coverage. Control operations were
manually intensive.

The first generation GPS ground segment supporting
Block I operations was known as the Initial Control

Figure 3.4 GPS Block IIR [33] (left) and Block IIR-M [33] satellites. Source: Reproduced with permission of GPS.
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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 Elmendorf 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.

Figure 3.5 GPS Block IIF [33] (left) and Early Block III [33] satellites. Source: Reproduced with permission of GPS.

Table 3.1 Summary of GPS Satellite blocks

Satellite
designation

First
launched Total number

Dry
mass (kg)

Number of navigation signals
transmitted

NTS-1 1974 1 293 2

NTS-2 1977 1 431 2

Block I 1978 11 (one lost to launch failure) 450 3

Block II 1989 9 833 3

Block IIA 1990 19 989 3

Block IIR 1997 13 (one lost to launch failure) 1080 3

Block IIR-M 2005 8 (one not operational due to signal
distortion)

1080 6

Block IIF 2012 12 1705 7

Block III 2018 10 2268 8
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Modernization of the GPS ground segment began with
the Legacy Accuracy Improvement Initiative (L-AII).
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-AII 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-AII, 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 III satellites, and replace AEP for oper-
ating the remaining Block II 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.

3.1.5 GPS User Equipment Evolution

The first user equipment was test equipment developed to
support the development, testing, and demonstration of
GPS. Once the decision was made to develop a full opera-
tional system, receivers were also needed. The “X set”
was an advanced development model that could receive
four C/A-signals or P-signals simultaneously. A less com-
plicated development receiver, called the “Y set,” tracked
only one C/A-signal or P-signal at a time, sequentially mak-
ing measurements on four signals to obtain a position solu-
tion. The “Z set” was an even simpler version of the Y set,
performing sequential processing only of C/A-signals, but
developed as a backpack prototype for operational military
capability. Section 3.1.5.1 describes the evolution of mili-
tary user equipment, and Section 3.1.5.2 summarizes civil-
ian user equipment developments

3.1.5.1 Military GPS User Equipment

During the 1980s, development of initial-generation mili-
tary receivers proceeded, leading to production of multiple
types of military receivers in the early 1990s [39]. Airborne
and shipborne receivers processed five channels in parallel,
while receivers for ground vehicles and manpack were one-
and two-channel receivers that employed sequential pro-
cessing, where one or two channels were tracked at a time.
A two-channel receiver, known as the Small Lightweight
GPS Receiver (SLGR), processed only the C/A-signal and
was used extensively in Operation Desert Storm [39].
Example early military receivers are shown in Figure 3.6.

DARPA-sponsored developments led to the Miniature
GPS Receiver (MGR) and later, the Precision Lightweight
GPS Receiver (PLGR), a handheld receiver that was touted
for weighing less than 4 kg. Each took advantage of rapidly
advancing microelectronics technology to provide greater
capability and lower power consumption in a smaller pack-
age. Adaptive anti-jam antenna systems were also intro-
duced in the 1990s, using multi-element antenna arrays
known as controlled reception pattern antennas (CRPAs)
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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 TI 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 I satellites were in view only for several
hours a day. The Macrometer and TI-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.

Figure 3.6 Early military receivers: Manpack Global Positioning System (GPS) receiver circa 1980 [40] (left), RCVR-3A Airborne GPS
receiver circa 1988 [40] (right). Images © Rockwell Collins, used with permission. Source: Reproduced with permission of Institute of
Navigation.
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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.

3.2 GPS Management Structure

The current GPS management structure, shown in
Figure 3.9, reflects the extensive applications and dual-
use nature of GPS. Decisions regarding GPS and GPS
augmentations are made by the National Executive

Figure 3.7 Followon military receivers: PLGR and DAGR [42] (left), and MAGR [43] (right). Images © Rockwell Collins, used with
permission. Source: (Left) Reproduced with permission of Defense Industry Daily. (Right) Reproduced with permission of
GlobalSecurity.org.

Figure 3.8 TI-4100 [40] (left; image courtesy of Mr. Phil Ward); Magellan NAV 1000, the first handheld receiver [47] (Navigation, Division
of Work & Industry, National Museum of American History, Smithsonian Institution); Benefon!, the first commercially available mobile
phone with GPS [46] (right). Source: (Left) Reproduced with permission of Institute of Navigation. (Center) Reproduced with permission of
Smithsonian National Museum of American History.
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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:

• As a member of the National PNT EXCOM, the State
Department actively solicits and then represents interna-
tional perspectives.

• Membership of the NSBPNTAB includes international
representatives who participate in deliberations of this
advisory board, ensuring that international perspectives
are included in this board’s advice to the National
PNT EXCOM.

• The GPS International Working Group discusses and
addresses international activities and policies involving
GPS, reflecting the perspectives of many different depart-
ments that have various international dealings concern-
ing GPS including the ICG, multilateral spectrum issues
associated with the ITU, bilateral interactions with other
satnav systems including spectrum coordination and
technical working groups, and international military
interactions with NATO and other partners.

Thus, this management structure accounts for GPS inter-
ests not only across the US government, but also interna-
tionally as well.
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Figure 3.9 GPS management structure. Source: From [48].
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3.3 GPS Geodetic and Time Reference
Systems

The positioning and timing accuracy provided by GPS moti-
vates precise reference systems for geodesy and time, mov-
ing these often-arcane topics from specialized fields to
widespread adoption. Section 3.3.1 described the geodetic
reference system used by GPS, while Section 3.3.2 addresses
the time reference system.

3.3.1 GPS Geodetic Reference System

The geodetic reference system used by GPS is called the
World Geodetic System (WGS) 84 [49, 50], and updated
per [51]. WGS 84 defines the surface of Earth as an ellip-
soid, or oblate spheroid, with coordinate origin located at
Earth’s center of mass. The nominal sea level surface at
any location is then defined by deviations from this ellip-
soid expressed as a spherical harmonics expansion.

WGS 84 closely corresponds to the International Terres-
trial Reference System (ITRS) maintained by the IERS [52],
and realized by the International Terrestrial Reference
Frame (ITRF). WGS 84 and the ITRS are consistent at
the 1 m level [53].

3.3.2 GPS Time Reference System

GPS time is provided by the US Naval Observatory
(USNO) [54]. The GPS epoch is midnight UT on 6 January
1980. It is not adjusted for leap seconds, and therefore dif-
fers from UTC by an integer number of seconds – 18 s as of
April 2017. GPS time resets to zero, or “rolls over,” every
1024 weeks after the GPS epoch in the legacy GPS signals
(C/A- and P(Y)-signals), and after 8192 weeks in the mod-
ernized GPS signals (L1C-, L2C-, L5-, and M-signals).

GPS system time is maintained by a “paper,” or com-
posite, clock, comprising frequency standards on all satel-
lites and monitor stations. System time is referenced to
the Master Clock maintained by USNO and steered to
UTC(USNO), and will not deviate by more than one μs
from UTC(USNO). The GPS data messages provide a con-
version from GPS system time to UTC(USNO); this con-
version consists of correcting for leap seconds in
UTC(USNO) as well as adjusting for small time
differences and rates of change between system time
and UTC. The conversion between GPS time and
UTC(USNO) is known at the UTC Offset Error, and is typ-
ically less than 10 ns RMS for the entire GPS constellation
over any given day.

Since other satnav systems employ their own system
times, GPS plans to broadcast the offset between GPS sys-
tem time and the system time for selected other satnav sys-
tems in the data messages for modernized GPS signals,
enabling receivers to compute blended PVT solutions
using measurements from single satellites from different
systems. Extensive work has been provided on the GPS-
Galileo time offset (GGTO), as described in [55].

3.4 GPS Services

GPS provides two services, the Standard Positioning Service
(SPS) and the Precise Positioning Service (PPS). The SPS
refers to the civilian, or open, GPS service, while PPS
describes the GPS service for authorized (typically military)
users. Both services are more than positioning services, also
providing time transfer and velocity. PPS may have been
called “precise” based on authorized receivers’ ability to
remove accuracy degradations from SA, employ dual-
frequency signals for ionosphere-free ranging, and use signals
with wider bandwidth spreading modulations. However,
none of these distinctions exist today, making the names of
these services anachronisms.

GPS Performance Standards (PSs) define the perfor-
mance of the broadcast signals in terms of accuracy, integ-
rity, continuity, and time accuracy. Received signal
performance is not specified; propagation effects (including
ionospheric delay model errors), user equipment effects,
and operator errors are not included. These PSs include
many different specifications.

The SPS PS [56] defines the performance that the US gov-
ernment commits to the SPS user community, and provides
a basis for certification of aviation receivers. The current
SPS PS applies only to the service provided by the GPS
C/A-signal.

The PPS PS [57] defines the performance that the US gov-
ernment commits to the PPS user community. The current
PPS PS applies only to the service provided by the GPS P(Y)-
signal. Some PPS receivers read and apply the Wide Area
GPS Enhancement (WAGE) NAV Message Corrections
Table (NMCT) data in the NAV message‚ while others
do not.

Some of the most fundamental specifications in the SPS
PS and PPS PS, which apply during normal operations (as
opposed to the rare extended operations that occur when
satellites are not uploaded regularly), are summarized in
Table 3.2. The PPS PS values in the table apply to dual-
frequency P(Y)-signal receivers.
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3.5 GPS Constellation Configuration

The baseline GPS constellation consists of 24 slots in six
orbital planes with four satellites per plane. Table 3.3
describes the baseline constellation using the same charac-
teristics defined in Table 2.1 in Chapter 2.

3.6 GPS Ground Segment
Configuration

The GPS ground segment consists of an MCS at Schriever
AFB, Colorado, and an alternate MCS (AMCS) at Vanden-
berg AFB, California, along with 15 monitor stations and
11 command and control ground antennas around the
world. Six of the monitor stations are operated by the US
Air Force, while nine others are operated by the National
Geospatial Intelligence Agency. Four of the command
and control ground antennas are known as ground anten-
nas, and are dedicated to GPS use. Eleven other command
and control ground antennas are part of the AFSCN, and
are also used for other Air Force space systems.
Figure 3.10 shows the geographical locations of elements
of the GPS ground segment.

3.7 GPS Signal Configuration

Modernized GPS provides eight signals, four reserved for
authorized military use on two carrier frequencies, and four
more civil, or open, signals on three carrier frequencies. Sig-
nals available for civil use are described in Interface Stan-
dards IS-GPS-200, IS-GPS-705, and IS-GPS-800 found at
[59]. Section 3.7.1 provides an overview of the GPS fre-
quency plan, while Section 3.7.2 summarizes GPS signal

characteristics and the mapping of signals to GPS services.
Section 3.7.3 summarizes the characteristics of the data
messages employed for each signal. Section 3.7.4 sum-
marizes the ionospheric model provided in GPS signals.

3.7.1 GPS Spectrum Plan

Figure 3.11 shows the three frequency bands occupied by
GPS navigation signals. They all fall within the RNSS bands
allocated by the ITU. Chapter 3 of [25] also describes con-
siderations involved in the choice of these frequencies,
bandwidths, and other signal characteristics. Table 3.4
summarizes these frequency bands.

Table 3.2 Fundamental GPS performance specifications, under normal operations

Characteristic Technical specification SPS value PPS value

Availability Global Average PDOP over Any 24 Hour Interval ≤60 (98%) ≤60 (98%)

Worst Site PDOP over Any 24 Hour Interval ≤60 (88%) ≤60 (88%)

Accuracy SISRE Global Average at Any Age of Data 12.8 m (95%) 12.8 m (95%) without WAGE
4.4 m (95%) with WAGE

Integrity Probability of the SIS Instantaneous URE or UTCOE Exceeding
Reported Tolerance without Timely Alert

10−5 None

Time to Alert Alarm or Warning when Signal Should Not Be Used 10 s 10 s

Continuity Probability over Any Hour of Not Losing Signal Availability
from a Defined Constellation Slot

0.9998 0.9998

Time Accuracy UTC Offset Error Global Average at Any AOD 40 ns (95%) 40 s (95%)

Table 3.3 Summary of nominal GPS baseline constellation

Total number of operational
satellites

24, but typically 30 or
31 over the past 15 years

Orbital altitude (km) 26,559.7

Orbital radius (km) 20,188.7

Orbit eccentricity 0

Orbital period: hour/minute/
second(sidereal days)

11/58/2 (1/2)

Time between ground track
repeats (sidereal days)

1

Walker constellation description N/A

Number of orbital planes 6

Number of satellites per plane 4 to 6

Separation of right ascending
nodes ( )

60

Inclination ( ) 55

Satellite speed (km/s) in ECI
coordinates

3.9

Maximum satellite speed (km/s)
in ECEF coordinates

3.2
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3.7.2 Signal Descriptions

GPS signals, their characteristics, and their processing are
extensively described in GPS Interface Specifications, com-
plemented by detailed descriptions and discussion in

numerous references including [25, 60]. Consequently, these
detailed descriptions are not repeated here. Table 3.5
provides a summary of the characteristics of different GPS
signals, using the same characteristics introduced in
Table 2.2 in Chapter 2.
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Figure 3.10 Geographical locations of GPS ground segment elements [58]. Source: Reproduced with permission of GPS.
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Figure 3.11 Frequency plan for GPS navigation signals [25]. Source: Reproduced with permission of John Wiley & Sons.

Table 3.4 GPS frequency band characteristics

Frequency band name Center frequency (MHz) Two-sided bandwidth (MHz) GPS signals in band

L1 1575.42 30.69 C/A, L1P(Y), L1M, L1C

L2 1227.60 30.69 L2P(Y), L2M, L2C

L5 1176.45 24.0 L5
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Table 3.5 Summary of GPS signal characteristics

Signal name C/A P(Y) M L1C L2C L5

Signal summary

GPS service SPS PPS PPS SPS SPS SPS

Interface specification or interface
control document

IS-GPS-200 IS-GPS-200 N/A IS-GPS-800 IS-GPS-200 IS-GPS-200

Satellites broadcasting signal All All IIR-M and After GPS III and After IIR-M and After IIF and After

Signal

Carrier Frequency (MHz) 1575.42 1575.42
1227.60

1575.42
1227.60

1575.42 1227.60 1176.45

Transmit bandwidth, two-sided (MHz) 30.69 30.69 30.69 30.69 30.69 24.0

Data and pilot combining N/A N/A Time division Code division Time division Phase division

Correlation loss (dB) 0.3a/ 0.6† 0.6 N/A 0.2 0.3a/0.6† 0.6

Specified minimum received total power in
all components (dBW)

−158.5 −161.5b N/A −157.0 −160.0a/−158.5b −154.9a/ −154.0b

Data component

Spreading modulation BPSK-R(1) BPSK-R(10) BOC(10,5) BOC(1,1) BPSK-R(1) BPSK-R(10)

Spreading code chip rate (Mcps) 1.023 10.23 2.5575 1.023 0.5115 10.23

Spreading code symbol duration (μs) 0.9775 0.09775 0.1955 0.9775 0.9775 0.09775

Spreading code type Gold Restricted Restricted Weil-based L2CM: Short-cycled
m- sequencec

L5

Spreading code duration (ms) 1 N/A N/A 10 20 1

Spreading code length (bits) 1023 N/A N/A 10230 10230 10230

Overlay code bit rate (bps) None None None 100 None 1000

Overlay code duration (s) None None None None None 0.01

Overlay code length (bits) None None None None None 10



Table 3.5 (Continued)

Signal name C/A P(Y) M L1C L2C L5

Data message bit rate (bps) 50 50 0/25/100 50 25 50

Data message symbol rate (sps) 50 50 0/50/200 100 50 100

Data fraction of power % 100 100 50 25 50 50

Pilot component None None

Spreading modulation BOC(10,5) TMBOC(6,1, 4/33) BPSK-R(1) BPSK-R(10)

Spreading code chip rate (Mcps) 2.5575 1.023 0.5115 10.23

Spreading code symbol duration (μs) 0.1955 0.9775 0.9775 0.09775

Spreading code type Restricted Weil-based L2CL: Short-cycled m-
sequencec

L5

Spreading code duration (ms) N/A 10 1500 1

Spreading code length (bits) N/A 10230 767250 10230

Overlay code bit rate (bps) None 100 None 1000

Overlay code length (bits) None 1800 None 20

Overlay code duration (s) None 18 None 0.02

Pilot fraction of power % 0 0 50 75 50 50

Notes:
aGPS III satellites.
bSatellites preceding GPS III.
cMaximal-length sequence.



3.7.3 GPS Data Message Summary

Table 3.6 summarizes each signal’s data message character-
istics, using the same characteristics introduced in Table 2.3
in Chapter 2. The characteristics of the M-signal’s data mes-
sage, denoted MNAV, are not in the public domain and
hence are not described here.

3.8 GPS Ionosphere Model

GPS’s model for ionospheric delay is documented in [61]. It
uses a single set of parameters all of Earth. The model
accounts for diurnal variation in electron density, as well
as the geomagnetic latitude of each “pierce point” – the pro-
jection onto Earth’s surface where a broadcast signal is esti-
mated to penetrate a shell that provides an idealized model
of the ionosphere’s layers. The Klobuchar model employs a
shell with an altitude of 350 km. The total electron count
(TEC) along the path between satellite and receiver is com-
puted using a slant factor that varies with the satellite

elevation angle from the receiver. The complexity of this
model was selected to remove 50% of the ionospheric error
in typical situations. The GPS control segment uploads new
ionosphere parameters at least every six days.

3.9 Other GPS Payloads

From the beginning, it was determined that GPS satellites
would carry nuclear detonation (NUDET) sensors (NDS) as
a secondary payload. NDS is intended to detect nuclear
weapon explosions [62]. The first GPS satellite to carry
an NDS payload was the sixth Block 1 satellite, launched
in 1980 [34]. All subsequent GPS satellites carry an NDS
payload, and GPS III satellites will host an updated design
[63].

After GPS III satellite 10, and perhaps as early as satellite
11, subsequent GPS satellites will also carry a Search and Res-
cue (SAR) payload [63–65]. This payload will receive UHF
signals from user terminals, and provide near-instantaneous

Table 3.6 Characteristics of GPS signal data messages

Signal name C/A P(Y) L1C L2C L5

Data message name LNAV LNAV CNAV-2 CNAV L5 CNAV

Message structure (fixed/flexible) Fixed Fixed Flexible Flexible Flexible

Message length (bits) 1500 1500 900 300 300

Message duration (s) 30 30 18 6 6

Forward error correction None None BCHa (51,8) for time of day,
½-rate LDPCb for other data

½-rate,
constraint
length 7

½-rate,
constraint
length 7

Error detection (32,26)
Hamming
Code

(32,26)
Hamming
Code

24 bit CRC 24 bit CRC 24 bit CRC

Repetition of clock corrections and
ephemeris (s)

30 30 18 48 24

Maximum broadcast interval for
ionospheric model (minutes)

750 750 Not Specified 288 144

Maximum broadcast interval for
UTC conversion

750 750 Not Specified 288 144

Maximum broadcast interval for time
offset to other satnav system times

None None Not Specified 288 144

Time rollover (weeks) 1024 1024 8192 8192 8192

Leap seconds included (yes/no) No No No No No

Clock correction and ephemeris
validity interval (min)

240 240 180 180 180

Typical message upload rate
(uploads/day)

2 2 2 2 2

Notes:
aBose, Chaudhuri, and Hocquenghem.
bLow density parity check.
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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 III 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].

3.10 Summary

As the first and still most widely used satnav system using
passive trilateration, GPS has a long history of developing
and fielding new technologies in satellites, signals, ground
segment, and receivers. The internationalization of satnav
started with worldwide use of GPS, resulting in billions of
GPS receivers in use worldwide. The resulting accurate
position and time – virtually anytime and anywhere – have
changed technologies, economies, and even societies.

Modernization of GPS is providing new levels of perfor-
mance that provide even greater benefits. New satellites,
newsignals,andanupdatedgroundsegmentarebeing fielded.

As other satnav systems are becoming operational, it is
increasingly common for user equipment to blend mea-
surements from the other systems with those from GPS.
Collaboration among those systems has led to compatibility
and interoperability that benefit users worldwide.
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4.1 GLONASS Overview

4.1.1 Timeline

Development of the GLONASS navigation satellite system
(GLObal NAvigation Satellite System) of the Russian Feder-
ation has more than a fifty-year history. It began with the
launch of the first artificial Earth satellite on 4 October 1957.

The full-scale development of the Russian navigation sat-
ellite system started in the mid-1960s, and in 1967 the first
Russian navigation satellite, Kosmos-192, was launched. In
1979, the Cicada navigation system consisting of four satel-
lites was introduced into service [1]. Navigation solutions in
the Cicada system were based on Doppler radio-frequency
shift measurements and therefore were not instantaneous
(there was a 5-6 delay with approximately 97 km accuracy).

Since the beginning of the 1970s, research was undertaken
to find a more general navigation method that would provide
an instantaneous position fix and velocity determination of
any moving object. Such a unique and universal method
turned out to be a passive temporal (or passive RF trilatera-
tion) method based on measurements of distances between a
navigation receiver and a group of satellites emitting simul-
taneously the control time tag. A number of theoretical,
experimental, and developmental efforts resulted in the con-
cept of the second-generation navigation satellite system
which later was called GLONASS and implemented to give
continuous global and instantaneous satellite navigation.

In December 1976, the Resolution of the USSR Council of
Ministers “On Deployment of the Single National Naviga-
tion Satellite System” was signed, and in September 1978
the system’s conceptual design research (CDR) was con-
ducted. Flight tests of GLONASS began in October 1982
with the launch of the Kosmos-1413 satellite.

The GLONASS system was adopted for trial operation in
1993 with 12 satellites in orbit [2]. In 1995, the full orbital
constellation (24 satellites) was deployed‚ and its full

operational capability was declared. GLONASS provides
continuous global navigation of all user types with different
levels of performance requirements by using standard and
high-accuracy signals with the availability of 95% for
18 satellites and 99.7% for 24 satellites in a constellation.

Dissolution of the Soviet Union and reduction in funding
for the space industry in 1990 led to degradation of the
GLONASS orbital constellation (OC) and system perfor-
mance. In order to preserve and revive the system, in
2000–2001 the President and the Government of the Rus-
sian Federation approved the dedicated program funding
for the GLONASS project [3].

Within the dedicated program funding‚ the following
actions were covered: R&D, ground testing and in-orbit val-
idation of prospective space vehicles (SVs); modernization
of the ground control complex; deployment of the OC suffi-
cient for provision of services to domestic and international
users; launch of GLONASS and its augmentations [4–9];
user equipment production; introduction of high-precision
differential navigation capabilities in airports, sea and river
ports, urban transport systems in large cities, transport
terminals andmotor roads inRussia, aswell as inall transport
facilities dealing with trans-border traffic; creation of a prin-
cipally new national system of geodetic support in compli-
ance with the international standards and economic needs.

With the adoption of the dedicated program funding, the
GLONASS modernization R&D started. In 2011, the pri-
mary objective of the first stage of the program, GLONASS
operational capability, was fully achieved:

1) Full OC of 24 satellites on nominal positions was
deployed.

2) GLONASS accuracy achieved was better than the initial
requirements by an order of magnitude.

3) A basis was laid for R&D on further GLONASS develop-
ment (new satellites, new capabilities, new signals,
increased navigation accuracy).
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4) The GLONASS system achieved international recogni-
tion. Almost every navigation equipment manufacturer
incorporates GLONASS in their products.

Today, GLONASS is open to international cooperation.
GLONASS transmits open service navigation radio signals
available to all civil users without any restrictions [10]. The
use of civil signals is free of charge, and their technical char-
acteristics are available to users and receiver manufac-
turers; there is no selective availability for open service
signals.

The organization responsible for the development and
use of GLONASS is Roscosmos [11], which was reorganized
into the State Corporation for Space Activities in 2015 as
part of a comprehensive reform of the Russian rocket
and space industry and to ensure the unification and utili-
zation of unique expertise in space activities. Table 4.1 sum-
marizes the main stages of GLONASS development.

4.1.2 Space Segment Development

Glonass satellites are the core element of the GLONASS
system [14], and they perform the following functions:

1) They generate and broadcast navigation signals, which
form a continuous global radio navigation field.

2) They facilitate operation of onboard mission equipment,
command and control of onboard systems, including
service systems (propulsion, attitude control, power,
thermal control) and the satellite platform. The compo-
sition of onboard equipment and the technical baseline
design depend on the satellite type.

GLONASS employs the following types of satellites: Glo-
nass, Glonass-M, Glonass-K, Glonass-K2, and Etalon.
These satellites differ in functional capabilities, hardware,
performance‚ and lifetime. General information on space
segment development as well as on Glonass satellites can
be found in [15, 16]. Figure 4.1 shows the general view of
these satellites. A brief summary of Glonass satellites is pre-
sented below.

4.1.2.1 Glonass Satellite

Glonass satellites were used from 1982 to 2009. Glonass sat-
ellite characteristics are shown in Table 4.2. There are no
Glonass satellites left in the current OC. The last Glonass
satellite was decommissioned from the orbital slot 4
in 2009.

4.1.2.2 Glonass-M Satellite

In comparison with the Glonass satellite, Glonass-M has
better performance and a longer operational lifetime. The
onboard mission equipment has been modernized. Most
important, the navigation radio signal has been improved:

1) Frequency bands shifted to the left: L1 = (1598.0625 to
1605.375) ± 5.11MHz, L2 = (1242.9375 to 1248.625) ±
5.11MHz.

2) Transmission power increased twofold in the L2 fre-
quency band.

3) Rejector filters were installed that reduced out-of-band
emission in frequency bands (1610.6–1613.8) MHz and
(1660.0–1670.0) MHz up to the level specified in the
recommendations of 769 CCIR (ITU-R).

Table 4.1 Main stages of GLONASS development

1976 Resolution of the USSR Council of Ministers “On Deployment of the Single National Navigation Satellite System” adopted.

1978 GLONASS CDR conducted with Scientific and Production Association of Applied Mechanics or NPO PM (“Nauchno-
proizvodstvennoe objedinenie prikladnoi mechaniki” in Russian) [12] as the prime contractor.

1982 Launch of the first Glonass satellite No. 11L and two mass-dimensional evaluation models Glonass-MDE (mass-
dimensional equivalent). The next six launches included two operational satellites and a mass-dimensional equivalent
each.

1986 Three operational satellites launched at a time.

1989 Etalon passive geodetic satellites used for validating Earth’s gravitational field parameters and their impact on GLONASS
orbits launched together with two Glonass satellites.

1993 First phase of GLONASS deployment completed with 12 operational satellites (IOC). Satellite lifetime – 3 years.

1995 Deployment of the operational system constellation completed with the 27th launch of Proton-K with three Glonass
satellites. Constellation included 24 operational satellites and 1 spare satellite.

2003 Launch of a new generation Glonass-M satellite with a 7-year lifetime, start of in-orbit validation (IOV).

2011 Recovery of the full constellation (24 satellites).

2011 Launch and IOV of the Glonass-K new generation satellite.

2012 –
2020

Further development and modernization of GLONASS under the Federal Program “GLONASS Sustainment, Development
and Use 2012-2020” approved by the Government Resolution No 189 of March 3, 2012 [13].
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4) At L1 and L2 frequencies, two-component signals
(standard positioning and precise positioning signals)
are transmitted containing digital data and ranging
codes for range measurements. Also, navigation radio
signal information capability has been improved due
to additional data broadcast in spare bits of frames,
including

• GPS and GLONASS time scale offset

• Frame validity attribute (transmitted with a resolu-
tion of 4 s)

• Attribute of scheduled second correction of UTC-UT1
scale (8 weeks prior to the correction)

• Orbit and clock data age

Through the use of cesium atomic beam tubes with high-
precision thermal stabilization, the relative frequency insta-
bility of navigation signals is reduced to 1×10−13. By improv-
ing the orientation accuracy of the solar panels, the level of
unaccounted active forces affecting the satellite is lowered
(the Sun orientation error can be reduced from ±2 to ±1 ).

Onboard control and command equipment is based on
the onboard digital computer providing a data link with
the equipment, enabling command, diagnostics, crosslink
data processing, and generating orbit and clock data.

The principles of construction and operation of support
systems are retained, but the instrument composition,
design‚ and specifications have been changed. This led to

Glonass Glonass-M Glonass-K Glonass-K2 Etalon

Figure 4.1 General views of Glonass, Glonass-M, Glonass-K, Glonass-K2, and Etalon satellites.

Table 4.2 Glonass satellite characteristics

Parameter Value

Design lifetime (year) 3

Mass (kg) 1,415

System power (W) 1,000

Orientation error (degree) ±0.5 (Earth)

±5 (Sun)

Solar array (m2) 24

Onboard clock stability 5×10−13

Signals FDMA: L1OF; L1SF; L2SF

Effective isotropic radiated power of navigation signal (dBW) in ±15 angles 27 (F1), 19 (F2)

in 0 angles 25 (F1), 19 (F2)

Frequency standard thermal control range ( С) (15…30)±5

Thrust (N) 5 (correction)

0.1 (orientation)

Total pulse for correction (N) 90,000

Solar array power (W) 1,600

Ni-H batteries capacity (W/hour) 1,800

Thermal control range ( С) Onboard clocks (15–30)±5

Gas in thermal container 0–40

Power consumption (W) 1,000
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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 (IOV) 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-М satellite No. 55 transmits the L3OC (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

Table 4.3 Glonass-M satellite characteristics

Parameter Value

Design lifetime (year) 7

Mass (kg) 1415

System power (W) 1450

Orientation error (degree) ±0.5 (Earth)

±2 (Sun) with possibility of reducing to ±1

Solar array (m2) 32

Effective isotropic radiated power of navigation signal (dBW) in ±19 angles 26(F1), 21(F2)

in ±15 angles 30(F1), 23(F2)

in 0 angle 28(F1), 21(F2)

Onboard clock stability 1×10−13

Navigation radio signals FDMA: L1OF; L1SF; L2OF; L2SF

CDMA: ( No. 55 on): L3OС

Frequency Standard Thermal control range ( С) (15–30)±1

Thrust (N) 5 (correction)

0.1 (orientation)

Total pulse for correction (N) 45000

Solar array power (W) 2200

NiH2 batteries capacity (W/hour) 2300

Thermal control range ( С) Onboard clock (15–30)±1

Gas in thermal container 0–40

Power consumption (W) 1270
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intersatellite measurement equipment will also be used for
other purposes, such as

• Achieving and maintaining the required accuracy of the
GLONASS orbits and clocks

• Setting up mutual measurements and data exchange
between all the satellites in the constellation to update
ephemeris and clock corrections

The intersatellite laser navigation and communication
system was developed to improve orbit determination
and clock synchronization of GLONASS in autonomous
mode. This will precondition the substantial improvement
of GLONASS performance during operation to enhance the
system’s competitiveness. The intersatellite laser naviga-
tion and communication will start operating on the next-
generation GLONASS [18].

4.1.2.3 Glonass-K satellite

The Glonass-K satellite has the following distinctive fea-
tures in comparison with the Glonass-M satellite:

• A third frequency in the L band for testing new CDMA
navigation signals

• Increased operational lifetime (up to 10 years)

• Reduced mass (up to 1000 kg)

• Intersatellite link in the radio-frequency region

• Search and rescue payload

• Measures to mitigate the impact of unmodeled forces

• Unpressurized instrument section

The Glonass-K satellite bus is based on a box-like,
unpressurized instrument section made of honeycomb
panels. All instruments are located on the inner sides of
the honeycomb panels which at the same time are thermal
radiators. The thermal regime of the instruments is sup-
ported in a passive way – by direct discharge to the sur-
rounding space of the heat from the instruments through
the honeycomb panels. To mitigate overcooling, insulation,
electric heaters, and heat pipes are used. For atomic fre-
quency standards, the local thermal precision stabilization
of the radiators is maintained with controlled heaters in the
range of ±0.5 С.

In nominal mode‚ the continuous orientation of the sat-
ellite to Earth (the longitudinal axis of the satellite with
antennas) and to the Sun (solar panels), and the periodic
orientation along the velocity vector are maintained. How-
ever, at the time of orientation along the velocity vector, ori-
entation to the Sun stops. Orientation is provided by electric
reaction wheels, periodically discharged by electromagnets.

The attitude control system of Glonass-K is similar to that
of Glonass-M and is used to generate control moments for
implementation of initial orientation regimes and output-
ting correction pulses to bring the satellite into a slot, to

maintain the slot, and to transfer the satellite to a different
slot. The propulsion tank is mounted close to the center of
mass of the satellite inside the unpressurized instrument
section. High accuracy of correction pulses in the course
of bringing the satellite to a given slot allows the satellite
to be maintained in the prescribed position in terms of lat-
itude, without corrections during the whole operation
period.

The power system based on NiH2 batteries and GaAs
solar arrays constantly supplies power for onboard equip-
ment with a constant stable voltage of 27 V and power of
1600 W on both shaded and solar orbits. The onboard con-
trol and command equipment is based on the onboard dig-
ital computer providing a data link with the equipment,
enabling command, diagnostics, crosslink data processing,
and generating orbit and clock data. The first launch of Glo-
nass-K was a single launch from Plesetsk with a Soyuz-2.1b
launcher with a Fregat upper stage on 26 February 2011.
The technical characteristics of Glonass-K are presented
in Table 4.4.

4.1.2.4 Glonass-K2 Satellite

The next family of satellites under development is Glonass-
K2. In comparison with Glonass-K, Glonass-K2 has been
modernized with four new signals. The technical character-
istics of Glonass-K2 are presented in Table 4.5. The Glo-
nass-K2 satellite, which is being created in the second
phase of GLONASS system modernization, will have the
following distinctive features compared to the Glonass-K1
satellite:

• Additional onboard mission equipment for CDMA signal
in L band for separate additional antenna

• More space is provided for various additional payloads

The Glonass-K2 satellite bus is based on a box-like,
unpressurized instrument section made of honeycomb
panels that differs fundamentally from the one used for
Glonass-K1 in terms of the antenna system. Onboard
equipment buildup principles used are similar to Glo-
nass-K1. In the next phase, a single antenna is planned
for FDMA and CDMA signals with corresponding changes
of the satellite bus, but leaving the mass and system power
values the same.

4.1.2.5 Etalon Passive Satellite

Etalon satellites were designed to validate the geopotential
model for GLONASS orbits. It implements only optical
(laser) ranging. The Etalon satellite is a heavy, ball-shaped
body. Its outer surface is covered with prismatic reflectors
(used to reflect laser beams) with light-diffusing surface
material between them so that they can be observed
through a telescope from the reflected rays of the Sun.
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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.

• Proton-М

The Proton-M launcher consists of three stages
connected to each other by a tandem scheme with lateral
graduation. Two-component liquid-propellant nitrogen
tetroxide + UDMH rocket engines operating through a
closed-loop scheme are installed at all stages of launch
vehicles (LVs). DM and Briz-M upper stages are used
to bring payloads to high orbits.

• Soyuz-2

Currently, Soyuz 2.1b is undergoing flight tests. To
expanding the range of target orbits in terms of altitudes
and inclinations, the Fregat upper stage was developed by

Table 4.5 Technical baseline of Glonass-K2 satellite

Parameter Value

Design lifetime (year) 10

Mass (kg) 1645

System power (W) 4370

Orientation error (degree) ±0.25 (Earth)

±1 (Sun)

Solar array (m2) 33.84

Onboard clock stability 1×10−14–5×10−15

Frequency standard thermal
control range ( С)

(15–20)±0,1

Navigation radio signals FDMA: L1OF; L1SF;
L2OF; L2SF

CDMA: L1OC; L1SC;
L2SC; L3OС

Table 4.4 Technical characteristics of Glonass-K satellite

Parameter Value

Design lifetime (years) 10

Mass (kg) 935

System power (W) 1600

Orientation error (degree) ±0.5 (Earth)

±1 (Sun)

Solar array (m2) 17

Onboard clock stability At least 5×10−14

Navigation radio signals FDMA: L1OF; L1SF; L2OF; L2SF

CDMA: L3OС

Effective isotropic radiated power of navigation signal (dBW) in ±19 angles 26 (F1), 21 (F2, F3)

in ±15 angles 30 (F1), 23 (F2, F3)

in 0 angle 28 (F1), 21 (F2, F3)

Total pulse for correction (N) 45,000

Solar array power (W) 2,750

NiH2 batteries capacity (W/hour) 2,800

Frequency Standard Thermal control range ( С) Onboard clock (15–20)±0.5

Gas in thermal container −20 to 50

Power consumption (W) 1400
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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.

• Angara-А5

The Angara-A5 is a future heavy class launcher. It is
intended for launching payloads into high orbits together
with upper stage DM-03A, Briz-M, and KVTK. The first
launch of LV Angara-A5 took place in 2014. Current

projections are that the LV Angara-A5 together with
upper stage DM-03A could ensure a launch into orbit
of a Glonass payload weighing 6.9 tonnes and with an
upper stage KVTK, an 8.3 tonne payload. Table 4.7
demonstrates the capabilities of existing and future LVs
for the SV of the GLONASS system. Angara-А5 is a future
heavy class launcher.

4.1.3 Development of Ground Segment

Ground Control Segment (GCS) Development plans before
2020 involve all basic GCS elements for the purpose of their
performance improvement, including modernization of
passive measuring and computing stations, main master
clock, inserting measurement stations, and network exten-
sion of laser ranging stations. The modernized GCS will
additionally include the following:

• Onboard Intersatellite Measurement Equipment (OIME)
Ground Control Loop providing orbit and clock data
insertion to navigation satellite

• Passive Measurement Stations Network (PMS) for oper-
ational orbit and clock data as a part of GCS for increas-
ing accuracy and integrity

4.1.4 Development of User Equipment Segment

User equipment performs passive measurements of pseu-
doranges and pseudorange rate of four (three) GLONASS
satellites as well as receives and processes navigation mes-
sages contained within navigation signals of the satellites.
The navigation message describes the position of the satel-
lites both in space and in time. Combined processing of the
measurements and the navigation messages of the four
(three) GLONASS satellites allows the user to determine
three (two) position coordinates, three (two) velocity vector
constituents, and to reference the user time scale to the
National Reference of Coordinated Universal Time UTC
(SU). A more detailed user equipment description is outside
the scope of this chapter.

Table 4.6 Specifications of Etalon satellite

Specification Value

Effective area (m) 0.010 ±0.0016

Angular divergence of the pattern
(at the level 0.5) (angular sec)

8.6

Distance from geometric left to
surface of maximum reflection (mm)

558 ± 44

Satellite mass (kg) 1344.5 ±0.8

Satellite diameter (mm) 1294

Center of mass offset from geometric
left of sphere (mm)

1.2

Maximum visual magnitude +11.5

Proton-M

Soyuz-2.1b

Angara-A5

Figure 4.2 General views of Glonass satellite launch vehicles.

Table 4.7 Capabilities of existing and future LVs

LV Upper stage rocket
Payload (ton) on GLONASS orbit
(Нкр=19,100 km, i=64.8º) Launch complex Operational period

Soyuz-2.1b Fregat 1.7 / 1.8 Plesetsk/Baikonur 2011–2030

Proton-М DМ-03 5.0–5.6 Baikonur 2005–2020

Angara-А5 DМ-03-II а
KVTK

6.9
8.3

Plesetsk 2015–2030
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4.2 GLONASS Reference Frames and
Time Reference

4.2.1 Reference Frames

On 28 December 2012, the Russian Federation Government
Regulation No. 1463 “About National Reference Frames”
was passed declaring the following reference frames as
national:

• Geodetic Reference Frame 2011 (GSK-2011 [19]) for geo-
detic and map-making purposes

• Geocentric Reference Frame “Earth parameters 1990”
(PZ-90.11 [20, 21]) for orbital flights and geodetic provi-
sion of navigation tasks

Table 4.8 contains fundamental geodetic constants and
Earth ellipsoid parameters that are used in the national ref-
erence frames [22].

4.2.2 Time Scales

A GLONASS time scale description is available in [23–27].
GLONASS Central Synchronizers (CSs) generate a system
time scale. The system time scale is based on the UTC ref-
erence time scale (national time scale UTC(SU)). The differ-
ence in integer seconds against the Glonass reference time
scale is a constant 3 h difference: tGLONASS = UTC
(SU) + 10800 (s). The maximum difference in seconds
(modulo 1 s) against the reference time scale is 1 ms. There
are two steps involved in converting GLONASS time to

UTC: from Glonass satellite time to system time, then from
system time to UTC. These two steps are summar-
ized below.

4.2.2.1 Glonass Satellite Time to System Time

Corrections to transform Glonass satellite time into the sys-
tem time scale are included:

• As part of L1, L2 FDMA signals, τn(tb) and γn(tb) on
30 min range of the predicted interval

• As part of L1, L3 CDMA signals, τ j(tb), γ j(tb) and β j(tb) on
the predicted interval range multiple of 90 s

Types of corrections, including relativistic correction:

• Linear model parameters for L1, L2 FDMA signals

• Quadratic model parameters for L1, L3 CDMA signals

The influence of relativistic effects is considered when
making corrections to transform satellite time to system
time scale. The root-mean-square error of the satellite time
reference to the system time scale is 5.6 ns. The following
corrections are included in the transmitted navigation
message:

• For L1, L2 FDMA signals: τn(tb) – 4th string of navigation
frame, bits 59–80; γn(tb) – 3rd string of navigation frame,
bits 69–79

• For L1 CDMA signals: τ j(tb) – digital data (DD) Type
10 string, bits 116–147; β j(tb) – DD string Type 10, bits
148–166; β j(tb) – DD string Type 10, bits 167–181

Table 4.8 Fundamental geodetic constants and Earth ellipsoid parameters used in national reference frames

Parameter Notation Unit Value

I. Geodetic Reference Frame 2011 (GSK-2011)
1. Fundamental geodetic constants

Earth’ geocentric gravity constant (taking atmosphere into account) fM km3/s2 398600.4415

Earth angular velocity ω rad/s 7.292115×10−5

2. Terrestrial ellipsoid parameters (with geoleft as datum point). Terrestrial ellipsoid with rotation axis coinciding with Z axis of a
Geodetic Reference Frame (GSK-2011) is taken as the reference ellipsoid.

Major equatorial axis a m 6378136.5

Flattering factor α — 1/298.2564151

II. Geocentric Reference Frame «Earth parameters 1990» (PZ-90.11)
3. Fundamental geodetic constants

Earth’s geocentric gravity constant (taking atmosphere into account) fM km3/s2 398600.4418

Earth angular velocity ω rad/s 7.292115×10−5

4. Terrestrial ellipsoid parameters (with geoleft as datum point). Terrestrial ellipsoid with rotation axis coinciding with the Z axis of a
Geocentric Reference Frame “Earth parameters 1990” (PZ-90.11) is taken as the reference ellipsoid.

Major equatorial axis а m 6378136

Flattering factor α — 1/298.25784
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• For L3 CDMA signals: τ j(tb) – DD Type 10 string, bits
123–154; γ j(tb) – DD string Type 10, bits 155–173;
β j(tb) – DD string Type 10, bits 174–188

Equations to correct the satellite time scale by the system
time scale:

• By L1, L2 FDMA signals: tGLONASS = t + τn(tb) −

γn(tb)(t − tb)

• By L1, L3 CDMA signals:
tGLONASS = mod86400[t

j + τj(tb) − γj(tb) (tj − tb) −

βj(tb) (tj − tb)
2]

The symbols used in the above equations:

t: signal broadcast time on satellite time scale
τn(tb): difference of SV number n time scale against GLO-

NASS system time scale at tb
γn(tb): relative difference between SV n transmitted carrier

frequency and nominal value at tb
t j: signal emission time on satellite time scale
τ j(tb): difference of SV j time scale against GLONASS sys-

tem time scale at tb
γ j(tb): relative difference between SV j transmitted carrier

frequency and nominal value at tb
β j(tb): half-drift of relative difference between SV j transmit-

ted carrier frequency and nominal value at tb

4.2.2.2 GLONASS System Time to UTC

Corrections to transform GLONASS system time to
UTC(SU) reference time are included:

• As part of L1, L2 FDMA signals – τc on 30 min predictive
interval range

• As part of L1, L3 CDMA signals – τc(tb), τc tb on predic-
tive interval range multiple of 90 s

Type of the given corrections:

• For L1, L2 FDMA signals – constant

• For L1, L3 CDMA signals – linear model parameters

The error of GLONASS system scale reference to
UTC(SU) is less than 1 ms. Corrections in transmitted
messages:

• For L1, L2 FDMA signals: τc– 5th string of navigation
frame, bits 38–69

• For L1 CDMA signals: τc(tb) – DD string Type 10, bits
182–221; τc tb – DD string Type 10, bits 222–234

• For L3 CDMA signals: τc(tb) – DD string Type 10, bits
189–228; τc tb – DD string Type 10, bits 229–241

Equations for transition from system time scale to refer-
ence time scale:

• By L1, L2 FDMA signals: tUTC(SU) = tGLONASS −

03h00m + τc

• By L1, L3 CDMA signals: tUTC SU = mod86400 tGLONASS

+ τc tb + τc tb × t − tb 10800s

The symbols used in the above equations:

τc: correction to GLONASS system time scale
against UTC(SU)

τc(tb):correction to GLONASS system time scale against
UTC(SU) at tb

τc tb : correction time rate to GLONASS system time scale
against UTC(SU) at tb

4.2.2.3 GLONASS System Time Stability and Time
Scale Difference with Other Global Navigation Satellite
Systems (GNSSs)

The required stability of the system time scale is determined
by the CS characteristics. The required stability of the
reference time scale is determined by characteristics of
the Main Time and Frequency Standard. The required sta-
bility of the satellite clock is 1×10−13 with a time measure of
24 h (σy(τ), τ =24 h).

It is possible to transmit corrections pertaining to the dif-
ference between the GLONASS system time scale and the
other GNSS time scales (GGTO corrections):

• Systems where GGTO corrections are transmitted: GPS –
correction τGPS is transmitted as part of SV signals.

• Type of given corrections: The correction τGPS is the frac-
tional part of the difference of the GPS system time scale
against the GLONASS system time scale. The user deter-
mines the integer part of the difference from GPS naviga-
tion messages.

• The given accuracy of correction (if such data is availa-
ble): Better than 30 ns (root-mean-square).

• Correction position (if such data is available): better than
30 ns (root-mean-square).

• Correction position in the transmitted messages: for L1,
L2 FDMA signals (τGPS – 5th string of navigation frame,
bits 10–31); for L1 CDMA signals (τGPS– DD string Type
12, bits 197–226); for L3 CDMA signals (τGPS– DD string
Type 12, bits 195–224).

• Equations to use the corrections transmitted in naviga-
tion messages: TGPS − TGL = ΔT + τGPS, where ΔT is
the integer part of the difference of GPS system time scale
against GLONASS.

GLONASS CSs are located on two points of a monitor and
control subsystem. Each CS contains the set of hydrogen fre-
quency standards with a daily stability of no more than
2×10−15. One CS is the main unit, and the other one is the
backup unit. The system time scale is generated based on
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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).

4.3 GLONASS Services

Today the main direction of GLONASS development is
increasing service quality and new service creation rather
than improvement of system characteristics. The current
GLONASS provides the following navigation services:

• Basic authorized access service (absolute navigation
mode by secured CDMA measurements)

• Basic open access service (absolute navigation by open
CDMA measurements)

Characteristics of basic open access services for dual-
frequency service (at the approval stage) are defined in
GLONASS Open Service Performance Standard [28, 29].
Table 4.9 lists the main characteristics.

The system of global precise positioning in real-time
(GPPS) for civil users implementing Precise Point Position-
ing (PPP) is currently being developed. Accuracy character-
istics of the provided service should ensure user positioning
accuracy of 0.1 m and 0.02 m in the post-processing mode.
The development of a national positioning, navigation, and
timing (PNT) system of the Russian Federation which com-
bines different means of navigation has been underway
since 2004 [30]. It will help to solve potential problems
when using only GNSS.

4.4 OC Configuration

In accordance with its mission, GLONASS comprises a
spacecraft (navigation satellites) subsystem, which is basi-
cally an OC of 24 satellites. The satellites emit radio

navigation signals to form a continuous radio navigation
field on Earth’s surface and in circumterrestrial space,
which is used for navigation by different groups of users.
GLONASS’ nominal constellation’ scheme is shown on
Figure 4.3.

The GLONASS OC structure is selected so that for any
place on Earth’s surface and in circumterrestrial space at
least four satellites are visible to the user‚ and their rel-
ative position and signals performance provide the pos-
sibility of PNT measurements with the required
characteristics.

GLONASS satellites are placed on near-circular orbits at
a height of 18,840 to 19,440 km (the nominal orbital height
is 19,100 km). That qualifies GLONASS as a medium-
altitude (MEO) GNSS. The nominal values of other orbital
parameters are listed in Table 4.11.

For best coverage, GLONASS adopts a Walker 24/3/1
constellation geometry [31]. The ascending node
between each orbital plane is 120 . The full nominal
constellation includes eight equally spaced satellites in
each plane (each with a true anomaly shifted by 45 ).
Satellites in adjacent planes are each shifted from
the true anomaly by 15 . Orbital planes are numbered
in the direction of Earth’s rotation, and the satellites’
orbit positions for point-in-time (the so-called orbit
operating points or orbital slots) are numbered
opposite to the direction of satellites’ motion. Satellites
in orbital slots are often marked with corresponding
system numbers that are aligned with their correspond-
ing position numbers despite the known uncertainty of
this term. Satellites with system numbers from 1 to 8
are located in the first, from 9 to 16 in the second,
and from 17 to 24 in the third orbital plane. The
GLONASS OC status on 26 July 2019 is shown in
Table 4.10 [32]. Figure 4.4 shows the satellites’
distribution by orbital planes and orbital slots on 26 July
2019.

With the full OC, the repetition interval of satellite
ground tracks and radio coverage zones for ground users
is 17 orbit passes (7 days 23 h 27 min 28 s). Therefore, GLO-
NASS satellites have no resonance with the rotation of
Earth. The orbital period is selected so that satellites make
17 full orbital passes around Earth for eight equinoctial
days (approximately eight constituent days). Furthermore,
the beginning of each orbit is shifting in reference to the
Earth surface. Every eight days a satellite is passing over
the same point on Earth’s surface. Due to shifting in orbital
planes, all the satellites are moving relatively to Earth’s sur-
face practically along the same ground tracks. This design
provides a precise determination of satellite orbits and
Earth’s rotation parameters with the use of the
regional GCS.
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Table 4.9 Main characteristics of GLONASS Open Service Performance Standard

No Characteristic Value

1 Constellation coverage 100% up to 2000 km

2 Per-slot coverage 100% in cone up to 2000 km

3 95% Global Average SIS URE of any satellite on 30-day interval 11.7 m

4 95% Global Average SIS URE over all satellites on 24-h interval 7.8 m

7 Global average reliability for each SV on 1-year interval with daily averaging 99.37% 18 m level

8 Worst-case single point reliability for each SV on 1-year interval with daily averaging 99.14%18 m kevel

9 95% Global Average SIS URRE for each SV on ergodic interval 0.014 m/s

10 95% Global Average SIS URAE for each SV on ergodic interval 0.005 m/s2

11 95% Global Average UTCOE for each SV on ergodic interval 40 ns

12 Major Service Failure due to single independent failure (Psat), 1-year interval 1×10−4 70 m level

13 Major Service Failure of two or more satellites (Pconst) , 1-year interval 1×10−4 70 m level

14 SIS continuity average on OC within an hour on 1-year interval 0.998

15 Per-slot availability average on OC on 1-year interval 0.95

16 Constellation availability on 1-year interval 0.98

17 Global position dilution of precision (PDOP) availability 0.98

18 Worst site PDOP availability 0.88

19 Global average 95% horizontal positioning error 5 m

20 Global average 95% vertical positioning error 9 m

21 Worst site 95% horizontal positioning error 12 m

22 Worst site 95% vertical positioning error 25 m

23 Global average 95% time transfer error 40 ns

24 Horizontal service availability, average location 99%, 12 m level (95%)

25 Vertical service availability, average location 99%, 25 m level (95%)

26 Horizontal service availability, average location 90%, 12 m level (95%)

27 Vertical service availability, average location 90%, 25 m level (95%)

Source: From [29] https://www.glonass-iac.ru/GLONASS/documents.php

Figure 4.3 GLONASS nominal constellation scheme.

Table 4.10 GLONASS OC status as of 26 July 2019

Satellites in constellation, in total 27

Operational 24

In commissioning phase —

In maintenance —

Under check by the Satellite Prime Contractor —

Spares 2

In �ight tests phase 1

SV Glonass-M 24

SV Glonass-K 1
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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 0.59251×10−3 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:

• Insertion of a satellite into orbit after separation from the
upper stage with a duration of 5 to 12 orbits; onboard sys-
tems checkup

• Bringing and placing a satellite into a system slot with a
predetermined orbital period and angular position in a
system plane (the phase duration is from one week to
one month and depends on the angular position of a sat-
ellite at the insertion point and the system slot)

• Nominal satellite operation

• Temporal decommissioning (for instance‚ during main-
tenance or recovery operations initiated by ground con-
trol commands)

The main GLONASS system parameters are listed in
Table 4.11.

4.5 GCS Configuration

The GCS performs the functions of operation control of
SVs, correction of continuous orbit and clock parameters,
and delivery of temporal programs, control commands,
and navigation data to SVs. Major components of the GLO-
NASS GCS are the GLONASS System Control Center
(SCC), CS, commanding measurement stations (CMSs),
inserting measurement stations (IMSs), passive measuring
and computing stations (PMCSs), laser ranging stations
(LRSs), and Ground Optical Laser Ranging Sys-
tem (GOLRS).

The GLONASS SCC conducts the planning and coordina-
tion of all GCS elements. The CS forms the GLONASS time
scale used for synchronization of the GLONASS system
processes. It includes a group of hydrogen frequency stan-
dards. CMS performs some control functions in addition to
SV control and telemetry data receiving. The PMCS collects
measurement data and provides a navigation solution.
PMCSs are generally collocated with IMSs. The LRSs are
designed for periodic tuning of radio-technical range mea-
suring links with a laser ranging device. Special laser reflec-
tors are mounted on each satellite for that purpose. The LRS
implementation provides precise orbit determination of
GLONASS SVs.

The following actions are taken for GLONASS perfor-
mance evaluation: onboard equipment testing, navigation
solution accuracy, and data evaluation of SVs’ navigation
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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.

4.6 Signals

4.6.1 Current GLONASS Signals

The existing GLONASS constellation comprises Glonass-M
and Glonass-K satellites broadcasting five navigation sig-
nals (their spectral characteristics are presented in
Figure 4.5):

• L1OF open FDMA signal in L1

• L2OF open FDMA signal in L2

• L1SF secured FDMA signal in L1

• L2SF secured FDMA signal in L2

• L3OC open CDMA signal in L3

The signal’s ICDs are officially available in [33–37].

4.6.2 Broadcast Signals’ Characteristics

L1OF and L2OF signals are generated onboard the Glonass
satellites on 17 reconfigurable carrier frequencies marked
by numbers k= −7, −6, …, 0, …, +6 (with the possibility
of marking up to k = +9 for secured signals). Nominal car-
rier frequencies on L1 and L2 are defined by the following

correlation: f L1
k = 1602 0 + k × 0 5625 (MHz) and

f L2
k = 7

9 f L1
k = 1246 0 + k × 0 4375 (MHz).

The L3OC signal is transmitted at 1202.25 MHz using
BPSK(10) modulation for the pilot and data signal: its pseu-
dorange code is broadcast at the rate of 10.23 million chips
per second and modulated using QPSK. The data compo-
nent is additionally modulated by a 5-bit Barker code, while
the pilot component is modulated by a 10-bit Neuman–
Hoffman code.

Each 1,500-bit frame is transmitted for 15 s and includes
five text lines of 300 bits (3 s) each; each frame includes the
current satellite’s ephemeris and a part of the system alma-
nac for three satellites. Every 12,000-bit superframe com-
prises 8 frames; so getting an almanac takes 120 s
(2 min); in the future the superframe may be extended to
include 10 frames or 15,000 bits (150 s or 2.5 min for trans-
mission) in order to support a 30-satellite constellation. The
system time is included in each line; the UTC coordination
second is taken either with an extension (filled with

Table 4.11 Main GLONASS system parameters

Parameter Value

Number of navigation
satellites

24

Orbital planes 3

Navigation satellites in each
orbital plane

8

Orbit type Near-circular (ε=0±0.01)

Orbital height (km) 19100

Orbital inclination (degree) 64.8±0.3

Navigation satellites orbital
period

11 h 15 min 44 s ±5 s

Signals division type Frequency, code

Navigation signal
carrier frequencies
(MHz)

L1 1598.0625 to 1609.3125

L2 1242.9375 to 1251.6875

L3 1202.25

Range-measurement code
(or its piece) repetition
interval

1 ms

Range-measurement code
clock frequency (MHz)

0.511

Digit rate (bit/s) 50

Superframe duration (min) 2.5

Number of frames in a
superframe

5

Frame strings 15

Time scale UTC (SU)

Coordinate system GSK-2011: for geodetic and
map-making purposes
PZ-90.11: for orbital flights and
navigation tasks geodetic
provision

Ephemeris type Geocentric coordinates and
their derivatives

L3 1202.025 L2 1247.3125

L1 1603.6875

ΓЛOHACC

ΠTΠT

CT CT

Figure 4.5 Current GLONASS signals’ spectral characteristics.
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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.

4.6.3 Navigation Message Structure

The current structure of the navigation message for FDMA
signals is shown in Figure 4.6.

At the moment, an experiment on studying the possibility
of including 30 satellites in the almanac is being carried out.
Based on the results of the experiment, the decision on
modernization of the existing structure of the navigation
message will be taken.

A general approach to the navigation message structure
is also being reviewed. The current FDMA signal naviga-
tion message has a very inflexible frame structure [38]. Tak-
ing into account this structure, all bits of a navigation
message are predetermined, and the only way to modify
the message is to add data to spare bits. The new approach
is based on defining the number of line types, including
data fields, corresponding to a particular type. The

Table 4.12 Main characteristics of the existing GLONASS signals

Signal Description
Received
power

Carrier
frequency Modulating signal Modulation Bandwidth Data rate

L1OF open, FDMA −161
dBW

1598.0625 to
1605.375 MHz

Modulated by the Modulo-2
addition of the following
binary signals:
pseudorandom (PR) ranging code,
digital data (DD) of navigation
message

180 BPSK ~1 MHz 50 bps

L2OF 1242.9375 to
1248.625 MHz

L3OC open, CDMA −158
dBW

1202.25 MHz ~20 MHz 100 bps
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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.

4.6.4 Signal Development

Development of GLONASS radio navigation signals is
underway to meet future users’ needs, including, first of
all, self-control robotic technology. Since 2011, GLONASS
satellites have been emitting new CDMA signals apart from
the usual signals. The optimum ensemble of navigation sig-
nals, including FDMA and CDMA signals, will be available
after the OC is upgraded [39].

The existing and anticipated civil and authorized user
requirements of GNSS services, GNSS modernization and
integration trends, the set of signals currently broadcast
by GLONASS, and the existing ITU GNSS frequency filings
allow for the consideration of the feasibility of implement-
ing the following new signals:

• L1SC secured CDMA signal in L1

• L1OC open CDMA signal in L1

• L1OCM open CDMA in L1

• L2SC secured CDMA signal in L2

• L2OC open CDMA signal in L2

• L3OC open CDMA in L3

• L3SC secured CDMA signal in L3

• L5OCM open CDMA signal in L5

Open L1OC and L2OC signals use multiplexed time divi-
sion for pilot and data signal components, and BPSK(1) for
data and BOC(1.1) for pilot signal components. ICD for
L1OC, L2OC, and L3OC are already published. The

broadband L1SC and L2SC signals use BOC(5,2.5) for both
pilot and data components and are transmitted in quadra-
ture to open signals. When using such modulation‚ the
power peak is shifted toward the ends of the band; there-
fore‚ the signal does not interfere with the narrowband
open signal transmitted on the carrier frequency. The main
characteristics of new CDMA signals are shown in
Table 4.13.

The L1SC, L2SC, and L3SC CDMA signals are for author-
ized users; therefore‚ their characteristics are not disclosed
in this chapter.

4.7 Additional GLONASS Applications

Starting from Glonass-K, GLONASS satellites employ sig-
nal relay equipment of “COSPAS-SARSAT” for interna-
tional search and rescue service. Starting from Glonass-
K2, a two-way relay system is planned with the capability
of delivering a downlink ticket.

4.8 Conclusion

GLONASS is a fully deployed and operational global navi-
gation satellite system. The procedures for maintenance of
the GLONASS system and improvement of its technical
characteristics are realized under normal conditions
[40, 41].
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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 (IOT) 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 IOT, and successfully
managed the characterization of the first four Galileo In-
Orbit Validation (IOV) 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.

Following the launch of the GIOVE experimental satel-
lites, the program started the IOV 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
IOV 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 GSAT01xx, while the others fall under the
nomenclature GSAT02xx.

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 IOV 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 IOV 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

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

Exploitation Phase

Initial Services

In-Orbit Validation

Development
GIOVE A & B

2008 

2005

2011-2013

2014-2016

2017-2019

2020

Figure 5.1 Galileo incremental deployment and exploitation plan. Source: © ESA – P. Carril and J. Huart. Reproduced with
permission of P. Carril and J. Huart.

0004815226.3D 107 13/12/2020 10:19:48 AM

5.1 History of the Galileo Program 107



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
E1 and E6 bands. Still, the evolution process was not
straightforward at all as [3] clearly evidences. The main
changes until 2004 were as follows:

• E6: 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 BOCsin(14,2)
to BOCcos(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,

Figure 5.2 Galileo Full Operations Capability (FOC)
constellation. Source: © ESA – P. Carril. Reproduced with
permission of ESA.
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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).
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Figure 5.4 Galileo frequency plan of September 2002. See Figure 5.16 for comparison with the current Galileo frequency plan.
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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 IOV 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

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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Galileo GPS Time Offset
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Figure 5.8 Deviation of broadcast GGTO from measured GGTO.

Table 5.1 FOC performance indicators of Galileo navigation services

Galileo global services OS CS PRS

Signal E1B&C E5a/E5b E6 B&C E1A E6A

Positioning accuracy
(horizontal 2dRMS
95%, vertical 95%)

15 m H-35 m
V (single-
frequency)

24 m H-50 m
V (single-
frequency)

24 m H-50 m V (single-
frequency)

16 m H-38 m V (single-
frequency)

30 m H-45 m V (single-
frequency)

4 m H-8 m V (dual-
frequency: E1B&C – E5a or
E1B&C – E5b)

6.5 m H-12 m V (dual-frequency)

Timing accuracy wrt.
UTC/TAI (95%)

30 ns (dual-frequency) 30 ns 30 ns (dual-frequency)

Service availability 99.5% 99.5% 99.5% 99.5% 99.5%

Access control Free open access Controlled access of
ranging codes and
navigation data message

Controlled access of
ranging codes and
navigation data message

Controlled access of
ranging codes and
navigation data
message

Table 5.2 Performance of Galileo Search and Rescue Service

Galileo Support to Search and Rescue Service (SAR/Galileo)

Capacity Each satellite relays signals from up to 150 simultaneous active beacons

Time to localization Detection and localization of a distress transmission in less than 10 min; latency time is from the
beacon first activation to distress localization

Localization accuracy (km) 5

Acknowledgment data rate 6 messages of 100 bits per minute

Quality of service Bit error rate < 10−7 from beacon to SAR ground stations

Availability (%) >99.8
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• OS: This is a 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 (CPAs) 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.

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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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

Figure 5.9 First Galileo launch with Ariane 5 carrying four satellites on 17 November 2017. Source: © ESA – S. Corvaja.
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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

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

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 14h04m42s

Ground track repeat cycle 10 sidereal days/17 orbits

IOV FOC

2011 2012 2013 2014 2015 2016 2017 2018

2 4 6 8 10 12 14 18 22 26

Figure 5.10 Galileo launch plan toward FOC.
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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 IOV phase. The first dual launch occurred on
21 October 2011 and placed satellites GSAT0101 and
GSAT0102 into orbital plane A. The second launch fol-
lowed on 12 October and placed satellites GSAT0103
and GSAT0104 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 IOT.
This allowed the technology and performance of the
new family of satellites to be validated, confirming their

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 GSAT010x and right GSAT02xx). Source: © ESA – P. Carril.
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– 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
GSAT02xx) 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-Ion 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

(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.

Table 5.4 Overview of main Galileo satellite characteristics [16]

GSAT010x GSAT02xx

S/C Prime contractor EADS Astrium
GmbH

OHB System AG

Number of satellites 4 22

Mass at launch (kg) 700 733

Size with solar array
deployed

2.7 m × 1.6 m ×
14.5 m

2.5 m × 1.1 m ×
14.7 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.
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• 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‚ AltBOC, 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)

Figure 5.13 Galileo passive hydrogen maser clock (left) and Rubidium Atomic Frequency Standard (right). Source: © Spectratime.
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measurementsof timeand frequency [26]. Inaddition, Gal-
ileo alsoprovides a so-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 on9 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

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,
IOT 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 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

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-E1 in 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 E5a carrier frequencies are respectively
1207.14 MHz and 1176.45 MHz. E5a 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

Figure 5.15 Galileo ground segment overview.
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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

E5a

1164
MHz

1189
MHz

1214
MHz

1260
MHz

Galileo Assigned Frequency Band

GPS L5 Band

GPS L1 Band

Glonass L3 Band

SAR Downlink

Carrier Frequencies

Signals accesible to all users, with data partly encrypted

Signals to which access is controlled through the use of encryption for ranging codes and data
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Figure 5.16 Galileo frequency plan, signals‚ and components.
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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 × 1.023
MHz). The coherent generation of the E5 sidebands is
achieved by means of the AltBOC 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 E1B&C, E5a‚
and E5b. The dual-frequency (DF) OS is provided by the
dual-frequency signal combinations E1B&C-E5a and
E1B&C-E5b.

• CS: CS is provided by the E6B&C signal in combination
with the OS signals of E1B&C, E5a, and E5b. The E6B&C

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 E1A and E6A signals, which
have been specially designed to be resistant to intentional
and non-intentional interference.

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

All Galileo signals are coherently derived from a common
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, E1B

and E1C, 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

GMBOC 6,1,1 11 f =
10
11

GBOC 1,1 f +
1
11

GBOC 6,1 f

5 1

Table 5.5 Galileo navigation services mapped to signals

Service
Signal

Open
Service

Commercial
Service

Public Regulated
Service

E5a OS

E5b IM

E5

E6A

E6B,C

E1A

E1B,C
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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:

s t = A

cD t
2

cos θ1 sBOC 1,1 t + cos θ2 sBOC 6,1 t +

+
cP t

2
cos θ1 sBOC 1,1 t − cos θ2 sBOC 6,1 t +

+ j sPRS t
sin θ1 + sin θ2

2
+ sIM t

5 2

sIM t = − j cD t cP t sPRS t
sin θ1 − sin θ2

2

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 PT is the total
power of the multiplexed signal.

• θ1 and θ2 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.

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

• sBOC(6, 1)(t) represents the BOC(6,1) modulation with a
chip rate of 6 × 1.023 MHz.

• sPRS(t) is the PRS modulation with a chip rate of 2.5 ×
1.023 MHz.

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

• cD(t) and cP(t) are the data and pilot codes‚ respectively. It
is important to note that cD(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.

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:

s t = A

cD t + cP t
2

cos θ1 sBOC 1,1 t +

+
cD t − cP t

2
cos θ2 sBOC 6,1 t +

+ j sPRS t
sin θ1 + sin θ2

2
+ sIM t

5 4

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

if cD(t) = + 1 and cP(t) = + 1, then cD(t) + cP(t)
= 2 and cD(t) − cP(t) = 0

if cD(t) = + 1 and cP(t) = − 1, then cD(t) + cP(t)
= 0 and cD(t) − cP(t) = 2

(5.5)if cD(t) = − 1 and cP(t) = + 1, then cD(t) + cP(t)
= 0 and cD(t) − cP(t) = − 2

if cD(t) = − 1 and cP(t) = − 1, then cD(t) + cP(t)
= − 2 and cD(t) − cP(t) = 0

Accordingly, whatever the value of cD(t) and cP(t), the
coefficients of sBOC(1, 1)(t) and sBOC(6, 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 sIM(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 eE1−B(t) is generated from
the I/NAV navigation data stream DE1−B(t) and the
ranging code CE1−B(t), which are then modulated with
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the subcarriers scE1−BOC(1, 1)(t) and scE1−BOC(6, 1)(t) of
BOC(1,1) and BOC(6,1), respectively.

• The E1 OS pilot component eE1−C(t) is generated
from the ranging code CE1−C(t), including its secondary
code, which is then modulated with the subcarriers
scE1−BOC(1, 1)(t) and scE1−BOC(6, 1)(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 DPRS(t), the PRS code sequence CPRS(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 B1 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
is enormous‚ 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 ± 10 11 + 1 11 and ± 10 11 − 1 11 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 a negligible 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 E1B,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 CD
CS 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

CP
CS 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 DPRS(t) with the
PRS code sequence CPRS(t) at 5.115 MHz. This signal is
further modulated by a subcarrier of 10.23 MHz in cosine
phasing.

10/

X X

+

–

X

X

–

X

11scE1–BOC(1,1)(t)
+

10/ 11scE1–BOC(1,1)(t)
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Figure 5.17 CBOC modulation block diagram.
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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 E1OS codes

[32, 33]. The signal characteristics of E6 are summarized in
Table 5.7.

For the processing of the E6B,C 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.

Table 5.6 Galileo E1 signal technical characteristics

Frequency band E1

Carrier frequency 1575.42 MHz

Access technique CDMA

Multiplexing Interplex

Component name E1-A E1-B E1-C

Service PRS OS/SAR OS

Spreading modulation BOCc(15,2.5) CBOC(6,1,1/11) CBOC(6,1,1/11)

Data/pilot Data+PilotTime Mux Data Pilot

Subcarrier rate (MHz) 15.345 1.023 1.023

Primary code type Encrypted Memory code Memory code

Primary PRN code duration (ms) 4 4

Primary PRN code
rate (Mcps)

2.5575 1.023 1.023

Primary PRN code length (chips) 4092 4092

Secondary PRN code type Memory code Memory code

Secondary PRN code rate (cps) 250

Secondary PRN code length
(chips)

25

PRN code repetition (ms) 4 100

Spectral line spacing (Hz) 250 10

Data fraction of power (%) 50

Data symbol duration (ms) 4

Data rate (sps) 250

Data rate (bps) 125

Interleaver Block 30 × 8

Error correction Convolutional codes
r = 1/2, k = 7

Error detection CRC-24

Keying Binary

Message G/NAV I/NAV
30 s subframes, divided into 2 s pages (even + odd
parts).
Each page part:
10 sync + 2∗ (114 bits+ 6 tail bits)

Min Power (at 5 el.) (dBW) −157.25 −160.25 −160.25

Max power (dBW) −152.00 −157.00 −157.00
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5.7.5 Galileo E5 Band

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

• The E5a data component: This component is the modulo-
two addition of the E5a navigation data stream DE5a(t)

with the E5a data PRN code sequence CD
E5a t of the chip-

ping rate 10.23 MHz.

• The E5a pilot component: This component is the E5a

pilot PRN code sequence CP
E5a 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 DE5b(t)

with the E5b data PRN code sequence CD
E5b t of the chip-

ping rate 10.23 MHz.

• The E5b pilot component: This component is the E5b

pilot PRN code sequence CP
E5b t of the chipping rate

10.23 MHz.

The E5 modulation is AltBOC. 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.

AltBOC 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 AltBOC(m, n)
for simplicity, which is technically equivalent to an Alt-
BOC(fs, fc) with fs = m 1.023 and fc = n 1.023.

Conceptually, the AltBOC 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 (IM)
product was proposed. This term does not contain any use-
ful navigation information but ensures that the AltBOC
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 AltBOC was
proposed around 2002/2003 in [37]. Applied to the Galileo
particular case of AltBOC in E5 and following the
Galileo ICD notation, the previous expressions simplify
to the following:

sAltBOC t =
1

8

cD
E5a

+ j cP
E5a

scd t − j scd t −
Ts

4
+

cD
E5b

+ j cP
E5b

scd t + j scd t −
Ts

4
+

Signal

cD
E5a

+ j cP
E5a

scp t − j scp t −
Ts

4
+

cD
E5b

+ j cP
E5b

scp t + j scp t −
Ts

4

IM

5 6

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

cD
E5a

= cP
E5b

cD
E5b

cP
E5a

cP
E5a

= cD
E5b

cP
E5b

cD
E5a

cD
E5b

= cD
E5a

cP
E5b

cP
E5a

cP
E5b

= cD
E5b

cD
E5a

cP
E5a

5 7
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Figure 5.18 Modulation scheme for the Galileo E6 signals.
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and the data and pilot subcarriers can be expressed as
follows:

scd t =
2

4
sign cos 2π f st −

π

4
+

1
2

sign cos 2π f s t

+
2

4
sign cos 2π f s t +

π

4
5 8

scp t = −
2

4
sign cos 2π f st −

π

4
+

1
2

sign cos 2π f s t

−
2

4
sign cos 2π f s t +

π

4
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

Table 5.7 Galileo E6 signal technical characteristics

Frequency band E6

Carrier frequency 1278.750 MHz

Access technique CDMA

Multiplexing Interplex

Component name E6-A E6-B E6-C

Service PRS CS CS

Spreading modulation BOCc(10,5) BPSK(5) BPSK(5)

Data/pilot Data+Pilot Time
Mux

Data Pilot

Subcarrier rate 10.230 MHz

Primary code type Encrypted Encrypted Encrypted

Primary PRN code duration (ms) 1 1

Primary PRN code rate (Mcps) 2.5575 1.023 1.023

Primary PRN code length

Secondary PRN code type

Secondary PRN code rate (cps) 1000

Secondary PRN code length (chips) 100

PRN code repetition (ms) 1 100

Spectral line spacing (Hz) 1000 10

Data fraction of power (%) 50

Data symbol duration (ms) 1

Data rate (sps) 1000

Data rate (bps) 500

Interleaver Block 123 × 8

Error correction Convolutional codes
r = 1/2, k = 7

Error detection CRC-24

Keying Binary

Message G/NAV C/NAV
15 s subframes divided into 15 pages. Each page made
of:
16 sync + 2∗ (486 bits + 6 tail bits)

Min power (at 5 el.) (dBW) −155.25 −158.25 −158.25

Max power (dBW) −152.00 −155.00 −155.00
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also that most of the power of the IM is located around and
beyond the 3fs MHz offset from the E5 carrier, which is far
outside the recommended AltBOC 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 AltBOC 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 AltBOC subcarriers is depicted in Figure 5.20. As
we can recognize, they are discrete multi-level signals with
period Ts= (15.345 MHz)−1.

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:

GΦodd,c

AltBOC f =
4 f c

π2 f 2

cos 2 πf
f c

cos 2 πf
2 f s

cos 2 πf
2 f s

− cos
πf
2 f s

− 2 cos
πf
2 f s

cos
πf
4 f s

+ 2

5 10

This expression actually corresponds to the odd variant of
AltBOC, where (2fs/fc) is odd in the case of Galileo’s
AltBOC(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
AltBOC(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 AltBOC
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 AltBOC 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 AltBOC.

Other tracking concepts have been proposed for wide-
band AltBOC processing‚ and all basically require AltBOC
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
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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 AltBOC 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 AltBOC 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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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 C0 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,

Table 5.8 Galileo E5 signal technical characteristics

Frequency band E5

Carrier frequency 1191.795 MHz

Access technique CDMA

Multiplexing AltBOC

Component name E5a-I E5a-Q E5b-I E5b-Q

Service OS OS OS OS

Spreading modulation BPSK(10) BPSK
(10)

BPSK(10) BPSK(10)

Data/pilot Data Pilot Data Pilot

Subcarrier rate

Primary code type Memory code Memory
code

Memory code Memory
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
code

Memory code Memory
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 × 8 Block 30 × 8

Error correction Convolutional codes
r = 1/2, k = 7

Convolutional codes
r = 1/2, k = 7

Error detection CRC-24 CRC-24

Keying Binary Binary

Message F/NAV
50 s subframes
Divided into 10 s pages.
Each page made of
12 sync + 2∗ (238 bits + 6
tail bits)

I/NAV
30 s subframes, divided into 2 s
pages (even + odd parts).
Each page part:
10 sync + 2∗ (114 bits+ 6 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
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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 CNAV 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 E1B and
E5b-I as well as content for the SAR service in E1B 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 E6B 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

• Ionosphere 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 E1B 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.

5.7.8.2 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 I/
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
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Use F/NAV

E5a
F/NAV
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I/NAV

Navigation Signals

E1/E5b dual frequency: Use I/NAV

E1/E5a dual frequency:
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•

•
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E5b single
frequency:
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Figure 5.25 Rules of use of Galileo message types for PVT.
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Figure 5.26 F/NAV page transmission planning.
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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

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 Ionospheric 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, ai1, 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(f1, f2) provided through the Galileo navigation
message as additional correction. BGD(f1, f2) is defined as
follows:
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BGD f 1, f 2 =
TR1 − TR2

1 − f 1 f 2
2 5 11

where f1 and f2 are the carrier frequencies of the involved
Galileo signals “1” and “2,” while TR1 − TR2 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 IOV 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.

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)

• Environment errors, 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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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
IOT 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.

It is worth recalling the improvement in the ranging error
along the deployment of Galileo. During IOV, 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

Table 5.9 Typical range of elevation-dependent error sources

UERE budget [m] Single-frequency user Dual-frequency user

Signal in space ranging error (SISE) 0.67 0.67

Residual ionosphere error 6 (5 )–3 (90 ) 0.08 (5 )–0.03 (90 )

Residual troposphere error 1.35 (5 )–0.14 (90 ) 1.35 (5 )–0.14 (90 )

Thermal noise, interference, multipath 0.35 (5 )–0.23 (90 ) 0.46 (5 )–0.13 (90 )

Multipath bias error 0.59 0.19

Satellite BGD error 0.30 0.0

Code-carrier ionospheric divergence error 0.30 0.0

Total (1-sigma error) 6.26 (5 )–3.10 (90 ) 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.
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Figure 5.28a Expected vertical positioning error for an OS dual-frequency Galileo-only user with 99.5% availability.
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Figure 5.28b Expected horizontal positioning error for an OS dual-frequency Galileo-only user with 99.5% availability.
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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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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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BeiDou Navigation Satellite System
Mingquan Lu and Zheng Yao

Tsinghua University, China

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” (“北斗” 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 II, 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 III) 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 I was established in 2000 as the first generation of
China’s navigation satellite system. With three satellites
(2+1 GEO), BDS I 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 I terminated its services at the
end of 2012.

The second generation of China’s navigation satellite sys-
tem, BDS II, 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 II also
inherited the RDSS services from its predecessor, BDS I.
The completion of BDS II greatly expanded the applications
of satellite navigation in China and further promoted the
development of its satellite navigation industry [2, 6, 7].
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After the completion of BDS II deployment, China imme-
diately started developing BDS III 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 III
satellites were launched on 5 November 2017. It is expected
that BDS III 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 III. 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

BDS I

Experimental System
2000 IOC, 2003 FOC

BDS II

Regional System
2010 IOC, 2012 FOC

BDS III

Global System
2018 IOC, 2020 FOC

3GEO
Regional Coverage
RDSS Service

5GEO/5IGSO/4 MEO
Regional Coverage
RDSS/RNSS Service

3GEO/3IGSO/24MEO
Global Coverage
RDSS/RNSS/SBAS Service

First Step Second Step Third Step

Figure 6.1 The three-step development plan of BDS.
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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 IGSO satellites was built. With

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,
thenewsystemalso 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 II became operational in 2012, CSNO has only released
one ICD for its two open service signals B1I and B2I. The
latest BDS II 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 B1I, B2I, and B3I 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 II the first navigation
satellite system in the world to provide triple-frequency
open service.
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6.2.3 From Regional to Global

The third step in the BDS development plan is to extend the
current regional BDS II system to a global system BDS III
[2–5]. The BDS III plan envisions a global constellation of
30 satellites, including 3 GEO, 3 IGSO, and 24 MEO satellites
to provide worldwide servicesbyapproximately2020. Inaddi-
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 III will be compatible and interopera-
ble with other GNSSs, especially with GPS and Galileo. This
implies that BDS III will be further integrated into the inter-
national GNSS family to provide worldwide users with better
services by jointly using BDS III and other GNSSs [3, 6].

The research for development of BDS III commenced in
2009. The implementation of BDS III started in 2013. From
March 2015 to February 2016, five experimental satellites in
various orbits were sequentially launched into space for
BDS III. 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 III [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 III was released in September 2017 [7]. This docu-
ment for the first time clearly identified the BDS III 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 III. Following the release of the draft
ICD, the first pair of the BDS III 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 10−14 and a hydrogen atomic clock
with a stability of 10−15. 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 III 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 III 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 II, BDS II, 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 II, and BDS III 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 I [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 II and the
emerging BDS III [14, 16, 17]. BDCS is a new term that
has appeared in the most recent ICDs for B1C, B2a‚ and
B3I. 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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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 I satellite, was launched in 2007.
The service coverage of BDS I included China and sur-
rounding areas (70 E–140 E, 5 N–55 N). The horizontal
positioning accuracy of BDS I 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.

6.4.2 System Configuration and Positioning
Principle

6.4.2.1 The System Configuration of BDS I

The BDS I 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 I 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 I consisted of various types of
user terminals. The main functions of the BDS I 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 I 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 I Position Method

BDS I 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

Table 6.1 Parameters of the BDCS ellipsoid

Parameter Definition

Semi-major axis a = 6378137.0 m

Geocentric gravitational
constant

μ = 3.986004418 × 1014m3/
s2

Flattening f = 1/298.257222101

Earth’s rotation rate Ω = 7.2921150 × 10−5rad/s
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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 I 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 t = A d1 t − Δ 2 c1 t − Δ 2 sin ωct
+ d2 t c2 t cos ωct 6 1

where A is the signal amplitude; d1(t) and d2(t) are the data
streams of the I and Q components, respectively; c1(t) is the
spreading code of I component, using a Kasami small set
sequence with a code length of 255. c2(t) is the spreading
code of the Q component, using a Gold code sequence with
a code length of 221 − 1. The rate of both spread-spectrum
codes is 4.08 Mcps. The I and Q components are in carrier
quadrature with each other to constitute an OQPSK signal,
with a symbol rate 16 ksps. Δ is the half code chip length
[20]. d1(t) is used to transmit position, communication, cal-
ibration, and other public information, and d2(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

Space Segment

Control Segment

Control Center

Networks

User Segment

Calibration System

Users

Ships

Aircrafts

Vehicles

Individuals Commanders

Figure 6.2 Schematic diagram of BDS I.
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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-
quency 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 ωct 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 221 − 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 I 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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Figure 6.3 Generation diagram of outbound signal.
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Figure 6.6 Service coverage of BDS I [4]. Source: Reproduced with permission of Springer Nature.
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satellites as well as the distribution of the calibration sta-
tions. The service performance specification of BDS I 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: China and surrounding areas (70 E–145 E,

5 N–55 N)
6) User dynamic range: User speed less than 1000 km/h

6.5 BDS II: The BDS Regional System

6.5.1 Overview

BDS II 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 II and BDS II/GNSS-
compatible receivers. After the first BDS II 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 II with coverage for China
and the Asia-Pacific region. In addition to RNSS services,
BDS II also provides RDSS services inherited from BDS I.
BDS II 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 II 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

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 II constella-
tion is provided in Table 6.2 [22]. The IGSO, 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 II satel-
lites over a one-week period, showing that seven to nine
BDS II satellites are visible in China and the surrounding
areas during this period.

The above discussion highlights the difference between
BDS II and GPS constellation designs: BDS II consists
mostly of GEO and IGSO satellites, while GPS has all

Figure 6.7 BDS-II constellation with 5 GEO + 5 IGSO + 4 MEO
satellites [5]. Source: Reproduced with permission of
Artech House.
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Table 6.2 Orbital information for the current BDS II constellationa

No. Satellite
Semi-major
axis (km) Eccentricity Orbit inclination (deg)

Argument of
perigee (deg)

Longitude of ascending
node (deg)

True
anomaly (deg)

1 I01 42166.2 0.0029 54.5 174.9 209.3 220.3

2 I02 42159.3 0.0021 54.7 187.8 329.6 87.0

3 I03 42158.9 0.0023 56.1 187.7 89.6 326.1

4 I04 42167.2 0.0021 54.8 167.1 211.4 201.3

5 I05 42157.1 0.0020 54.9 183.3 329.0 65.5

6 M01 27904.9 0.0026 55.4 182.4 108.1 118.2

7 M02 27907.5 0.0028 55.3 180.0 107.6 167.5

8 M03 27905.9 0.0023 54.9 170.0 227.8 325.7

9 M04 27907.6 0.0015 55.0 190.0 227.4 351.3

10 G01 140.0E deg (orbit altitude = 35,786.0 km)

11 G02 80.0E deg (orbit altitude = 35,786.0 km)

12 G03 110.5E deg (orbit altitude = 35,786.0 km)

13 G04 160.0E deg (orbit altitude = 35,786.0 km)

14 G05 58.E6 deg (orbit altitude = 35,786.0 km)

a 25 January 2013, 00:00:00 GPST
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Figure 6.8 Satellite ground tracks for the current BDS II constellation [5]. Source: Reproduced with permission of Artech House.
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MEO satellites; GPS satellites are distributed more evenly
across the Earth than BDS II. The unevenly distributed
BDS II constellation, however, provides better coverage
for China and the surrounding areas [5, 22].

6.5.2.2 Satellites

All BDS II 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 II 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 II 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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Figure 6.9 Number of visible BDS satellites over the ground-track repetition period [data collection period: 2015/01/25 0:00–2015/01/
31 24:00 (BDT) mask angle of 10 ].
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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 II con-
trol segment [4].

At present, the BDS II 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 II user segment refers to all the BDS II- and BDS
II/GNSS-compatible receivers for RNSS services, as well as
BDS II RDSS/RNSS combined terminals for users’ position
reports and short message communication [5]. The main
function of the BDS II receiver is to receive BDS II naviga-
tion signals to calculate the user’s PVT. The BDS II/GNSS
can simultaneously receive BDS II 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 II 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 B1, 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 B1I 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 II signals broadcast by the GEO satellites and IGSO/
MEO satellites have different navigation message rates,
500 bps and 50 bps, respectively. The following discussions
of this subsection mainly focus on the B1I, B2I, and B3I 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

GEO Satellite

MEO Satellite

(a)

(b)

Figure 6.10 BDS II GEO (up) and IGSO/MEO (below) Satellites [1]. Source: Reproduced with permission of Springer Nature.
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Figure 6.11 Configuration of the BDS II control segment [4]. Source: Reproduced with permission of Springer Nature.

Table 6.3 Signal characteristics of BDS II

Signal type B1I B1Q B2I B2Q B3I 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
MHz

20.460 MHz 20.460
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
Gold

N/A Truncated
Gold

N/A Truncated
Gold

N/A

Message code rate 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 5o N/A 5o N/A 5o 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 I 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 j
i t = AiI C j

iI t D j
iI t cos 2π f it + φ j

iI

+ AiQ C j
iQ t D j

iQ t sin 2π f it + φ j
iQ

6 3

where i refers to B1, B2, or B3, while j is the satellite num-
ber; AiI and AiQ, CiI and CiQ, DiI and DiQ, φiI and φiQ, are the
amplitudes, ranging code, navigation data, and initial car-
rier phase for the i-th signal in the I and Q channels, respec-
tively; fi 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

B1I and B2I use the same ranging codes (denoted as CB1I

and CB2I) with a 2.046 Mcps chip rate and a 2046 chip
length [12]. The ranging code for B3I (denote as CB1I)
has a chip rate of 10.23 Mcps and a chip length of
10230 [14].

CB1I and CB2I 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]:

G1 X = 1 + X + X7 + X8 + X9 + X10 + X11

G2 X = 1 + X + X2 + X3 + X4 + X5 + X8 + X9 + X11

6 4

The initial phases of G1 and G2 are

G1 01010101010

G2 01010101010
6 5

The generator of CB1I and CB2I is shown in Figure
6.13 [12].

BPSK
modulator

CB2ICode
generator

CB1ICode
generator

CB3ICode
generator

BPSK
modulator

B2Q Signal

NH 
encoder

B2 Signal
1207.14MHz

B1Q Signal

B1 Signal
1561.098MHz1561.098MHz

2.046MHz

2.046MHz

1207.14MHz

BPSK
modulator

20.46MHz

1268.52MHz

Data
information

BCH 
encoder

Data
generator

Σ

Σ

Σ

B3Q Signal

B3 Signal
1268.52MHz

Note: NH encoder is used only in MEO/IGSO satellite signal generation

f0

Figure 6.12 Block diagram of GEO and MEO/IGSO satellite signal generation.

c06.3d 156 15/12/2020 11:30:07 PM

156 6 BeiDou Navigation Satellite System



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].

CB3I 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]:

G1 X = 1 + X + X3 + X4 + X13

G2 X = 1 + X + X5 + X6 + X7 + X9 + X10 + 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 CB3I 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 II receivers, the first 37 phase assignments, corre-
sponding to those defined for B1I and B2I, are preferred
for use. Consistent with the previous definition, the first
5 are for GEO satellites and the other 32 are for IGSO/
MEO satellites. Of the 26 new defined phase assignments,
the last 5 are for GEO satellites and the remaining 21 are for
IGSO/MEO satellites [14].

6.5.5.3 Navigation Messages

The BDS II system has two types of navigation messages.
The B1I, B2I, 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 (FraID), 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

Reset control clock

Shift control clock

Set to initial phases

1 2 3 4 5 6 7 8 9 10 11

1 2 3 4 5 6 7 8 9 10 11

G1 sequence

G2 sequence Ranging code
Phase selection logic

Figure 6.13 The generator of CB1I and CB2I.
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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) = X4 + 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

Reset control clock

Shift control clock
1 2 3 4 5 6 7 8 9 10 13...

CA sequence

Set to initial phases (  ‘1’  in total)

Set to initial phases (different satellites correspond to
different initial phases)

CB sequence

Register phase is
1111111111100

(from left to right) Ranging code

1 5 6 7 8 9 10 11 12 13

Figure 6.14 The generator of CB3I.
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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].

Superframe 36000 bits, 12 min

Frame 1500 bits, 30 sec

Word 1, 30 bits, 0.6 sec Word 2~10, 30 bits, 0.6 sec

Subframe 300 bits, 6 sec

Frame 1

Word 1

26 information bits 4 parity bits 22 information bits 8 parity bits

Word 2 Word 10

Frame 2 Frame n Frame 24

Subframe 1 Subframe 2 Subframe 3 Subframe 4 Subframe 5

Figure 6.15 Frame structure of Type D1 navigation message.
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message

NH code NAV message
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code

Ranging
code
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Ranging code period (1 bit duration of NH code)

Period (1 bit duration of NAV message)

0 101

Figure 6.16 Secondary code in Format D1.

Subframe 1 Subframe 2 Subframe 3

Subframe 4 Subframe 5

Almanac and

time offsets from other systems

Fundamental NAV information
of the broadcasting satellite

Figure 6.17 Frame structure and information content of Type D1 navigation.
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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 II 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, B1I, B2I, 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 I 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 II 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 ID, 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.

Superframe of 180000 bits, 6 min

Frame 1 Frame 2 Frame n Frame 120

Frame of 1500 bits, 3 sec

Subframe 1 Subframe 2 Subframe 3 Subframe 4 Subframe 5

Subframe of 300 bits, 0.6 sec

Word 1

NAV message data, 26 bits NAV message data, 22 bits4 Parity bits 8 Parity bits

Word 2 Word 10

Word 1, 30 bits, 0.06 sec Word 2~10, 30 bits, 0.06 sec

Figure 6.18 Structure of navigation message in Type D2.

Subframe 1
Subframe 2 Subframe 3 Subframe 4

Subframe 5

Almanac, ionospheric grid points and

time offsets from other systems

Basic NAV information

of the broadcasting satellite
Integrity and differential correction

information of BDS

Figure 6.19 Frame structure and information content of type D2 navigation.
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6.5.6.2 Service Performance
6.5.6.2.1 Service Area

The BDS II 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 II 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 II has been providing FOC
services. The actual test results show that BDS II 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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Figure 6.20 BDS-II service area [5]. Source: Reproduced with
permission of Artech House.

Table 6.4 BDS II OS position/velocity/time accuracy standards

Service accuracy
Standard
(95% probability) Constraints

Positioning Horizontal ≤10 m Calculate the
statistical PVT
error for any
point in the
service volume
over any 24-h
interval.

Vertical ≤10 m

Velocity ≤0.2 m/s

Timing (Multi-SISs) ≤50 ns

Table 6.5 BDS OS PDOP availability standards [5]

Service
availability Standard Constraints

PDOP
availability

≥0.98 PDOP≤6
Calculate at any point within the
service volume over any 24-h interval.

Source: From Lu, M. and Shen, J., “BeiDou Navigation Satellite System
(BDS),” in Understanding GPS/GNSS: Principles and Applications
(eds. C. H. a. E. D. Kaplan), 3rd Ed., Artech House, pp. 273–312, 2017.

Table 6.6 BDS OS position service availability standards

Service
availability Standard Constraints

Positioning
availability

≥0.95 Horizontal positioning accuracy
≤10 m (95% probability); Vertical
position accuracy ≤ 10 m (95%
probability); Calculate at any point
within the coverage area over any
24-h interval
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6.6 BDS III: The Emerging BDS Global
System

6.6.1 Overview

BDS III 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 IGSO 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 III 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 III constellation [6].

While the B2I signal originated in BDS II will be replaced
by the new B2a signal, the B1I signal will continue to be
transmitted by all BDS III satellites (GEO/IGSO/MEO) to
provide open service. The newly released B3I signal also
will be transmitted by all BDS III satellites. The continued
broadcast of B1I and B3I signals not only ensures the
smooth transition from BDS II to BDS III, but also maxi-
mizes the benefits to receiver manufacturers and custo-
mers. As a result, BDS III will transmit at least four
signals, B1C, B2a, B1I, 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 III 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 III 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 III 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 IGSO
satellites are also evenly distributed in three orbital planes

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 III 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 III 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 III
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 III MEO and IGSO satellites, and the two
legacy signals, B1I and B3I, will be transmitted by all
BDS III 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.

Figure 6.21 BDS III constellation [5]. Source: Reproduced with
permission of Artech House.
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6.6.3.1 Signal Structures
6.6.3.1.1 B1C

All BDS and global GNSS users will receive this signal. B1C
will become an important symbol of BDS III, 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:

sB1C t = sB1C_data t + jsB1C_pilot t 6 7

where the data component

sB1C_data t =
1
2

DB1C_data t CB1C_data t scB1C_data t

6 8

is a sine-based BOC(1,1) subcarrier ScBIC_data t modulated
by the navigation message data stream DBIC_data t and the
ranging code CBIC_data t , while the pilot component

sB1C_pilot t =
3

2
CB1C_pilot t scB1C_pilot t 6 9

is a QMBOC subcarrier ScBIC_pilot t modulated by the
ranging code CBIC_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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Figure 6.22 Simulation of the BDS-III global coverage.
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SB1C t =
1
2

DB1C_data t CB1C_data t sign sin 2π f SC_B1C_at

SB1C data t

+
1
11

CB1C_pilot t sign sin 2π f SC_B1C_bt

SB1C pilot b t

+ j
29
44

CB1C_pilot t sign sin 2π f SC_B1C_at

SB1C pilot a t

6 10

where fsc_a = 1.023 MHz and fsc_b = 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 III MEO and IGSO satellites, both B1C and B1I
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 III 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 III 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

MHz) are multiplexed into a constant envelope signal before
transmission in order to reduce payload and multiplexing
loss [32]. Moreover, since BDS III 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

sB2a t = sB2a_data t + jsB2a_pilot t 6 11

where

sB2a_data t =
1

2
DB2a_data t CB2a_data t 6 12

sB2a_pilot t =
1

2
CB2a_pilot t 6 13

DB2a_data(t), CB2a_data(t), and CB2a_pilot(t) are the data and
ranging codes for the data and pilot channel‚ respectively.
Both sB2a_data(t) and sB2a_pilot(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 SBIC_data t BOC(1,1) 100 0 1/4

SBIC_pilot_a t QMBOC
(6,1,4/33)

BOC (1,1) 0 90 29/44

SBIC_pilot_b t BOC (6,1) 0 1/11

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 L 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

L k =

0, k = 0

1, k 0, intx, k = x2modN

0, else

6 15

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 III 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 g2(x).
g1(x) and g2(x) are 13-stage linear feedback shift registers,
whose polynomials for the data component are

g1 x = 1 + x + x5 + x11 + x13

g2 x = 1 + x3 + x5 + x9 + x11 + x12 + x13 6 17

and for the pilot component are

g1 x = 1 + x3 + x6 + x7 + x13

g2 x = 1 + x + x5 + x7 + x8 + x12 + x13 6 18

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
1 is “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

First chip Second chip

Ranging 
code

Overlay
code

Complex 
code

First main code cycle
(N chips)

Second main code cycle
(N chips)

NSth main code cycle
(N chips)

Total chips N*NS

NSth chip

Figure 6.23 Timing relationships of the ranging code and overlay code.
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1 is 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

C1,1 C1,2 C1,3 C1,4 C1,5         C1,6 C1,7 C1,8 C1,9 C1,10 C1,11 C1,12 C1,13 Register 1

Register 1 initial value

Register 2

Register 2 initial value

Output

XOR gate

Clock (code rate)

Register 1 reset control

Register 2 reset control

C1,1 C1,2 C1,3 C1,4 C1,5         C1,6 C1,7 C1,8 C1,9 C1,10 C1,11 C1,12 C1,13S1,1 S1,2 S1,3 S1,4 S1,5         S1,6 S1,7 S1,8 S1,9 S1,10 S1,11 S1,12 S1,13

S2,1 S2,2 S2,3 S2,4 S2,5         S2,6 S2,7 S2,8 S2,9 S2,10 S2,11 S2,12 S2,13

C2,1 C2,2 C2,3 C2,4 C2,5         C2,6 C2,7 C2,8 C2,9 C2,10 C2,11 C2,12 C2,13

Figure 6.24 BDS III B2a data component ranging code generator.

Register 1 

Register 1 initial value

Output

Register 1 reset
control

XOR gate

Register 2 reset
control

Clock(code rate)

C2,1 C2,2 C2,3 C2,4 C2,5         C2,6 C2,7 C2,8 C2,9 C2,10 C2,11 C2,12 C2,13

C1,1 C1,2 C1,3 C1,4 C1,5         C1,6 C1,7 C1,8 C1,9 C1,10 C1,11 C1,12 C1,13

S1,1 S1,2 S1,3 S1,4 S1,5         S1,6 S1,7 S1,8 S1,9 S1,10 S1,11 S1,12 S1,13

S2,1 S2,2 S2,3 S2,4 S2,5         S2,6 S2,7 S2,8 S2,9 S2,10 S2,11 S2,12 S2,13

Register 2

Register 1 initial value

Figure 6.25 B2a pilot component ranging code generator.
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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, subframe1 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.

Subframe1 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, subframe1, 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 0xE24DE8 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 I and BDS II have been
widely used in China and the Asia-Pacific region. Cur-
rently, BDS III, 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

Subframe1
14 bits

Subframe2
600 bits

Subframe3
264 bits

Subframe1
72 symbols

Subframe2
1200 symbols

BCH(21,6)+
BCH(51,8)

Sixty-four 
systemLDPC(200,100)

Sixty-four 
systemLDPC(88,44)

1800 symbols  18s

878 bits

MSB LSB

Subframe3
528 symbols

After Error correction coding:

Before Error correcting code:

Figure 6.26 Basic frame structure of B-CNAV1.
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Message symbol
576 symbols

synchronous 
head(Pre)

24 symbols

600 symbols 3s 

288 bits

Navigation Message
234 bits

PRN
6 bits

MesType
6 bits

CRC
24 bits

SOW
18 bits

Sixty-four 
systemLDPC(96,48)

MSB LSB

After Error correction coding:

Before Error correction coding:

Figure 6.27 B-CNAV2 basic frame structure.

Table 6.9 Launch record of BDS satellites by March 2018

Satellite Date of launch Carrier rocket Orbit

1st experimental satellite 2000.10.31 CZ-3A GEO

2nd experimental satellite 2000.12.21 CZ-3A GEO

3rd experimental satellite 2003.05.25 CZ-3A GEO

4th experimental satellite 2007.02.03 CZ-3A GEO

1st satellite 2007.04.14 CZ-3A MEO

2nd satellite 2009.04.15 CZ-3C GEO

3rd satellite 2010.01.17 CZ-3C GEO

4th satellite 2010.06.02 CZ-3C GEO

5th satellite 2010.08.01 CZ-3A IGSO

6th satellite 2010.11.01 CZ-3C GEO

7th satellite 2010.12.18 CZ-3A IGSO

8th satellite 2011.04.10 CZ-3A IGSO

9th satellite 2011.07.27 CZ-3A IGSO

10th satellite 2011.12.02 CZ-3A IGSO

11th satellite 2012.02.25 CZ-3C GEO

12th and 13th satellites 2012.04.30 CZ-3B MEO

14th and 15th satellite 2012.09.19 CZ-3B MEO

16th satellite 2012.10.25 CZ-3C GEO

17th satellite 2015.03.30 CZ-3C IGSO

18th and 19th satellite 2015.07.25 CZ-3B MEO

20th satellite 2015.09.30 CZ-3B IGSO

21st satellite 2016.02.01 CZ-3C MEO

22nd satellite 2016.03.30 CZ-3A IGSO

23rd satellite 2016.06.12 CZ-3C GEO

24th and 25th satellite 2017.11.05 CZ-3B MEO

26th and 27th satellite 2018.01.12 CZ-3B MEO

28th and 29th satellite 2018.02.12 CZ-3B MEO

30th and 31st satellite 2018.03.30 CZ-3B MEO
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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 II, to BDS III.
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7.1 History and Genesis

During the days of Kargil war in 1999, the Indian military
was dependent on GPS data in the war zone for positioning
and timing applications. With the selective availability (SA)
off on-board GPS satellites, accurate positioning was not
possible. This and the thought of a GNSS owned by a for-
eign country, denied regionally at crucial times, motivated
the need for an indigenous satellite-based navigation sys-
tem. Both military- and consumer-grade applications that
use navigation and timing information primarily based
on GNSSs would be greatly benefited by this regional nav-
igation system.

Indian space programs are conceptualized, designed,
developed‚ and deployed by the Indian Space Research
Organization (ISRO). From a navigation perspective, the sat-
ellite-based augmentation system (SBAS) and regional nav-
igation system were set up by ISRO in the last decade. The
results of this are GPS Aided Geo Augmented Navigation
(GAGAN), an operational system, and the Indian Regional
Navigation Satellite System (IRNSS). The latter program
was approved by the Indian government in May 2006, with
a plan to have the system fully operational by 2016. Recently,
IRNSS was renamed as NAVIC (Navigation with Indian
Constellation); see Figure 7.1 [1].

NAVIC is an autonomous regional navigation system
planned to provide accurate real-time positioning and tim-
ing services over India and regions extending to 1500 km
(930 mi) around it, referred to as the primary service area
[3]. The main objective was to achieve position accuracy
of 20 m (2σ) for dual-frequency users in the primary service
volume. The extended service area lies between the primary
service area and the area enclosed by the rectangle from
30 S to 50 N latitude, 30 E to 130 E longitude as shown
in Figure 7.2. NAVIC, like any other GNSS system, is
expected to support applications such as the following [4]:

• Terrestrial, aerial‚ and marine navigation

• Disaster management

• Vehicle tracking and fleet management

• Integration with mobile phones

• Precise timing

• Mapping and geodetic data capture

• Terrestrial navigation aid for hikers and travelers

• Visual and voice navigation for drivers

The NAVIC system architecture consists of three compo-
nents: space, control‚ and user segments. The space
segment, as with any other GNSS, consists of navigation
satellites. The upkeep and maintenance of the space
segment is performed by the control segment. Signals from
satellites are acquired, tracked‚ and processed by the
receivers to provide navigation solutions for the user
segment [5].

7.1.1 Space Segment

The NAVIC space segment consists of seven satellites in its
full configuration, with three satellites in geostationary and
four in geosynchronous orbits. Currently, seven satellites
have been deployed and are in the final stages of testing.
In addition, there is a proposal to extend NAVIC to an
11-satellite [7] constellation to improve availability and
enhanced navigational accuracy in the primary service
volume [8].

7.1.1.1 Development

The first satellite (IRNSS-1A) was launched on 1 July 2013
on-board India’s Polar Satellite Launch Vehicle (PSLV-
C22) [9] from the First Launch Pad (FLP) of the Satish Dha-
wan Space Centre (SDSC), Sriharikota. The ‘XL’ version of
PSLV was used, which is the same launch vehicle used in
the Chandrayaan-1 (lunar) mission of India. The second
IRNSS satellite was launched on 4 April 2014 aboard
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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:

Figure 7.1 NAVIC satellite distribution [2]. Source: https://www.isro.gov.in/sites/default/files/article-files/node/4470/banner_1.jpg.
Reproduced with permission of ISRO.
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Figure 7.2 NAVIC system architecture. Source: From I.S.R.O. [6].
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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].

7.1.2 Ground Segment

The IRNSS Ground Segment is responsible for the main-
tenance and operation of the constellation. This includes
the generation of the navigation parameters and transmis-
sion, satellite control, ranging, and integrity monitoring

and time keeping. The ground segment comprises the
following [4]:

• IRNSS Range and Integrity Monitoring Stations (IRIMSs)

• ISRO Navigation Centre (INC)

• IRNSS TTC and Unlinking Station (IRTTC)

• IRNSS Spacecraft Control Facility (IRSCF)

• IRNSS Network Timing Centre (IRNWT)

• IRNSS CDMA Ranging Stations (IRCDRs)

• Laser Ranging Stations (ILRSs)

• Data Communication Network (IRDCN)

Figure 7.3 IRNSS 1B satellite in the launch pad [18, 19]. Source: http://www.isro.gov.in/irnss-programme/pslv-c22-irnss-1a-gallery;
http://www.isro.gov.in/irnss-programme/pslv-c24-irnss-1b-gallery. Reproduced with permission of ISRO.

Table 7.1 NAVIC satellite launch details

Satellite Launch vehicle Launch date Orbit

IRNSS-1A PSLV-C22 1 July 2013 Geosynchronous
(55 E longitude, 29 elevation)

IRNSS-1B PSLV-C24 4 April 2014 Geosynchronous
(55 E longitude, 29 elevation)

IRNSS-1C PSLV-C26 15 October 2014 Geostationary
(83 E longitude)

IRNSS-1D PSLV-C27 28 March 2015 Geosynchronous
(111.75 E longitude, 30.5 elevation)

IRNSS-1E PSLV-C31 20 January 2016 Geosynchronous
(111.75 E longitude, 28.1 elevation)

IRNSS-1F PSLV-C32 10 March 2016 Geostationary
(32.5 E longitude)

IRNSS-1G PSLV-C33 28 April 2016 Geostationary
(131.5 E longitude)
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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].

7.1.3 User Segment

The User segment mainly consists of the following:

• A single-frequency IRNSS receiver capable of processing
SPS signal at L5 or S band frequency

• A dual-frequency IRNSS receiver capable of receiving
both L5 and S band frequencies

• A multi-constellation GNSS receiver compatible with
IRNSS and other GNSS constellations

For illustration, a multi-constellation IRNSS (dual-fre-
quency) + GPS + SBAS developed by Accord Software
and Systems Pvt. Ltd., Bangalore, India‚ is as shown in
Figure 7.5.

7.2 IRNSS Reference System

7.2.1 IRNSS Geodetic Reference

IRNSS uses the WGS-84 coordinate system for the compu-
tation of navigation solutions.

7.2.2 IRNSS Time Reference

IRNSS system time is represented as the week number
(WN) and time of week count (TOWC), similar to other
global constellations. Since each navigation data subframe
is 12 s long, the TOWC is multiplied by 12 to obtain the time
of week (TOW) in seconds. The IRNSS system time starting
epoch is 00:00 UT on 22 August 1999 (midnight between
August 21 and 22). At the starting epoch, the IRNSS system
time was ahead of UTC by 13 s. Subsequently, the UTC cor-
rections to the IRNSS system time were applied commensu-
rate to the GPS system time. The epoch denoted in the
navigation messages by TOWC and WN will be measured
relative to the leading edge of the first chip of the first code
sequence of the first subframe symbol. The transmission
timing of the navigation message provided through the
TOWC is synchronized to IRNSS system time [6].

IRNSS system time is maintained by INC ground stations.
It is determined from a clock ensemble composed of cesium
and hydrogen maser atomic standards at the INC ground
stations. Similar to UTC, the IRNSS system time is also a
weighted mean average time, but with two substantial dif-
ferences: it will be made available in real time, which is con-
tinuous without leap seconds. The IRNSS satellites carry an
on-board rubidium atomic frequency standard, which is
monitored and controlled by the INC ground station. The
deviation between the IRNSS system time and the satellite’s
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Global Horn
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Corner Cube Retro Reflector

C-band Horn

Propellant Tanks

Star Sensors

Solar Panel
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Figure 7.4 IRNSS spacecraft constituents [9]. Source: Reproduced with permission of ISRO.

Figure 7.5 IRNSS user receiver.
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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].

7.3 IRNSS Satellite Constellation

The primary concern for any satellite constellation design is
the availability of satellites in the service volume and the
impact of its geometry on the navigation accuracy. The
geometry is measured by the parameter, position dilution
of precision (PDOP). Since IRNSS is a regional navigation
system, it is necessary to guarantee the visibility of all the
satellites in the primary service area. The satellite constel-
lation with geostationary and geosynchronous satellites
was designed according to the primary requirement of
availability and the best possible navigation accuracy.
Another design consideration is the line-of-sight observa-
bility of all the satellites to the ground station. The constel-
lation design of geostationary and geosynchronous orbits
paves the way to provide continuous all time line-of-sight
observability to all satellites. This ensures constant ranging
and integrity monitoring. A summary of nominal constella-
tion parameters is listed in Table 7.2.

The space segment can be broadly categorized on the
basis of its contribution as system or subsystem. System-
level traits include availability, accuracy, reliability, and
integrity. However, the subsystem segment mainly focuses
on satellite-specific features such as those depicted in
Figure 7.4. On the basis of open source literature on IRNSS,
the availability and subsystem parameters are explained
with necessary assumptions. Among the various design
parameters, availability is a paramount requirement in
any GNSS, more so in a regional navigation system. With
the announcement of any new constellation, an initial
assessment of the signal characteristics, stand-alone avail-
ability, and achievable accuracies is of main interest.

Availability is defined as the period of time a system is usa-
ble, or alternatively, it is the ability of the system to provide
solutions over a specified region. IRNSS being a regional
system, availability has to be highly optimized from an
operational perspective. Availability‚ as illustrated in
Figure 7.6, assures visibility to a user from all seven satel-
lites over the Indian subcontinent [22, 23].

In the case of IRNSS, assuming clear sky conditions,
satellites in a geostationary orbit will always be visible to
users on the Indian subcontinent. An advantage of geosta-
tionary satellites is that a larger signal coverage footprint is
achieved with a minimum number of satellites. However,
one needs to estimate the visibility of the satellites in geo-
synchronous orbits to assess the overall availability.
A detailed statistical reliability analysis for the IRNSS con-
stellation is presented in [22].

7.4 Ground Segment Configuration

An integral component of any ground segment is to contin-
uously track the satellites and estimate the integrity of each
signal component (for example, code, carrier‚ and data),
discretely in real time. In case of any abnormality, alert is
announced. IRIMS facilitates this by performing one-way
ranging to satellites employing high-end reference station
receivers. It receives data from the IRNSS satellites, and
processes and transmits the necessary information to the
INC. The objectives of the INC are the following [24]:

• Compute the primary and secondary navigation para-
meters that include estimation and prediction of the
ephemeris and SV clock corrections

• Initialize on-board time (clock) and monitor its
performance

• Monitor the broadcast parameters in the range domain
(in terms of user equivalent range error or UERE) and
position domain (through user position computation at
the reference stations)

• Estimate ionospheric corrections and integrity
information.

The SV clock and ephemeris corrections are then trans-
mitted to the IRTTC stations, which receive and command
IRNSS telemetry data. These stations are used for up-
linking the navigation data to the IRNSS satellites. The
IRCDR stations facilitate accurate two-way ranging of
IRNSS satellites and transmit data to the INC. The primary
function of the SCF is to manage and maintain the satellite
constellation. The details of the various elements of the
IRNSS ground segment are shown in Figure 7.7.

Table 7.2 Summary of nominal constellation characteristics

Total number of
satellites

7 (will be extended to 11)

Orbital Altitude
(km)

35,000

Number of orbital
planes

Geostationary orbit (GEO) and
2 geosynchronous orbit (GSO) planes

Number of
satellites per plane

2 satellites each in GSO planes and
3 satellites in GEO plane

Inclination ( ) 5 (for GEO satellites) 29 (for GSO
satellites)
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Figure 7.6 IRNSS satellite availability over Indian subcontinent.
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 ISRO Navigation Centre (INC) at Byalalu, is the nerve center of the IRNSS Ground Segment. INC primarily generates 
navigation parameters
  

The constituent elements of the IRNSS ground segment are:

 IRNSS Range and Integrity Monitoring Stations
(IRIMS) perform continuous one way ranging of the IRNSS
satellites and are also used for integrity determination of the
IRNSS constellation.
  

 IRNSS CDMA Ranging Stations (IRCDR) carry
out precise two way ranging of IRNSS satellites.

 IRNSS Network Timing Centre (IRNWT) at
Byalalu generates, maintains and distributes IRNSS
Network Time.

 Spacecraft Control Facility (SCF) controls the
space segment through Telemetry Tracking & Command
networks. In addition to the regular TT&C operations,
IRSCF also uplinks the navigation parameters generated
by the INC.

IRNSS Data Communication Network (IRDCN) provides
the required digital communication backbone to IRNSS
network.

International Laser Ranging Stations (ILRS) is being used
periodically to calibrate the IRNSS orbit determined by the
other techniques.

200 nm

Figure 7.7 IRNSS Ground Segment distribution and definitions of each functional component [9]. Source: Reproduced with permission
of ISRO.



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.

7.5 IRNSS Signal Configuration

IRNSS signal consists of an SPS signal and RS signal in two
frequency bands, namely, L5 and S. The frequency band in
L5 was chosen from the allocated spectrum (post frequency
filing) for Radio Navigation Satellite Services (RNSSs). The
signal configuration of both SPS and RS signals consists of
the following:

• Navigation data stream

• Pseudorandom noise (PRN) code

• Carrier signals in the L5 and S bands

7.5.1 Navigation Message

The IRNSS navigation message is structured into four sub-
frames [6]. The navigation data in each subframe consists of
292 bits that are rate ½ convolution encoded to obtain 584

subframe symbols. This is called Forward error correction
(FEC) encoding. The FEC-encoded subframe symbols are
then interleaved using a block interleaver before appending
with 16 bits of SYNC CODE (0xEB90). The synchronization
code is not encoded, which allows the receiver to achieve
subframe synchronization. The FEC encoding scheme with
interleaving is shown in Figure 7.8 and Table 7.3, respec-
tively. There are also tail bits in each subframe, which
are a series of six zero bits allowing the completion of
FEC decoding of each subframe in the user receiver.
A 24-bit cyclic redundancy check (CRC) parity provides
protection against burst errors in navigation data as well
as random errors with a probability of undetected error

IRNSS Navigation data (292 Bits)

FEC Encoder

Input

Block Interleaver

Interleaved data (584 symbols)

584 symbols

Output

G1

G2

0xEB90

SYNC CODE

q–1 q–1 q–1 q–1 q–1 q–1

Figure 7.8 IRNSS navigation data generation methodology. Source: From I. S. R. O. [6].

Table 7.3 FEC encoding and block interleaver configuration

Parameter Value

FEC
encoder

Coding rate 1/2

Coding scheme Convolution

Constraint length 7

Generator polynomial G1 = (171)o

G2 = (133)o

Encoding sequence G1 then G2

Block
interleaver

Interleaver size 584

Interleaver dimensions
(n columns × m rows)

73 × 8
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≤ 2−24 = 5.96 e−8 for all channel bit error probabilities
≤ 0.5 [6].

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

g X =
24

i−0

giX
i

gi = 1 for i = 0, 1, 3, 4, 5, 6, 7, 10, 11, 14, 17, 18, 23, 24 and 0
otherwise; Xi 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.

• Subframe 1: Satellite ephemeris and clock parameters
(Broadcast interval = as needed but repeats once every
48 s).

• Subframe 2: Satellite ephemeris (Broadcast interval = as
needed but repeats once every 48 s).

The contents of the secondary navigation parameters are
transmitted as message types with specific broadcast inter-
vals. The following are the different message types that are
defined to be transmitted in subframes 3 and 4:

• Message Type 0: Null message, which is broadcast when
there is no other message waiting for broadcast (Broadcast
interval = as needed).

• Message Type 5: Ionospheric grid parameters for one
region ID (Broadcast interval = 5 min).

• Message Type 7: Almanac parameters for one satellite
(Broadcast interval = 60 min).

• Message Type 9: IRNSS time correction parameters with
respect to UTC and GPS (Broadcast interval = 20 min).

• Message Type 11: Earth orientation parameters and
ionospheric coefficients for Klobuchar model (Broadcast
interval = 10 min).

SYNC

CODE

16 bits

SYNC

CODE

16 bits

TLM TOWC

• Primary navigation parameters

• Primary navigation parameters

• Secondary navigation parameters

• Secondary navigation parameters

ALERT AUTONAV
SUBFRAME

ID

600 Symbols

Subframe One

Subframe Two

Subframe Three

Subframe Four

4
8
 s

SUBFRAME DATA-FEC encoded (584 Symbols)

Navigation data (292 Bits)

600 Symbols

SUBFRAME DATA-FEC encoded (584 Symbols)

Navigation data (292 Bits)

SPARE DATA CRC TAIL

TLM TOWC ALERT AUTONAV SUBFRAME
ID
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Figure 7.9 IRNSS navigation data subframe structuring details.
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• Message Type 14: Differential correction parameters
(Broadcast interval = as needed).

• Message Type 18: Text messages (Broadcast interval = as
needed). Disaster management service could be initiated
with the assistance of these messages.

• Message Type 26: IRNSS time correction parameters with
respect to UTC and other GNSS (Broadcast interval
= 20 min).

7.5.2 PRN Codes

IRNSS uses Gold codes for the SPS signal that are generated
using linear feedback shift registers (LFSRs). The time
period of the PRN sequence generated for the SPS signal
is 1 ms with a chipping rate 1.023 Mcps. The two generator
polynomials for the G1 and G2 shift registers are given by

G1 X10 + X3 + X1 and

G2 X10 + X9 + X8 + X6 + X3 + X2 + 1

Figure 7.10 shows the block diagram of the SPS code gen-
erator. Polynomials G1 and G2 are the same as the GPS C/A
code generator. The G1 and G2 generators are realized by
using 10-bit maximum length feedback shift registers
(MLFSRs). Each satellite is assigned to a different initial
G2 register state to generate a unique PRN code using dif-
ferent chip delays as shown in Table 7.4 [8].

7.5.3 Composite Signal Generation

The IRNSS system provides two types of services, namely,
SPS and RS. SPS is primarily meant for civilian and com-
mercial applications and is available to all users. The IRNSS
signal-in-space (SIS) Interface Control Document (ICD) for
the SPS signal was released in the official ISRO website
http://irnss.isro.gov.in in October 2014.

The carrier frequencies and bandwidth of transmission
for the SPS and RS signals are shown in Table 7.5. The mod-
ulation scheme employed for the SPS signal is binary phase
shift keying (BPSK (1)) on both frequency bands and binary

1

1.023 Mcps

Clock

Set
initial
bits

SPS
PRN
code

2 3 4 5 6 7 8 9 10

1 2 3 4 5 6 7 8 9 10

Figure 7.10 SPS code generator mechanism. Source: From I. S. R. O. [6].

Table 7.4 Code phase assignment for SPS signals

PRN ID Satellite

L5-SPS S-SPS

Initial condition
for G2 register

First 10 chips
in octal2

Initial condition
for G2 register

First 10 chips
in octal2

1 IRNSS-1A 1110100111 130 0011101111 1420

2 IRNSS-1B 0000100110 1731 0101111101 1202

3 IRNSS-1C 1000110100 0713 1000110001 0716

4 IRNSS-1D 0101110010 1215 0010101011 1524

5 IRNSS-1E 1110110000 0117 1010010001 0556

6 IRNSS-1F 0001101011 1624 0100101100 1323

7 IRNSS-1G 0000010100 1753 0010001110 1561
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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 ssps(t) is represented as [6]

ssps t =
∞

i = −∞
csps i Lsps

dsps i CDsps
rectTc,sps t − iTc,sps

7 1

The RS BOC pilot signal srs_p is represented as

srs_p t =
∞

i = −∞
crs_p i Lrs_p

rectTc,rs_p t − iTc,rs_p scrs_p t, 0

7 2

The RS BOC data signal srs_d is represented as

srs_d t =
∞

i = −∞
crs_d i Lrs_d

drs_d i CDrs_d
rectTc,rs_d t − iTc,rs_d scrs_d t, 0

7 3

In Eq. (7.4) scx represents the subcarrier signal‚ and it is
represented as

scx t, φ = sgn sin 2π f sc,xt + φ 7 4

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

s t =
1
3

2 ssps t + srs t + j 2 srsd t − I t

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.

Table 7.5 IRNSS services and description of various signal components

Service type Code (Mcps) Frequency band Carrier(MHz) Bandwidth(MHz) Modulation

SPS 1.023 L5 1176.45 24 BPSK

S 2492.028 16.5 BPSK

RS 2.046 L5 1176.45 24 BOC (5,2)

S 2492.028 16.5 BOC (5,2)

dsps (Rd_sps)

Csps (Rc_sps)

sc(t)

s(t)

ssps(t)

srs_p(t) Constant

Envelope
Mux

srs_d(t)
drs_p(Rd_rs)

Crs_d (Rc_rs) sc(t) (Rsc)

crs_p

Figure 7.11 Figure 7.11 IRNSS composite signal generation.
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The symbol definitions are as follows:

cx(i) i-th chip of the spreading code
dx(i) i-th bit of the navigation data
fsc Subcarrier frequency
“ ‘i’ modulo x
[i]x Integer part of x
CDx Number of chips per navigation data
Lx Length of spreading code in chips
rectx Rectangular pulse function with duration “x”
Tc,x Spreading code chip duration
Rd,sps SPS data rate = 50 symbols per second
Rd,rs RS data rate = 50 symbols per second
Rc,sps SPS code chip rate = 1.023 Mcps
Rc,sps RS code chip rate = 2.046 Mcps
Rsc Subcarrier frequency = 5.115 Mcps

7.6 IRNSS Performance Specifications

The following section lists the performance parameters of
IRNSS [6].

• Signal phase noise: A second-order phase lock loop with
10 Hz bandwidth is guaranteed to be able to track the
unmodulated carrier with an accuracy of 0.1
radians (RMS).

• Correlation loss: Correlation loss is defined as the differ-
ence between the transmitted power received in the spe-
cified signal bandwidth and the signal power recovered
in the ideal receiver of the same bandwidth, which per-
fectly correlates using an exact replica of the waveform
within an ideal band-pass filter with linear phase. For
IRNSS signals, the value is 0.6 dB.

• Spurious characteristics: For IRNSS signals, −50 dB is the
in -band spurious level.

• Received signal power levels: It is assured that a mini-
mum of −159 dBW is guaranteed on ground for L5 and
−162.3 dBW for the S band signal, with user elevation
above 5 .

• Polarization characteristics: As with any other GNSS con-
stellation, IRNSS signals are also RHCP.

7.6.1 Channel Group Delay

Channel group delay is defined as a time difference
between transmitted RF signal (measured at the phase cen-
ter of the transmitting antenna) and the signal at the output
of the on-board frequency source. There are three different
delay parameters [6, 21]:

• Fixed/bias group delay: This is a bias term that is
included in the clock correction parameters transmitted

in the navigation data, and is thus accounted for during
the user computation of system time.

• Differential group delay: Each IRNSS navigation signal
generator payload consists of a main path for the default
operation and a redundant path to operate during occur-
rence of any failure in the main path. The hardware is
different for each path in terms of the data generator,
modulator, up-converter, traveling wave tube amplifier
(TWTA), cable, and integration components. This is
the delay difference between two navigation signals on
the two RF paths. It consists of random plus bias
components. The mean differential is defined as the bias
component and can be either positive or negative. For a
given navigation payload redundancy configuration, the
absolute value of the mean differential delay shall not
exceed a few nanoseconds (ns), that is, on the order of
15 to 30 ns [21]. The random variations about the mean
will be in the range of 3 ns (2σ). In order to correct the
bias component of the group delay, the TGD parameter
is broadcast to the user in the navigation message [16].

• Group delay uncertainty in bias and differential value:
The group delay uncertainty shows the variability in
the path delay due to operational environment uncer-
tainty and other factors. The effective uncertainty of
the group delay will be in the range of 3 ns (2σ).

7.7 Ionospheric Model and
Representation

The ionospheric effect on signal propagation is the largest
error source for single-frequency IRNSS users. To help sin-
gle-frequency users achieve relatively better accuracy per-
formance, IRNSS has adopted a grid-based model for
ionospheric delay estimation, thereby providing compara-
ble user position accuracies as dual-frequency receivers.
A 5 × 5 grid was formulated over the Indian region
350 km above Earth’s surface as shown in Figure 7.12.

The ionospheric correction parameters are broadcast as a
part of the navigation data (Message Type 5) at 5 min inter-
vals. The correction parameters include the vertical delay
estimates at specified ionospheric grid points (IGPs), and
are applicable to a signal on L5 for the single-frequency
users. There are 90 IGPs defined in total, which cannot
be transmitted in a single message. Hence, the entire grid
is divided into six regions and each message type broadcasts
ionospheric correction parameters for a particular region.
The grid parameters include the following:

• Region ID

• Grid Ionosphere Vertical Delay (GIVD)
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• Grid Ionosphere Vertical Error Indicator (GIVEI): 99.9%
accuracy of the GIVD

• Regions Masked (10 bits): The total number of regions for
which the corrections are provided

• Issue of Data Ionosphere (IODI): This indicates the
change in the region masked and ranges from 0 to 7

In addition to this, ionospheric error for single-frequency
L5 users for the entire IRNSS service volume is broadcast as
a set of eight coefficients, which is valid over a day.

For dual-frequency receivers, the carrier frequency diver-
sity between L5 and S signals is used to correct for the group
delay due to first-order ionospheric effects [6]. The correc-
tion to pseudorange is ρ, which is a function of the L5-
derived pseudorange (ρL5), S-derived pseudorange (ρS), car-
rier frequencies of L5 (fL5), and S (fS5), and can expressed as

ρ = ρL5 − f 2
s f 2

L5 ρS 1 − f 2
s f 2

L5 7 5

7.8 IRNSS Receiver Architecture

7.8.1 Antenna

One of the major challenges in designing a multi-frequency
and multi-constellation receiver‚ including IRNSS‚ is the

receiver antenna design. The incoming signal being RHCP,
the first element should be compliant with it and a beam-
width (signal capture range) adequate to source satellites
from zenith to 5 elevation. Typically, two antenna topolo-
gies are used in practice: passive and active. The passive
antenna requires that the processing section be very close
to the physical antenna. An example is a handheld GNSS
receiver. In practice, many applications require the receiver
unit to be at a certain distance from the antenna. The cable
inter-connecting antenna to the receiver introduces atten-
uation to the signal. To compensate for this, a low noise
amplifier (LNA) of appropriate gain is used closest to the
antenna. The power feed to the LNA is typically from the
receiver, which makes the configuration active. To protect
the receivers from undesired interference, most antennas
have a band-pass filter (BPF) following the LNA. This com-
ponent allows the intended signal and attenuates interfer-
ing components outside the desired band, ensuring that
subsequent stages operate linearly. Finally, the satellites
are spatially distributed and are at different elevations with
respect to the user antenna. Typically, an antenna has max-
imum attenuation for the horizon satellites to suppress
ground reflected multipath, which is often high for low-
elevation satellites.

Unlike other GNSS constellations where around eight
satellites are typically guaranteed above 25 elevation, for
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Figure 7.12 Ionospheric grid for IRNSS system [6]. Source: https://www.isro.gov.in/sites/default/files/irnss_sps_icd_version1.1-2017.pdf.
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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].

7.8.2 Receiver

The IRNSS receiver architecture is similar to any multi-
frequency GNSS receiver that is capable of acquiring and
tracking multi-frequency GNSS signals.

A typical IRNSS/GPS/SBAS receiver developed by
Accord Software and Systems Pvt. Ltd. (shown in
Figure 7.5) is configurable to operate in various modes:

1) Single-frequency IRNSS: IRNSS-L5 or S
2) Dual-frequency IRNSS: IRNSS-L5 and S
3) Dual-frequency Hybrid: Dual-frequency IRNSS and

GPS-L1

7.8.3 IRNSS System Performance

7.8.3.1 Single-Frequency IRNSS-L5 or IRNSS-S

The first mode of operation presented is the single-
frequency IRNSS mode, where the receiver uses only the

measurements from the IRNSS-L5 signal. The IRNSS
grid-based ionospheric model is used to compensate for
the ionospheric errors. Figure 7.14 shows the 3D position
error plot (raw measurements were used for position esti-
mation, without any smoothing) from the IRNSS receiver
in single-frequency IRNSS-L5/S modes, respectively. The
test was performed at the Accord Software and Systems
Pvt. Ltd. head office in Bangalore, India with a static user
antenna on 26 October 2017.

7.8.3.2 Dual-Frequency IRNSS

The second mode of operation is dual-frequency IRNSS,
where the receiver employs measurements from both L5
and S signals. The errors due to the ionosphere can be elimi-
nated using the frequency diversity of the two signals with-
out any dependence on grid or ionospheric coefficients
from navigation data. Unlike the model-based approach,
which requires time to collect ionosphere data and then
apply corrections, it is instantaneous in dual-frequency
mode. Figure 7.15 shows the 3D position error plots from
the IRNSS receiver in dual-frequency IRNSS mode.

7.8.3.3 Dual-Frequency Hybrid

The final mode of operation is to use a combined dual-
frequency IRNSS with GPS-L1 and SBAS. Figure 7.15
shows the 3D position error plots from the IRNSS receiver
in dual-frequency IRNSS mode. The performance is better
with the additional GPS measurements, which improves
the geometry. Overall, the IRNSS system accuracy is well
within the desired limits of 20 m (2-sigma) even in stand-
alone mode of operation.

GPS-IRNSS Wideband Antenna Frequency Range

• 1176 ± 12 MHz

• 1575 ± 12 MHz

• 2492 ± 8.5 MHz

• < 1.5:1

• > 2 dBiC@ L1 & L5 band

• > –3 dBi@ L1 & L5 band

• > 3 dBiC@ S band

• > –2 dBi@ S band

• 20 ± 3 dB @ L1 & L5 band

• < 2.0 dB

• 17 ± 3 dB @ S band

• RHCP

VSWR

Polarization

Passive Gain @
Zenith

Gain @ 15°
Elevation

LNA Gain

Noise Figure

Figure 7.13 Integrated GPS-IRNSS wide-band antenna.
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7.9 Conclusion

With IRNSS, India will have the distinct advantage of
having its own navigation constellation, which would be
crucial during militarily disturbed conditions. This constel-
lation is the first of its kind with complete regional position-
ing and satellites always visible in the primary service
volume, and will provide several research possibilities in
the receiver algorithm design. Regionally, the IRNSS
receiver could be integrated with other constellation recei-
vers and used in end applications, with IRNSS primarily
used in the basic service volume.
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The Quasi-Zenith Satellite System (QZSS) is a regional,
space-based positioning, navigation, timing (PNT) system
developed by the Japanese government. The main purpose
of the system is to enhance PNT capability and performance
even in severe environments by using satellite orbit charac-
teristics which can provide PNT signal transmission from
high elevation angles. This chapter describes QZSS in a
summary form. Section 8.1 outlines the history and back-
ground of the QZSS program and why QZSS is needed in
Japan. Section 8.2 describes the current management struc-
ture of QZSS. Section 8.3 introduces the geodetic and time
reference systems employed by QZSS and their alignments
with international standards. Section 8.4 discusses the ser-
vices provided by QZSS, including comprehensive services
that not only provide PNT and augmentation, but also short
messaging services with content related to non-PNT
services relevant to the main satellite positioning focus of
this book. Sections 8.5, 8.6, and 8.7 summarize the key
characteristics of the QZSS constellation and space seg-
ment, ground segment, and signals, respectively. Finally,
Section 8.8 is a brief summary of this chapter.

8.1 History and Background of QZSS
Development

8.1.1 Background

In the earlier stage of GPS utilization before many GPS
satellites had been deployed in orbit, Japan was one of
the leading countries in GPS utilization. In the scientific
fields, the Japanese University Consortium for GPS
Research (JUNCO) was established and started nationwide
crustal deformation observations and research using dual-
frequency GPS geodetic receivers in 1987, followed by
establishing the Japanese national Continuously Operating

Reference Station (CORS) network and GPS Earth Obser-
vation Network (GEONET) in 1996. In the civil commercial
market, the world’s first GPS-based car navigation product
was released to the market in 1990. Through the progress in
both scientific research and practical utilization, the excel-
lent benefits of GPS have been recognized, where users can
obtain uniform service globally on a 24/7 basis, regardless
of weather, and access a wide variety of applications, but
with some drawbacks, such as a strong dependency on
the environment surrounding the users.

Japan has four major islands and several thousand small
islands. Approximately 70% of the territory is mountainous
terrain. However, most of the 120 million Japanese people
live in cities located in narrow coastal flat lands. These
geographical characteristics lead to challenging conditions
for satellite navigation. Dense, closely spaced buildings
and narrow streets in urban areas block direct signals
from satellites, causing non-line-of-sight (NLOS) and
multipath-dominated signals, which lead to degraded
users’ PNT performance.

The figure-eight satellite orbit was a concept based on the
inclined geosynchronous orbit (IGSO) satellite applications
for mid-latitude regions, which was proposed by the Com-
munications Research Laboratory (CRL, currently the
National Institute of Information and Communications
Technology (NICT)) [1]. In the late 1990s to early 2000s,
some Japanese industries planned to use the concept for
mobile communication systems, a GPS augmentation serv-
ice platform, as well as regional positioning system investi-
gation [2]. The National Space Development Agency
(NASDA: currently Japan Aerospace Exploration Agency
(JAXA)) applied the combined geosynchronous orbit
(GSO) and IGSO satellite constellations to their regional
satellite navigation system study. The original QZSS
program was launched as a result of a public private
partnership project integrating commercial mobile
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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 (IOT)
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.

8.2 QZSS Management Structure

The Cabinet Office plays the lead role of coordination and
enabling collaborative work across multiple ministries
within the Japanese government. The establishment of
space policy, strategy, and implementation plan requires
discussions and coordination across multiple ministries.
Therefore, the National Space Policy Secretariat (NSPS)
under the Cabinet Office was established in 2016 after mer-
ging the Secretariat of the Strategic Headquarters for Space
Policy under the Cabinet Secretariat and the Office of
National Space Policy under the Cabinet Office. The
deployment, operation of QZSS, and service provision are
major tasks of NSPS. Figure 8.1 depicts the current QZSS
management organization structure.

NSPS manages the QZSS program including the planned
future expansion to a seven-satellite constellation. The Civil
Aviation Bureau of Japan (JCAB) is currently operating the
MTSAT Space-based Augmentation System (MSAS). JCAB
is also involved in joint projects with QZSS, and QZSS will
be utilized as a MSAS platform in 2020 after the MTSAT-2
operation is terminated. The framework for the QZSS service
provision is through a private financial initiative (PFI) from
2018 to 2033. The QZSS Service Incorporation (QSS) was
established to implement the ground control segment and
serviceprovision for 15years. Itwasawarded the contractwith
NSPS as the QZSSoperator, as well as service provider in 2013.

8.3 QZSS Geodetic and Time
Reference Systems

For QZSS, interoperability with GPS and other GNSSs is an
important feature. Its geodetic and time references are
aligned with international standards, that is, the Interna-
tional Terrestrial Reference Frame (ITRF) and Universal
Time (UTC), respectively. Section 8.3.1 describes the geo-
detic reference system used by QZSS, while Section 8.3.2
addresses the time reference system.

8.3.1 QZSS Geodetic Reference System

The coordinate system used by QZSS is defined in IS-QZSS-
PNT [9]. Its coordinate origin is located at Earth’s center of
mass, and its coordinate axes are the same as those of the
International Terrestrial Reference System (ITRS). It is
maintained with centimeter-level accuracy with respect
to the ITRF08.

8.3.2 QZSS Time Reference System

QZSS reference time (QZSSRT) is defined according to the
ensemble clock generated by four ground reference
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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%).

8.4 QZSS Services

QZSS provides three main types of functional capabilities to
users: (1) GPS complementary, (2) GNSS augmentation,
and (3) messaging capabilities. Eight services are provided
by QZSS, and Table 8.1 lists the QZSS signals and services.

QZSS Performance Standard (PS-QZSS) defines the perfor-
mance of the entire civil open services related to satellite-
based PNT, such as accuracy, availability, continuity, and
integrity [10]. These services are described in detail in the
following sections.

8.4.1 GPS Complementary Capability
(PNT Service)

The GPS Complementary function is a fundamental capa-
bility of a space-based PNT system that provides a ranging
signal with a navigation message. To implement this capa-
bility, QZSS provides satellite PNT Service using L1, L2, and
L5 band signals. Users can track QZSS signals, measure the
range between a QZSS satellite and their receiver antenna
phase center, and calculate their position, velocity‚ and
time together with other GNSS satellites’ range measure-
ments as well as their navigation messages, especially in
combination with GPS satellites. In order to maximize
the performance improvement of using QZSS with GPS
and make it easier to use them together on user receiving
equipment, the highest level of interoperability with GPS
signals is adopted for QZSS. Not only are current GPS Block
IIF civil navigation signals, L1C/A, L2C, and L5, provided,
but also L1C, which will be transmitted from Block III as
the fourth civil signal.

Some major fundamental specifications of QZSS PNT
services in PS-QZSS are summarized in Table 8.2. It should
be noted that QZSS does not have stand-alone PNT capabil-
ity. Thus, the performance standard defines a limited set of
performance parameters.

The PNT service coverage is defined as the area where at
least one QZSS satellite is visible above 10 elevation angle,
and users can track QZSS satellite signals with the

Figure 8.1 QZSS management structure.
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minimum user receiving power defined in IS-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.

8.4.2 GNSS Augmentation Services

As described in the previous sections, the unique feature of
QZSS is that one of the satellites in the constellation can
provide services from high elevation angles over the service

Table 8.2 Fundamental QZSS performance specifications

Characteristics Technical specifications SPS value

Constellation service
availability

Time ratio of the simultaneous transmission of healthy signals from at
least three of four QZSS satellites

≥0.99

Service availability
by each SV

Percentage of time when the signal is healthy for IGSO satellites ≥0.95

Same as above, but for GSO satellites ≥0.80

Accuracy SIS URE ≤2.6 m (95%)

Integrity Probability of the RF degradation, TOW failure, SIS URE or UTC errors
exceeding criteria without timely alert

≤1 × 10−5[/h] (when integrity
status flag (ISF) is “0”)
≤ 1 × 10−8[/h] (when ISF is “1”)

Time to alert Alarm or warning when signal should not be used due to the following
causes:

• RF error (Switch to non-standard code)

• TOW error (Switch to non-standard code)

• SIS URE error (Switch to non-standard code)

• UTC error (Alert flag in the NAV message)

8 s
8 s
5.2 s
30 s

Continuity Probability over any hour of not losing signal availability without 48 h
advanced notifications

0.9998

Time Accuracy UTC offset error with regard to UTC(NICT) 40 ns (95%)

Table 8.1 QZSS signals and services

Signals Center freq. [MHz] Services

Transmitting satellites

QZS-1 QZS-2, 4 QZS-3

L1C/A 1575.42 PNT X X X

L1C PNT X X X

L1S SLAS X X X

DC-Report X X X

L1Sb SBAS X

L2C 1227.60 PNT X X X

L5 1176.45 PNT X X X

L5S PTV X X

L6D 1278.75 CLAS X X X

L6E PTV X X

S band RTN:2002.50
FWD:2192.50

Q-ANPI X

PNT: Positioning, Navigation, and Timing
SLAS: Sub-meter Level Augmentation Service
CLAS: Centimeter Level Augmentation Service
DC-Report: Report for Disaster and Crisis Management
PTV: Positioning Technology Verification Service
Q-ANPI: QZSS Safety Confirmation Service
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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.

8.4.2.1 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.
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Figure 8.2 QZSS PNT service coverage.
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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. Ion-
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.

8.4.3 Messaging Service

As a national infrastructure, QZSS is expected to support
disaster mitigation and relief operations, especially since
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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.

8.4.4 Positioning Technology Verification (PVT)
Service

QZSS has two test signals and/or data channels, L5S [16] and
L6E [12, 17], for future service validation. Section 8.4.4.1
describes the Dual Frequency Multi-Constellation
(DFMC) SBAS experiment through the L5S signal, whereas
Section 4.4.2 introduces the Precise Point Positioning (PPP)/
PPP-Ambiguity Resolution (PPP-AR) experiment through
the L6E signal, respectively.

8.4.4.1 DFMC SBAS Experiment Through L5S

The DFMC SBAS is the second-generation SBAS, following
the current L5 SBAS, transmitted on the L5 frequency. The
DFMC SBAS, or the L5 SBAS, is free from ionospheric
effects thanks to the dual-frequency operation, and
therefore enables vertical guidance service everywhere
in the coverage area with reasonable availability. The

standardization for the L5 SBAS is underway by the Inter-
national Civil Aviation Organization (ICAO).

The National Institute of Maritime, Port and Aviation
Technology (MPAT) has been conducting the L5 SBAS
experiment since August 2017 using the QZSS PTV Service
with the L5S signal. This is the first L5 SBAS experiment
with a live L5 signal from space. It is expected that this
experiment can demonstrate that DFMC SBAS enables ver-
tical navigation everywhere in the coverage area, and
achieves reasonable availability, contributing to populari-
zation of the PBN operations.

8.4.4.1.1 Configuration of the Experiments

Figure 8.5 shows the configuration for this experiment. The
prototype DFMC SBAS [18] developed by the ENRI of
MPAT has been used for the experiment. The prototype
receives GNSS measurements from the GEONET observa-
tion network and generates the L5 SBAS message stream in
real time. The message is immediately sent to the QZSS
master control station (MCS) and transmitted by the QZSS
L5S signal.

The test involves 13 ground monitoring stations (GMSs)
at the same locations as the L1S reference stations, as
shown in Figure 8.5. These GMSs output GNSS measure-
ments at 1 Hz. The prototype DFMC SBAS is capable of pro-
cessing GPS, GLONASS, and Galileo signals. It generates
the L5 SBAS message stream compliant with the draft stan-
dards of the DFMC SBAS being discussed by the ICAO
[19, 20].

8.4.4.1.2 Static Test Results of the Prototype
DFMC SBAS

The static test of the prototype DFMC SBAS was performed
for 24 h on 15 December 2016 in GPST. For the test, calcu-
lations of position and protection levels were performed at
160 test stations within Japanese territory. Note that, for
this static test, GPS and GLONASS with L1 and L2 signals
were used due to the limited number of GPS satellites with
L5 transmissions.

Figures 8.6 shows the result for station Wakayama‚
which is located at the center of Japan. It compares
the horizontal position error with and without SBAS cor-
rections, both in dual-frequency operation. The position
accuracy is clearly improved by applying SBAS
corrections.

Figure 8.7 shows the protection levels at the test station.
The first hour of the day is excluded since the estimation
filter of the prototype system has not yet converged. Hori-
zontal broken lines denote 95% of the protection levels. This
result indicates that there is no trend due to any ionospheric
activities throughout the day, even at the local time of 14:00
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(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%.
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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 IOT 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 ICAO 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
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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.

8.4.5 Public Regulated Service (PRS)

The service can be utilized by a limited number of users
authorized by the Japanese government. PRS provides both
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ranging capability and error correction messages with an
encrypted spreading code and a different frequency band
away from those of GPS civil signals.

8.4.6 SBAS Service

SBAS is the international standard navigation service with
a continental service coverage [24–26]. It provides an RNP
(required navigation performance) integrity-assured navi-
gation service primarily for civil aviation use by augment-
ing the GPS constellation. In Japan, the development of its
own SBAS, MSAS, was officially decided in 1993. MSAS was
originally planned to begin its operation in 2000. After the
failure of the launch of the geostationary satellite in 1999,
MSAS finally began its operation in 2007 with two geosta-
tionary satellites. Since then, MSAS has been in continuous
operation up to the present [27–30].

After 10 years of operation, MSAS has recently needed to
replace its geostationary satellites. The first satellite for
MSAS, MTSAT-1R, launched in 2005 terminated its opera-
tion and was decommissioned in December 2015. The other
satellite, MTSAT-2, launched in 2006 is still operational,
but its operation will terminate by 2020. It is also necessary
to update ground facilities built 20 years ago.

Recently the Japanese government has decided to replace
geostationary satellites for MSAS service as a part of the
QZSS regional satellite navigation program. The geosta-
tionary satellite of QZSS (QZS-3) has an additional signal
called L1Sb for the SBAS service. The ground facilities will
be completely replaced by the new system with an
increased number of GMSs. The MSAS processors will be
co-located with the QZSS MCS in Hitachi-Ota. Note that
the QZS-3 L1Sb transmitter for the MSAS service has
24 MHz bandwidth and works with an onboard atomic
clock, which is different from the bent-pipe transponder
employed by all other SBAS systems.

The contents of the SBAS message will be generated by
JCAB (Japan Civil Aviation Bureau) facility‚ and the SBAS

signal will be transmitted to aircraft via the QZSS system
(including both the space segment and the ground seg-
ment), which is owned by CAO (Cabinet Office of Japan)
(see Figure 8.11). The SBAS service area is limited to the
Fukuoka FIR (Japanese Flight Information Region) in its
initial stage. However, the SBAS signal can be received in
the Asia-Pacific region. In addition, a seven-QZSS satellite
constellation enables an upgrade of the MSAS service level
from NPA (Non-Precision Approach) to APV-I or LPV200.
This upgrade will improve navigation performance to a
level almost equivalent to PA (Precision Approach) and
provide significant benefits for not only aviation users,
but also various user communities.

8.5 QZSS Space Segment
Configuration

8.5.1 Constellation

QZSS currently has four satellites in the constellation.
Three of them are orbiting in three different orbital planes
of IGSO, in a so-called Quasi-Zenith Orbit (QZO), which
was designed and optimized to maximize the visibility from
Japan and surrounding areas. One satellite is the GSO sat-
ellite located at 127 east longitude. The IGSO has a mean
altitude of about 36000 km and is inclined around
43 degrees to the equator. The satellite in an IGSO is orbit-
ing around Earth with one sidereal day period, 23 h 56 min.
In addition, a slight eccentricity is added so as to allow the
satellite to stay for a longer time in the Northern Hemi-
sphere. The apogee is located over north Japan. At the
design phase of the four-satellite constellation, the future
composition for a seven-satellite constellation had not been
specified. The separation of the right ascension of the
ascending nodes (RAANs) is not 120 equally distributed
among the satellites in order to reserve a future option
for four IGSOs of a seven-satellite constellation. The second

JCAB

QZSS (GEO)

SBAS Operation SBAS Equipment SBAS Signal
SBAS Signal

CAO

GMS Data

GMS

GPS
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Figure 8.11 SBAS configuration after 2020.
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and fourth satellites have additional propellant for poten-
tial plane changing maneuvers. Table 8.3 summarizes the
orbit parameters for QZSS IGSO satellites.

8.5.2 Satellite Configuration

The first satellite of QZSS, QZS-1, was launched in 2010 as a
demonstration satellite developed by JAXA and collabora-
tive institutes as described in Section 8.1. The design life is
10 years for QZS-1. After the launch, the IOT phase, and
technical demonstrations, QZS-1 was operated by JAXA
for almost 6.5 years. On 28 February 2017, responsibility
of the QZS-1 operation and ownership was transferred to
the Cabinet Office from JAXA. The Navigation Onboard
Computer (NOC) was reprogramed‚ and transmitting mes-
sages were updated in accordance with current IS docu-
ments established by CAO.

Three additional satellites are defined as the Block II
series, while the first satellite is Block I. Design lives for
the three Block II satellites were extended to 15 years. They
were built based on the first satellite design; however, some
modifications are made in their designs. The adoption of
GaAs solar cells with higher efficiency rather than Si cells
for QZS-1 led to a reduction in the number of solar panels
from three to two on one side. With other mass reductions
such as battery size and simplification of the electrical
power and attitude control systems, the dry mass for these
three Block II satellites decreased to 1550 kg for QZS-2 and
-4 and 1690 kg for QZS-3, from 1800 kg for QZS-1. The dif-
ference between QZS-2, 4, and 3 is in the additional payload
on QZS-3. It has a 3.2 m dish and S-band communications
equipment for Q-ANPI service, and uses mobile communi-
cations when ground-based communications breaks down
or becomes congested immediately after major natural dis-
asters occur. An additional major change in the third satel-
lite design is that a patch array antenna is adopted as the

main transmission antenna, while other IGSO satellites
use a 19-element helical array antenna. Block II satellites
are categorized Block II-Q (Q is for QZO) and Block II-G
(G is for GSO) depending on the injected orbit. The one
more important difference between Block I and II-Q is
the change in the attitude control law. The Block
I satellite, QZS-1, has two attitude control modes, Yaw
Steering (YS) mode and Orbit Normal (ON) mode, in order
to point the satellite yaw axis to the center of Earth [31, 32].
The former is applied when the angle between the orbital
plane of the satellite and the vector to the Sun, defined as
the beta angle, is larger than 20 . When the beta angle is
close to the threshold, a switch from YS mode to ON mode
or an opposite direction change is planned so as to mini-
mize the required yaw-angle change during attitude transi-
tion. This attitude control mode change makes precise orbit
estimation difficult and degrades the orbit estimation accu-
racy. Block II-Q satellites were designed according to their
attitude control law, so as to avoid switching two modes
except for orbit maintenance maneuvers. When the beta
angle is close to zero, a so-called “pseudo yaw steering” is
adopted. The yaw rate is controlled at a maximum rate,
0.055 deg/s, so that the yaw angle at noon and midnight
are plus or minus 90 [33]. The major characteristics of each
category are summarized in Table 8.4, and their photo-
graphs are shown in Figure 8.12.

8.6 QZSS Ground Segment
Configuration

The QZSS ground segment consists of an MCS, tracking sta-
tions, and a monitoring stations network. Primary MCS at
Hitachi-Ota and secondary MCS at Kobe are separated
from each other by more than 500 km to ensure site diver-
sity, so as to provide continuous service even if a huge nat-
ural disaster such as mega-typhoon or earthquake occurs.
Tracking stations, which communicate with each satellite,
have a total of seven antennas in six locations. Unlike other
GNSSs, the augmentation function of QZSS requires con-
tinuous uplink to the satellites, most of which are located
in the southwestern region of Japan, where the antennas
can track and communicate with IGSO satellites flying over
Australia at their perigee in the orbit. In addition, the mon-
itoring stations network is one of the main contributors to
satnav system performance. It is important for obtaining
better POD performance to establish a widely distributed
monitoring station network with good geometry composed
of stations in the network and satellites of QZSS and GPS.
In the current configuration, 25 monitoring stations were
set up as the monitoring network.

Table 8.3 QZSS IGSO satellite orbital characteristics

Orbit parameter Value

Semi-major axis 42,165 km (average)

Eccentricity 0.075 ± 0.015

Inclination (deg.) 43 ± 4

Argument of perigee (deg.) 270 ± 2.5

Central longitude of ground track (deg.) 139 ± 5 East

RAAN (Ω)∗ QZS-1: 117
QZS-2: 247
QZS-3: 347

Note: aCalculated at the epoch on 1 September 2025, 00:00:00.
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8.7 QZSS Signal Configuration

QZSS has four open PNT signals, four types of augmenta-
tion signals including experimental ones, and one author-
ized signal on four carrier frequencies, in L1, L2, L5, and
L6 bands, which are allocated for Radio Navigation Satellite

Service (RNSS) by ITU regulations as shown in Table 8.5.
Section 8.7.1 provides a summary of the signal characteris-
tics, and data messages are summarized in Section 8.7.2.
The characteristics of the signal for authorized users,
denoted as PRS, are not in the public domain and hence
are not described in this section.

Figure 8.12 QZSS Block I, GZS-1 (top left) Block II-Q, QZS-2 and 4 (top right) and Block II-G, QZS-3 (bottom).

Table 8.4 QZSS satellite characteristics

Block I Block II-Q Block II-G

Satellite QZS-1 QZS-2 and 4 QZS-3

Launch date (UTC) 11 September 2010 QZS-2: 1 June 2017
QZS-4: 9 October 2017

10 August 2017

Orbit IGSO IGSO GSO (E127)

Dry mass (kg) 1800 1550 1690

Design life (years) 10 15 15

Span (m) 25 19 19

Power (W at EOL) 5300 6300 6300

Main antenna type Helical array Helical array Patch array

Attitude control mode Yaw steering and orbit normal mode
during beta angle less than 20

Yaw steering mode except for
orbit maintenance maneuver

Orbit normal mode

Signals L1C/A, L1C, L1S, L2C, L6, L5 L1C/A, L1C, L1S, L2C, L6, L5,
L5S, PRS

L1C/A, L1C, L1S, L2C, L6, L5,
L5S, L1Sb, PRS, S band
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8.7.1 Signal Descriptions

The detailed information on each QZSS signal is defined in
a set of interface specifications documents [9, 11, 12, 16].
Four of six IS-QZSS documents provide PNT and augmen-
tation service as tabulated in Table 8.6.

Except for the L6 signal, other signals of QZSS are defined
based on the GPS specification and SBAS standard with
some modifications due to differences from these system
designs and operations. It is especially worth noting that
signals for PNT service, L1C/A, L1C, L2C, and L5 have high
interoperability with GPS signals. Similar GPS signal RF
properties such as center carrier frequency, spreading code
modulation scheme, series of PRN code, and message struc-
ture are used. A set of PRN codes from 193 to 202 defined by
GPS IS documentation is applied to QZSS. Originally the
codes for QZSS were assigned in the exact order from 193
when JAXA published the IS-QZSS. However, the current
IS-QZSS changed the PRN code allocation within QZSS
satellites to two parts: IGSO starting from 193 to 197 and
GSO from 199 to 201. 198 and 202 are reserved for non-
standard code use.

QZSS L1C has been transmitted since QZS-1 was
launched in 2010. However, the Block I satellite, QZS-1,
does not transmit TMBOC as GPS plans to do. Instead, it
transmits BOC(1,1) for the pilot component of the signal.
This is because the hardware design was fixed before the
conclusion of the L1C optimization study conducted by
the United States and European Union, which agreed to
change the L1C signal structure for higher interoperability
with the Galileo E1/OS signal in 2006 [34] The phase rela-
tionship between L1C/A and L1C for QZS-1 is also different
from that for GPS Block III as well as for QZSS Block II. For
QZS-1, the L1C/A and L1C data component has a 90 phase
lag with the L1C pilot component, while the L1C data com-
ponent and pilot component have the same phase with
L1C/A with a 90 phase lag relative to other QZSS Block
II satellites. The signal characteristics for L1Sb via QZS-3,
which will be utilized for MSAS service in 2020, are the
same as those of L1S.

Table 8.7 provides a summary of the characteristics of
different QZSS signals.

8.7.2 Data Message Summary

Tables 8.7 and 8.8 summarize each signal’s data message
characteristics.

8.7.3 Ionosphere Model

The Klobuchar model is applied to the QZSS PNT service.
While the model applied for GPS uses a single set of para-
meters for the entire Earth, QZSS transmits two sets of
parameters for a wide area around Japan defined as the rec-
tangular area in the Figure 8.13. The QZSS control segment
uploads new ionospheric parameters at least every 24 h.

8.8 Summary

QZSS is a regional satellite navigation system with four
satellites and ground control segments deployed by Japan.
The first satellite, QZS-1, was launched in 2010, and three
additional Block II satellites were launched in 2017; thus,
operational service provision began on 1 November 2018.
It provides PNT services that enhance GNSS availability
in Eastern Asia and the Western Pacific Rim region. It also
offers augmentation services that strengthen GNSS perfor-
mance as well as a messaging service that improves the
national capability to respond to major disasters in Japan.

Table 8.5 Frequency bands used by QZSS

Frequency band name Center frequency (MHz)

Occupied bandwidth (MHz)

QZSS signals in bandBlock I Block II

L1 1575.42 24.0 30.69 L1C/A, L1C, L1S, L1Sb

L2 1227.60 24.0 30.69 L2C

L5 1176.45 24.9 24.9 L5, L5S

L6 1278.75 39.0 42.0 L6D, L6E

Table 8.6 The package of interface specifications document for
QZSS PNT and augmentation service

Service name IS document Included QZSS signals

PNT IS-QZSS-PNT-003 L1C/A, L1C, L2C, L5

SLAS IS-QZSS-L1S-004 L1S

CLAS IS-QZSS-L6-002 L6D, L6E

PTV IS-QZSS-TV-003 L5S
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Table 8.7 Summary of QZSS signal characteristics

Signal name C/A L1C L2C L5 L1S L6 L5S

Carrier frequency
(MHz)

1575.42 1575.42 1227.60 1176.45 1575.42 1278.75 1176.45

Transmit bandwidth,
two-sided (MHz)

30.69a/
24.0b

30.69a/
24.0b

30.69a/ 24.0b 24.9 30.69a/
24.0b

42.0a/ 39.0b 24.9

Data and pilot
combining

N/A Code
division

Time division Phase
division

N/A Time division Phase
division

Correlation loss (dB) 0.3a/
0.6b

0.2a/ 0.6b 0.3a/ 0.6b 0.6 0.6 0.6 0.6

Specified minimum
received total power in
all components (dBW)

−158.5 −157.0 −158.5a/−160.0b −154.0a/
−154.9b

−158.5a/
−161.0b

−155.7a/
−156.82b

−157.0

Data component

Spreading modulation BPSK-
R(1)

BOC(1,1) BPSK-R(1) BPSK-R
(10)

BPSK-R
(1)

BPSK-R(5) BPSK-R
(10)

Spreading code chip
rate (Mcps)

1.023 1.023 0.5115 10.23 1.023 2.5575 10.23

Spreading code
symbol duration
(microseconds)

0.9775 0.9775 0.9775 0.09775 0.9775 0.1955 0.09775

Spreading code type Gold Weil-based L2CM: Short-cycled
m- sequencec

L5 Gold L61b/L62a:
Kasami-based

L5

Spreading code
duration (ms)

1 10 20 1 1 4 1

Spreading code length
(bits)

1,023 10,230 10,230 10,230 1,023 10,230 10,230

Overlay code bit rate
(bps)

None 100 None 1000 None None None

Overlay code
duration (s)

None None None 0.01 None None None

Overlay code length
(bits)

None None None 10 None None None

Data message bit rate
(bps)

50 50 25 50 250 2000 250

Data message symbol
rate (sps)

50 100 50 100 500 250 500

Data fraction of
power %

100 25 50 50 100 50 50

Pilot component None None Nonea

Spreading modulation MBOC
(6,1, 4/33)a/
BOC(1,1)b

BPSK-R(1) BPSK-R
(10)

BPSK-R(5) BPSK-R
(10)

Spreading code chip
rate (Mcps)

1.023 0.5115 10.23 2.5575 10.23

Spreading code
symbol duration
(microseconds)

0.9775 0.9775 0.09775 0.1955 0.09775

Spreading code type Weil-based L2CL: Short-cycled
m- sequencec

L5 L61b:Kasami-
based

L5

Spreading code
duration (ms)

10 1500 1 410 1

Spreading code length
(bits)

10,230 76,7250 10,230 1,048,575 10,230

(Continued)



Table 8.7 (Continued)

Signal name C/A L1C L2C L5 L1S L6 L5S

Overlay code bit rate
(bps)

100 None 1000 None N/A

Overlay code length
(bits)

1800 None 20 None N/A

Overlay code
duration (s)

18 None 0.02 None N/A

Pilot fraction of
power %

0 75 50 50 0 50 50

Notes:
aBlock II satellites (QZS-2, 3 and 4).
bBlock I satellite (QZS-1).
cMaximal-length sequence.
L5S signal is transmitted after Block II satellites.
L6 signal after Block II has two data components L1D and L1E, no pilot component.

Table 8.8 Characteristics of QZSS signal data messages

Signal name C/A L1C L2C L5 L1S L6 L5S

Data message name LNAV CNAV2 CNAV CNAV L1S L6D/L6E L5S

Message structure
(fixed/flexible)

Fixed Flexible Flexible Flexible Flexible Flexible Flexible

Message length (bits) 1500 900 300 300 250 2000 250

Message duration (s) 30 18 6 6 1 1 1

Forward error
correction

None BCHa(51,8) for time of
day, ½-rate LDPCb for
other data

½-rate,
constraint
length 7

½-rate,
constraint
length 7

½-rate,
constraint
length 7

Reed-
Solomon
(255,223)

½-rate,
constraint
length 7

Error detection (32,26)
Hamming
Code

24 bit CRC 24 bit CRC 24 bit CRC 24 bit CRC 256 bit
RSC

24 bit CRC

Repetition of clock
corrections and
ephemeris (s)

30 18 48 24 N/A N/A N/A

Maximum broadcast
interval for ionospheric
model (minutes)

750 Not specified 288 144 N/A N/A N/A

Maximum broadcast
interval for UTC
conversion

750 Not Specified 288 144 N/A N/A N/A

Time rollover (weeks) 1024 8192 8192 8192 N/A N/A N/A

Leap seconds Included
(yes/no)

No No No No N/A N/A N/A

Clock correction and
ephemeris validity
interval (min)

120 120 120 120 30 s 30 s for
orbit
5 sec for
clock

N/A

Typical message upload
rate (uploads/day)

24 24 24 24 Every
second

Every
second

Every
second

Notes:
aBose, Chaudhuri, and Hocquenghem.
bLow Density Parity Check.
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It is 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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9

GNSS Interoperability
Thomas A. Stansell, Jr.

Stansell Consulting, United States

9.1 Introduction to Interoperability

The International Committee on Global Navigation Satel-
lite Systems (ICG) [1] is headquartered at the United
Nations Vienna International Center (VIC) in Austria. Part
of its Mission Statement, shown below, is to “encourage
coordination among providers of global navigation satellite
systems (GNSSs), regional systems, and augmentations in
order to ensure greater compatibility, interoperability, and
transparency.”

Working Group A (WG-A) of the ICG has the charter to
study and define GNSS Interoperability, and a 2007 report
[2] of WG-A defined Interoperability as follows:

• Interoperability refers to the ability of open global and
regional satellite navigation and timing services to be
used together to provide better capabilities at the user
level than would be achieved by relying solely on one
service or signal.

• Interoperability allows navigation with signals from at
least four different systems with minimal additional
receiver cost or complexity.

• For many applications, common center frequencies are
essential to interoperability, and commonality of other
signal characteristics is desirable.

• Multiple constellations broadcasting interoperable open
signals will result in improved observed geometry,
increasing end user accuracy everywhere and improving
service availability in environments where satellite visi-
bility is often obscured.

• Geodetic reference frame realization and system time
steerage should adhere to existing international stan-
dards to the maximum extent that is practical.

Note that WG-A is now known as WG-S, the Working
Group on Systems, Signals, and Services [3].

The main objective of Interoperability is illustrated by
the often-used cartoon in Figure 9.1. The user has a

handheld receiver in an urban canyon. The receiver
can “see” six navigation signals, but only one from each
global navigation satellite system: GPS from the United
States, GLONASS from Russia, Galileo from the Euro-
pean Union, and BeiDou from China. The GNSS
regional systems are QZSS from Japan and NAVIC from
India.

Because the receiver is handheld, it is important to
achieve this result, as stated above, “with minimal addi-
tional receiver cost or complexity.”

The third bullet under the preceding definition states:
“Multiple constellations broadcasting interoperable open
signals will result in improved observed geometry, increas-
ing end user accuracy everywhere, and improving service
availability in environments where satellite visibility is
often obscured.” In addition, interoperability also offers sig-
nificant value in enabling the use of Advanced RAIM
(ARAIM) [4] to maintain aviation integrity while lowering
the cost of providing differential correction and integrity
messages from Satellite-Based Augmentation Systems
(SBASs) [5], as transmitted from geosynchronous satellites
and supported by large networks of ground tracking sta-
tions, for example, the US Wide Area Augmentation Sys-
tem (WAAS) and the European Geostationary Navigation
Overlay Service (EGNOS).

Another important beneficiary of interoperability is
high-precision GNSS applications, for example, survey,
mapping, construction, infrastructure (buildings,
bridges, dams, etc.) monitoring, machine control, and
precision agriculture. These high-value applications
number in the hundreds of thousands and support many
billions of dollars of commercial investment as well as
aiding research and development activities, for example,
volcano monitoring, tracking of tectonic plate
drift. The ability to use alternatives to GPS signals
provides increased availability, accuracy, productivity,
and integrity.
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9.2 Elements of Interoperability

Every GNSS signal is characterized by many parameters,
including center frequency, waveform, signal spectrum,
number of chips in the spreading code, time duration of
the spreading code, number and relative power of the signal
components, overlay modulation, data modulation symbol
rate, data bit rate, type of message error correction, struc-
ture of messages, received signal power, satellite antenna
gain pattern, time base, geodesy, and geographic reference
frame.

Ideal interoperability would be for every GNSS signal to
be structured the same. Instead of there being four constel-
lations of 30 satellites each for GPS, GLONASS, Galileo,
and BeiDou, each constellation at a different orbit altitude,
better interoperability would be achieved if just one of the
systems were expanded to 120 satellites having the same
signal and orbit characteristics. For example, the ground
track of GPS satellites repeats every sidereal day (23 h
56 min 4.1 s), whereas the ground track of GLONASS satel-
lites repeats every 8 sidereal days, the ground track of Bei-
Dou satellites in medium Earth orbit (MEO) repeats every 9
sidereal days, and Galileo ground tracks repeat every
10 sidereal days. Because of the constellation differences,
coverage and therefore dilution of precision (DOP) is
always changing. Fortunately, with lots of satellites in view,
the coverage and the DOP should be consistently excellent.
In spite of the constellation differences, a significant advan-
tage of having different system providers is that user

equipment can be designed to detect a system-wide prob-
lem in one of the systems and avoid use of those signals
until the problem is resolved.

With so many differences between signals and orbits, it is
valuable to distinguish between “signal-level” and “user-
level” interoperability. If the user equipment, including
its internal and post-processing software, is designed to
receive and process signals with different characteristics
from physically different satellites at different orbit heights
and yet give excellent results, the result is “user-level” inter-
operability. Users normally are not concerned about the
source of the signals – only about the results. This is well
illustrated in Figure 9.1.

Signal-level interoperability affects the difficulty and
therefore the cost of combining different signals and, to
some extent, the quality of the combined result. The cost
difference is primarily of concern for consumer devices.

The differences between the Galileo E1 OS and the GPS
L1C signals are instructive. Note that many documents and
presentations emphasize that these were designed to be
interoperable signals [6]. Table 9.1 is a comparison of their
characteristics.

Except for the most important interoperability parameter
of center frequency and the common use of BOC(1,1) mod-
ulation, it would be difficult to design two more distinctly
different signals than L1C and E1 OS. Signal interoperabil-
ity clearly was not the most important design objective. In
terms of signal-level interoperability, if BeiDou adopts the
presumed B1C signal structure of QMBOC [7], it will be
almost identical to L1C and thus more signal-level interop-
erable with GPS than Galileo’s E1 OS signal.

Differences in signal parameters that can be accommo-
dated by software are easier and less expensive to imple-
ment than differences that require hardware
modifications. If signals from different systems are received
with one antenna, employ the same radio frequency and/or
intermediate frequency (RF/IF) amplifiers and filters, and
are converted to digital form by a common analog-to-digital
(A/D) converter, all other differences usually can be accom-
modated by firmware in digital processing chips or by soft-
ware in subsequent signal processing steps.

9.3 GLONASS Transition Toward More
Interoperable CDMA

Next, we will begin evaluating the impact of center fre-
quency on interoperability, concentrating on signals in
the L1 band, which extends from 1559 to 1610 MHz. The
GPS, Galileo, and the expected BeiDou global system sig-
nals at L1, as well as the QZSS regional L1 signals, are all

Galileo NAVIC

QZSS

GLONASS
GPS

BeiDou

Figure 9.1 Illustration of interoperability.
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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 × F) MHz. The lowest frequency is when F = −7.
The highest of the 14 center frequencies is when 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.

It is 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, L3OC (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.

Table 9.1 L1C, E1 OS, and B12C signal characteristics

Characteristic GPS L1C Galileo E1 OS GPS/Galileo Comment BeiDou B1C

Center Frequency 1575.42 MHz 1575.42 MHz Identical 1575.42 MHz

Spreading Code Family Weil-based Memory Different Weil-based

Spreading Code Length 10,230 Chips 4,092 Chips Different 10,230 Chips

Spreading Code Duration 10 ms 4 ms Different 10 ms

Modulation TMBOC CBOC Different QMBOC

Channels with BOC(6,1) Pilot Pilot and Data Different Pilot

Channels with BOC(1,1) Pilot and Data Pilot and Data Identical Pilot and Data

Data Power Percent 25% 50% Different 25%

Pilot Power Percent 75% 50% Different 75%

Data Symbol Rate 100 SPS 250 SPS Different 100 SPS

Data Bit Rate 50 BPS 125 BPS Different 50 BPS

Error Correction LDPC Convolutional Different LDPC

Pilot Overlay Code 18 s 100 ms Different 18 s

Message Frame Length 18 s 720 s Different 18 s
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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.

9.4 Interoperability Impact of Signal
Center Frequency

One of the very useful aspects of combining signals with a
commoncenter frequency is that after each signal is captured
by the receiver’s antenna, the time delay through RF/IF fil-
ters, amplifiers, and cables is almost identical for each
received signal. If the signals are digitized by a single A/D
device using only one sampling clock, the time difference
between the digitized signals can be assumed to be zero.
For accurate navigation and positioning, it is not necessary
to calibrate the time delay between signals. For timing recei-
vers, depending on the needed accuracy, calibration from the
antenna to the time signal output may be needed, but not the
time difference between received signals (other than
accounting for the timing difference between system clocks).

There are two reasons for the minor exceptions to the
“zero difference” assumption. One is the Doppler shift of
each signal due to the relative velocity of the satellite and
the receiving antenna. Each signal typically will have a dif-
ferent Doppler frequency offset. At 1575.42 MHz‚ the Dop-
pler offset for an Earth-based receiver ranges from about −5
to +5 kHz. Figure 9.3 illustrates this by the width of the
lines representing the GPS L1 center frequency and the
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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

1570 1575

GPS and GLONASSL1 Center Frequencies (MHz), Line Width = ± 5 kHz

1580 1585 1590 1595 1600 1605 1610

Figure 9.3 GPS L1 Center frequency and GLONASS center frequencies with ±5 kHz Doppler shifts. The GPS C/A signal spectrum is shown
at the GPS L1 center frequency.
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Figure 9.4 GPS L1 center frequency with ±5 kHz Doppler shifts and GPS C/A signal spectrum.
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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
requires a larger product size 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.

As shown 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.

9.5 Missed Common Third Frequency
Opportunity

As shown by Figure 1.21 in Chapter 1 of this book [10],
many of the existing or planned signals are “orphans,”

meaning they are not provided by any of the other major
systems. For example, the GPS and QZSS L2 signals are
not provided by GLONASS, Galileo, or BeiDou. The Galileo
E5b and BeiDou B2b signals are not present on GPS. Per-
haps more important is that they will not be used by
FAA-certified avionics. Therefore, there is less incentive
for manufacturers to include orphan signals in future recei-
vers if the common signals provided by all major systems
are adequate for the supported applications. Only two sig-
nal frequencies are supported by all major systems: 1575.42
MHz (L1 for GPS) and 1176.45 MHz (L5 for GPS). These are
predicted to become the dominant frequencies in future
dual-frequency receivers and applications.

At the ION GNSS-2006 conference, Ron Hatch [11]
described a three-frequency, geometry-free technique for
carrier phase ambiguity resolution. With three common
frequencies from multiple satellites, a wide-area differential
system could allow receivers to provide approximately 10-
cm navigation accuracy over an entire continent. This
could be the basis for safety-of-life automobile lane keeping
services, better performance for precision agriculture, and
perhaps consumer-grade survey receivers. With respect to
Figure 1.21 in Chapter 1, the best location for a common
signal would be on top of the Galileo E6 signal. Ideally Gal-
ileo, BeiDou, and GPS should provide signals at this 1278.75
MHz frequency. Sadly, this is a missed opportunity for a
major step toward a wide-area, high-accuracy navigation
and positioning service.

9.6 Interoperability Impact of Signal
Waveform and Spectrum

It is often thought that signals with a different waveform
and therefore different spectra are inherently less interop-
erable than those with identical waveforms and spectra. In
particular, Figure 9.5 shows the spectrum of the GPS BPSK
(1) C/A signal and of the Multiplexed Binary Offset Carrier
(MBOC) spectrum of GPS L1C [12–15] as well as Galileo E1
OS, BeiDou B1C, and QZSS L1C signals. The question,
therefore, is whether the C/A signal is interoperable with
the others.

The MBOC signal consists of two components, one being
a BOC(1,1) waveform with 90.9% of the signal power and
the other a BOC(6,1) waveform with 9.1% of the signal
power. Most receivers will track only the BOC(1,1) compo-
nent, either to minimize cost and/or bandwidth, or in the
case of aviation, to minimize complexity. Therefore, we will
examine the difference in tracking the C/A signal versus
the BOC(1,1) component of MBOC.

The most widely used method to track the spreading code
of a GNSS signal is the early-minus-late (E-L) correlator.
Variations of this also are widely used to reduce the effect
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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 μs (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
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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.

9.7 Clocks, Geodesy, and Differential
Corrections

If you are a scientist and need to squeeze the last millimeter
of accuracy and picosecond of time from GNSS measure-
ments, then any difference between system elements is sig-
nificant. Examples include location of the phase center of
the transmitting antenna relative to the satellite’s center
of mass, location of the tracking stations used to determine
the orbit and clock of each satellite, the geodetic models
which predict satellite orbits, the effect of continental drift
and polar wander on orbit determination, the short-term
and long-term stability of satellite clocks, the wander of
each satellite clock relative to a national Universal Time
Coordinated (UTC) standard, and how close the national
time standard is to the global UTC. In addition, scientists
must be concerned with minute aberrations in signal struc-
ture, ionospheric and tropospheric refraction effects, varia-
bility in receiver antenna characteristics, including phase
variations with azimuth and elevation angle, the local mul-
tipath environment, the physical stability of structures
holding the antennas, and so on. Each one of these and
more have been the subject of intense and ongoing study.

None of these is of much concern to consumers. Most
GNSS receivers are in mobile phones (three billion or
more), followed by automobiles. Accuracy is challenged
by multipath, signal blockage, poor antenna structures,
very limited battery power (which limits sophisticated pro-
cessing), severely constrained physical space, an environ-
ment filled with electronic noise, and so on. A few
meters of error apparently is tolerable and has not limited
the growth of these markets.

In between these quite different applications are profes-
sional and commercial uses. The top accuracy requirement
is about half a centimeter for survey, machine control,
structure monitoring, volcano monitoring, earthquake

monitoring, and so on. Perhaps surprisingly, many preci-
sion agriculture applications require accuracy between 1
and 10 cm. Another set of applications requires between
half and one meter of accuracy. The most prominent exam-
ple is data collection for geographic information systems
(GISs), such as locating and mapping physical structures.
Less accuracy is needed for commercial navigation applica-
tions for aircraft, ships, boats, trucks, etc. More accuracy is
needed when landing aircraft or navigating large ships in
shallow waters.

The above paragraphs are meant to show that there are a
vast number of GNSS applications, each with its own accu-
racy and other requirements. Therefore, the need for inter-
operability of different GNSS signals differs from one
application to another. For general navigation‚ it appears
interoperability has nearly been achieved. This is because
every GNSS provider is striving to improve its accuracy
and adhere to international standards. The international
standard for time is Coordinated Universal Time, which,
in French, is Temps Universel Coordonné. UTC was chosen
as a compromise abbreviation. UTC is based on Interna-
tional Atomic Time (TAI) which is computed by the Inter-
national Bureau of Weights and Measures (BIPM) located
near Paris. Interoperability at the level of about 10 ns
(approximately 3 m at the speed of light) seems achievable
in the near future. Even so, it is recommended that the
measured time offset between systems be obtained. Sources
include external measurements provided as part of satellite
navigation messages or via other communication channels.
The most accurate method is for the receiver to calculate
time offsets when there are enough satellites visible from
each system to include the system time offset as an
unknown parameter in the navigation solution. Because
the time offset between systems changes so slowly, it can
be heavily filtered after the solution has settled.

The other standard which all GNSSs are attempting to
replicate is known as the International Terrestrial Refer-
ence Frame (ITRF) [20]. The difference between the latest
GPS reference frame and the latest ITRF is only a few cen-
timeters. All other GNSSs are also approaching this level of
agreement. Therefore, for applications which require no
more than a few meters of accuracy, it is now – or soon will
be – acceptable to combine signals from several GNSSs
without concern for time or geodetic interoperability.

For applications requiring more accuracy, the answer for
many decades has been the use of differential corrections.
The basic concept is that one reference station at a defined
location, or a network of reference stations at defined loca-
tions, tracks the available satellite signals and compute cor-
rections which are supplied to users. There are differential
systems with one reference station which operate over a
limited distance of between 15 and 50 km from the
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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.

9.8 Summary

Because of the increasing number of GNSSs, with most
expected to reach maturation by about 2020, this chapter
has focused on whether these systems will work well
together. Are they, or will they be, interoperable? The work
of the ICG in addressing interoperability was reviewed,
including agreement on a definition of interoperability.

This was followed by an exploration of the elements of
interoperability. Because so many signal parameters differ
between systems, it was important to differentiate between
“signal-level” interoperability, in which signal parameters
should be nearly the same, and “user-level” interoperabil-
ity, where the differences are accommodated mostly by
software in the user equipment and, therefore, are invisible
to users.

The next section examined the implications of the GLO-
NASS transition from FDMA to the more interoperable
CDMA signals. It was shown that combining FDMA signals

imposes an extra costs and the requirement for channel cal-
ibration. For example, because GLONASS signals are not
centered on 1575.42 and 1176.45 MHz, there may be less
combined use of GLONASS in the future than there is
today. However, it was noted that the new GLONASS
CDMA signals will be more interoperable than the original
FDMA signals, despite the difference in GLONASS CDMA
center frequencies with most other GNSS CDMA signals.

The following section concentrates on the interoperabil-
ity challenges imposed by combining signals with different
center frequencies.

A missed opportunity for a common third frequency was
then noted. Regretfully, it is unlikely this opportunity will
ever be realized.

The question of whether differences in a signal waveform
or its spectrum would adversely affect interoperability was
explored. It appears that waveforms as different as the GPS
C/A signal and multiple MBOC signals can be combined
with no loss of accuracy. Therefore, they are considered
interoperable with the minor caveat of whether some types
of Costas (squaring) loop carrier tracking, required for C/A
signals, could introduce small offsets between the tracking
GPS C/A and MBOC signals on L1.

Interoperability of system clocks and of the underlying
orbit determination geodesy was reviewed. Except for sci-
entific, survey, and engineering applications requiring the
very highest precision, it was judged that these differences
are so small – and getting smaller – that they can be ignored
for most consumer applications. It also was noted that dif-
ferential GNSS, which removes all differences in system
clocks and geodesy as well as the individual satellite clock
and orbit errors, is used for scientific, survey, and engineer-
ing as well as most commercial and many consumer
applications.

In the early to mid-1970s, when GPS and GLONASS were
first being designed and developed, no one could imagine
the explosion of applications and of the number of users
these systems would engender. The impact on safety, free-
dom to wander, economics of transport, science, and many
other aspects of life could not have been predicted. The
results have been revolutionary.

We are entering a new revolutionary change. The impact
cannot be as great as deployment of the first continuous,
global, all-weather, four-dimensional navigation and posi-
tioning systems. However, as Europe completes Galileo and
China completes the global version of BeiDou, perhaps
aided by the regional QZSS from Japan and NAVIC from
India, the existing capabilities will be improved signifi-
cantly. The accuracy, availability, and integrity of all appli-
cations, especially in challenged environments, will be
transformed. Availability and accuracy in urban canyons
will be much better. The number of expensive SBAS will
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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.
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GNSS Signal Quality Monitoring
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10.1 Introduction

As global navigation satellite system (GNSS) applications
become more widespread, the need for service assurances
and associated service monitoring continues to grow. In
the early days of satellite navigation, the emphasis was
on the navigation solution and its accuracy. Once the serv-
ice approached operational capability, the emphasis shifted
to signal monitoring to ensure a guaranteed level of perfor-
mance. The first GPS Standard Positioning Service (SPS)
performance standard was published in 1993, in the same
year that GPS initial operational capability (IOC) was
declared [1]. The original five-station monitor network
was expanded‚ and receiver technology was upgraded to
improve satellite signal monitoring, and to reduce the user
range error (URE) [2, 3]. Performance standards for other
GNSSs that are available include BeiDou [4], and Galileo
[5], while others are anticipated to be based on the perfor-
mance standards being drafted by the International Com-
mittee on GNSS (ICG) Working Group on Systems,
Signals and Services [6].

The next step in signal monitoring is the development
of performance specifications to identify all GNSS para-
meters that need to be monitored. The first edition of the
GPS Civil Monitoring Performance Specification (CMPS)
was published in 2005 [7]. In the international community,
this activity is pursued under the Joint ICG-IGS
(International GNSS Service) International GNSS Monitor-
ing and Assessment (IGMA) Trial Project [8]. The develop-
ment of monitoring standards and their implementation
are an ongoing process for GNSS service providers.

Signal Quality Monitoring (SQM) is a subset of all moni-
toring requirements and primarily covers the transmitted
carrier waveform and code performance. Within the SQM
subset, there are a number of aspects of the signal that are
of interest to the user, ranging from received signal power
to potential failure modes and mechanisms. For high-

integrity, safety-of-life applications such as aircraft landing
operations, SQM requirements are well developed since
their full definition was required for the approval process.

This chapter starts with an explanation of the importance
of signal quality monitoring, followed by a description of
SQM requirements, and an overview of current monitoring
systems. Next, SQM algorithms and methods are summar-
ized for six parameters: signal power, cross-correlation,
cycle slip, excessive acceleration, code-carrier divergence,
and signal deformation.

10.2 The Importance of SQM

Reasons for monitoring signal quality of the GNSS signals
broadcast by the satellites can be divided into three
categories:

• Service guarantees and user acceptance

• High-accuracy applications

• High-integrity, safety-of-life applications

The first category is associated with service providers,
and addresses the verification of service guarantees as well
as user acceptance of the service. When a navigation signal
is made available to the public, documentation of a mini-
mum performance level is needed for the navigation user
to design its operational use of the signal. It is noted, how-
ever, that many GNSS users rely on advanced signal char-
acteristics that are not documented in the service
guarantee, but that the user implicitly trusts. User accept-
ance can be affected negatively if that trust is breached.

High-accuracy applications are in their own category due
to the need for a local, regional‚ or global network of ground
reference receivers that are used to increase the clock and
orbit accuracies of the navigation satellites. In addition, the
reference receivers could also be used to mitigate tropo-
spheric and ionospheric propagation delays. High-accuracy
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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.

10.3 SQM Requirements

Due to the complexity and variety of GNSS applications, no
single publication documents a complete set of monitoring
requirements. As a starting point, we can consider the GPS
Civil Monitoring Performance Specification [9], which
derives requirements from multiple US Government docu-
ments: the GPS performance standard [10], interface speci-
fications [11–14], the Wide Area Augmentation System
(WAAS) performance standard [15], the GPS III System
Specification [16], and Interagency Forum for Operational
Requirements (IFOR) proposed new operational require-
ments [17]. Additional requirements are also included from
International Civil Aviation Organization (ICAO) Stan-
dards And Recommended Practices (SARPS), Annex 10,
Attachment D [18]. For other GNSSs, corresponding
parameter values can be obtained through a study of their
interface specifications and performance standards.

The monitoring requirements in the CMPS are divided
into three categories:

• System performance monitoring (35 requirements),
including, for example, the service volume coverage
per satellite and per constellation, and satellite orbital
parameters

• Signal monitoring (136 requirements), including, for
example, verification of civil ranging codes, SQM, semi-
codeless tracking, and navigation message

• Non-broadcast data (4 requirements), including, for
example, Notice Advisory to Navstar Users (NANU)
messages and Yuma almanac messages

SQM is a subset of signal monitoring that specifically
deals with the assessment of carrier waveform and code
performance to ensure that they are within designated lim-
its [19]. The CMPS SQM requirements are summarized in
Table 10.1 [9].

Given the summary in Table 10.1, it can be observed that
SQM requirements are primarily based on interface speci-
fications; however, requirements related to aircraft preci-
sion approach are also included in row 7 and the last
three rows of Table 10.1, as they are derived from WAAS
and ICAO SARPS standards.

The CMPS provides a section with clarifications and algo-
rithms that provides insight into incomplete SQM require-
ments including verification of absolute power delivered by
each satellite and response time, received carrier-to-noise
ratio, code-carrier divergence, signal distortion, carrier
phase discontinuities‚ and bit inversions. These SQM para-
meters are summarized in Table 10.2.

The signal parameters in Table 10.2 do not have associated
monitoring requirements as thesedependon theapplication.
To further develop a set of SQM parameters, consider two
demanding systems in terms of signal accuracy‚ and integ-
rity; GBAS and SBAS. For a detailed description of these sys-
tems, see Chapters 12 and 13 in this volume. Of interest in
this chapter are the GBAS/SBAS high-level requirements
related to SQM, which are summarized in Table 10.3. For
excessive acceleration, code-carrier divergence, and signal
deformation‚ the associated missed detection probability is
less than or equal to 1 for pseudorange errors smaller than
0.75 m, less than or equal to 10−5 for errors larger than 2.7

m, and less than or equal to 10− 2 56 Er + 1 92 for pseudorange
errors, |Er|, between 0.75 and 2.7 m [20]. For low signal
power and cycle slip detection, there are no specific require-
ments for missed detection probability as they are allocated
by the manufacturer of the equipment during the design
process. The cross-correlation error can be omitted from
the aircraft equipment design [21], but must be considered
for the ground reference receiver, although it is not
addressed by the SARPS [20].

From Tables 10.1 through 10.3, a complete set of SQM
requirements can be developed for each application. Since
the requirements do not address the implementation of the
monitoring or a specific monitoring architecture, the next
section reviews current monitoring systems, followed by
a section with example monitor implementations.

10.4 Current Monitoring

The first level of signal monitoring is performed by the serv-
ice providers. For GPS, the Precise Positioning Service
(PPS) signals are monitored at the GPS Master Control
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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

Table 10.2 CMPS SQM considerations [9]

Paragraph
in CMPS SQM parameter Notes

5.4.1 Verification of absolute power Periodic verification (e.g. yearly)

5.4.2 Received carrier-to-noise Continuous verification (e.g. every 1.5 s)

5.4.3 Code-carrier divergence and code-carrier
divergence failure

Nominal divergence between different code and carrier combinations as
well as failure conditions

5.4.4 Signal distortion Currently only described for GPS L1 C/A code in the SARPS

5.4.5.1 Carrier phase discontinuities Observed by a receiver as partial cycle, half-cycle or full-cycle slip

5.4.5.2 Bit inversion A carrier phase discontinuity that results in a half-cycle error in the
receiver that causes a parity failure

Source: 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. Reproduced with permission of GPS.

Table 10.1 Summary of CMPS SQM requirements [9]

Paragraph in CMPS Requirement summary Source referenced by CMPS

3.2.2.a, b Received signals: L1 C/A ≥ −158.5 dBW,L2C ≥ -160 dBW IS-GPS-200 [11]

3.2.2.c, e Received signals for GPS IIF: L5/I5 ≥ −157.9 dBW,L5/Q5 ≥ −157.9
dBW

IS-GPS-705 [12]

3.2.2.d, f Received signal for GPS III: L5/I5 ≥ −157 dBW, L5/Q5 ≥ −157 dBW IS-GPS-705 [12]

3.2.2.g Received signal L1C ≥ −157 dBW IS-GPS-800 [13]

3.2.2.h Received signal in orbit L1C ≥ −182.5 dBW IS-GPS-800 [13]

3.2.2.i, j, k, l Report significant drops in C/N0 for L1 C/A, L2C, L5, and L1C IS-GPS-200 [11], IS-GPS-705 [12],
IS-GPS-800 [13]

3.2.2.m, n, o, p Code-carrier divergence < 6.1 m for 100 < T < 7200 s for L1 C/A,
L2C, L5, and L1C

IFOR [17]

3.2.2.q Average time difference between L1 C/A and L1 P(Y) code
transitions < 10 ns (two-sigma)

IS-GPS-200 [11]

3.2.2.r, s, t Mean group differential delay between codes: L1 P(Y) and L2C
< 15 ns, L1 P(Y) and L5 < 30 ns, L1 P(Y) and L1C < 15 ns

IS-GPS-200 [11], IS-GPS-705 [12],
IS-GPS-800 [13]

3.2.2.u, v Stable 90 phase offset (± 100 mrad) between L1 C/A and L1 P(Y)
code carriers with C/A lagging P(Y), and between L2C and L2 P(Y)
code carriers with L2C lagging L2 P(Y)

IS-GPS-200 [11], WAAS PS [15]

3.2.2.w, x, y, z Code chip lead/lag variation from a square wave < 0.12 chips for L1
C/A, < 0.02 chips for L2C, < 0.02 chips for L5I and L5Q, < 0.05 chips
for L1C

SARPS [18], CMPS Section 5.4.4

3.2.2.aa Detect and monitor instances when the transient response for each
bit transition exceeds the limits defined in SARPS Threat Model B

SARPS [18]

Source: 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. Reproduced with permission of GPS.
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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 IGS 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.

10.5 SQM Algorithms and Methods

This section describes algorithms and methods for monitor-
ing SQM requirements identified in Section 10.3. The moni-
tors described in this section are not necessarily detecting
satellite malfunctions. For example, most signal deforma-
tion errors are part of normal system operation, although
the level of signal deformation may be too high for aircraft
landing operations. It would not be appropriate to take that
satellite out of service, since the majority of users would not
be affected by this error. Another issue is the separation of
malfunctions that are unacceptable for certain applications
from environmental conditions, such as local interference,
which may or may not affect the user. Clearly, if a GBAS
ground station is affected by strong interference, it may
not be able to generate differential corrections‚ and the air-
craft would likely experience the same conditions as it
approaches the GBAS ground stations. In this case, the

GBAS ground station should no longer generate corrections
for the affected satellite(s). An SBAS reference station, on
the other hand, would be removed from the correction gen-
eration, as local interference at a reference station would
likely not affect the user at a different location.

10.5.1 Low Signal Power

A low received satellite signal power condition can affect
satellite acquisition and satellite tracking. Both code and
carrier tracking noise increase as the received satellite sig-
nal power decreases. The carrier phase measurement noise
is given by [27]

σϕ =
λ

2π

BWϕ

10 0 1C N0
m 10 1

where BWϕ is the carrier loop bandwidth in hertz. The code
phase measurement noise is given by [28]

σρ = chip
0 5 d BWSS

10 0 1C N0
m 10 2

where BWSS is the single-sided code tracking loop band-
width in hertz, chip is the code phase chip length in meters,
and d is the correlator spacing in chips. The carrier and
code phase tracking noise are shown in Figure 10.1 for
the GPS C/A code with a carrier tracking loop bandwidth
of 16 Hz, a correlator spacing of 0.1 chip, and a single-sided
code tracking loop bandwidth of 0.0025 Hz, which corre-
sponds to a smoothing time constant of 100 s.

From Figure 10.1, both the carrier and code tracking
noise increase significantly when C/N0 goes below
40 dB-Hz. For example, the carrier tracking noise standard
deviation increases from 1.2 mm to 3.8 mm for a C/N0

decrease from 40 to 30 dB-Hz, while the code tracking noise
standard deviation increases from 3.3 cm to 10.4 cm for the
same decrease in C/N0.

Table 10.3 GBAS and SBAS SQM requirements

Description SQM requirement Reference

Low signal power Detect signal levels below those specified in Table 10.1 for GPS L1 C/A code [22]

Cross-correlation Limit error due to cross-correlation to 0.2 m [23, 24]

Cycle slip The satellite signal tracking quality shall be monitored such that the allocated integrity risk
due to undetected cycle slips is within the manufacturer’s allocation

[21]

Excessive acceleration Detect excessive pseudorange acceleration such as a step or other rapid change within 1.5 s [20]

Code-carrier divergence Detect excessive code-carrier divergence within 1.5 s [20]

Signal deformation Detect fault conditions on the C/A code that deforms correlation peaks used for tracking the
pseudorange within 1.5 s

[20]
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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:

1) Other monitors, such as those used to detect interfer-
ence, cycle slips, code-carrier divergence, excessive
acceleration, ionospheric gradients, and signal deforma-
tion, rely on a minimum C/N0 for meeting their prob-
abilities of false and missed detection.

2) Low satellite transmit power could be an indication of
other malfunctions onboard the satellite, such as atti-
tude control; therefore, prior failure probabilities
assumed for satellite malfunctions are no longer valid.

3) A low C/N0 can result in a large power difference of
more than 10 dB with respect to other satellites, which,
in turn, can cause cross-correlation depending on the
code structure. Also, due to cross-correlation, satellite
acquisition could be affected.

A separate cross-correlation monitor can be implemen-
ted for code structures that are affected by low signal power
(see Section 10.5.2) such that the primary purpose of the
low-signal-power monitor is to ensure that the C/N0 avail-
able to the receiver processing is above a minimum value.
For ground reference receivers, the most practical estimate
for the received signal power is the C/N0 estimator.

Since there is no direct impact on integrity, the C/N0 mea-
surements for each satellite can be averaged to reduce the
noise in the estimate:

C N0 k =
1
P

P−1

p = 0

C N0 k−pΔT 10 3

where ΔT is the update rate, and P is the number of C/N0

measurements in the estimate. For example, if the NB/WB
estimator from [29] is used, then the standard deviation of
the C/N0 estimate does not depend on the value of C/N0,
and is approximated by a value of 1 dB for a 1 s update rate.
When averaged over 50 s using Eq. (10.3), the standard
deviation becomes approximately 0.14 dB. Note that this
assumes that the C/N0 measurements are uncorrelated.

The threshold for the C/N0 estimator depends on the sys-
tem design, specifically, whether corrections can be calcu-
lated with integrity down to 32 dB-Hz or 25 dB-Hz,
especially in the presence of interference. For illustration
purposes, assume that the probability of false detection,
PFD is set at 10−7, while the probability of missed detection,
PMD is set at 10−3, then the minimum detectable drop in C/
N0 is given by

kfd + kmd σC N0
= 2 erf − 1 1 − PFD

+ erf − 1 1 − 2PMD σC N0
≈ 1 2 dB 10 4

where erf x =
2
π

x

0
e − t2

dt, kfd, and kmd are the false detec-

tion and missed detection multipliers, respectively. If the C/
N0 tracking threshold is 32 dB-Hz, then the detection
threshold for the averaged C/N0 given by Eq. (10.3), should
be set at 32 + 1.2 = 33.2 dB-Hz to guarantee that the aver-
aged C/N0 will not drop below 32 dB-Hz.

10.5.2 Cross-Correlation

Errors due to interaction between ranging codes is a cate-
gory of error that cannot be monitored by the service pro-
vider as it is a function of many parameters, most of which
depend on the user location and receiver architecture.
Cross-correlation occurs when the correlation function is
distorted by energy from a different satellite, either from
the same constellation or from a different constellation.
The size of the cross-correlation error is a function of sev-
eral parameters, including the relative received signal
strength between two satellites, relative Doppler frequency
shift (i.e. fading frequency), relative change in Doppler fre-
quency shift, ranging codes on the two satellites, relative
code phase shift, relative phase alignment, relative rate of
change of code phase shift, navigation data bits on the
two satellites, relative delay between the navigation data
bits, smoothing time constant, and correlator type in the
receiver [30–32].

The probability of occurrence of cross-correlation is small
for stationary users, but the error can reach tens of meters
[33], and thus cannot be ignored for high-integrity systems.
For differential systems, cross-correlation errors are not
common between a reference receiver and the user due
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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/N0 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:

• A cross-correlating signal can be both early and late
(multipath always arrives after the direct signal).

• Cross-correlation errors do not necessarily repeat from
day to day if the interfering satellites have relative fre-
quency drifts such that the relative clock offsets change
to outside a cross-correlation time window, or if the nav-
igation data bits change.

• Navigation data bits are not always identical on two
interfering satellites and are generally not near-
synchronous.

• Cross-correlation errors can be twice as large as multi-
path error for the same relative strength (the cross-
correlation slope of the correlation function can be twice
as large as the slope of the autocorrelation function).

• Multipath errors are only significant for the primary cor-
relation peak (i.e. time shift between direct and multi-
path signal less than approximately 1.5 code chips),
while cross-correlation errors can occur for multiple time
offsets between the two codes.

The latter two points are illustrated in Figure 10.2, where
the cross-correlation error envelope for PRN15 due to
PRN24 is shown for relative code chip offsets between
200 and 220 C/A code chips. The receiver correlator spa-
cing, d, is 0.1 chip, and PRN24 is 10 dB stronger than
PRN15 (γ = 10 dB).The error is calculated by adding the
PRN24 signal to PRN15 with relative delays between 200
and 220 chips, and by evaluating the resulting code tracking
error for each relative delay.

The blue error envelope is for the in-phase cross-
correlation, whereas the red error envelope is for the
out-of-phase cross-correlation. As the carrier phase
between PRN15 and PRN24 goes in and out of phase, the
cross-correlation error oscillates between the in-phase
and out-of-phase error envelopes. Similar to the multipath
error envelope, as the relative path delay between the
PRN15 and PRN24 codes increases, the error envelope
increases linearly and then remains constant when the
delay reaches the value of the correlator spacing, or 0.1
chip, relative to the beginning of a chip. If the error would
have been due to multipath of equivalent strength, then the
error would only have reached the 3 m level instead of the 6
m level reached by cross-correlation. Overall, 62.2% of the
relative delay results in zero cross-correlation error, while
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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]

eenvelope = chip d 10

γ − 23 9
20 10 5

where γ 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 20log10(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 Eq. (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, ΔC/N0, difference in Dop-
pler frequency shift, ΔfD, and difference in Doppler rate,

Δf D , 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

Time

Figure 10.3 Cross-correlation error shape during a Doppler cross-over.

Table 10.4 Screening conditions for 100 s smoothing that limit
the worst-case cross-correlation error to 0.2 m [39]

Item Condition

1 Δ f D < 0 01 Hz Δf D < 0 01 Hz s

2 ΔC N0 > 4 dB Δ f D < 0 01 Hz Δf D < 0 02 Hz s

3 ΔC N0 > 5 dB Δf D < 0 01 Hz Δf D < 0 03 Hz s

4 ΔC N0 > 6 dB Δf D < 0 01 Hz Δf D < 0 05 Hz s

5 ΔC N0 > 7 dB Δ f D < 0 01 Hz Δf D < 0 4 Hz s

6 ΔC N0 > 8 dB Δ f D < 4 Hz Δf D < 0 5 Hz s

7 ΔC N0 > 9 dB Δ f D < 7 Hz Δf D < 1 Hz s

8 ΔC N0 > 10 dB Δf D < 10 Hz Δf D < 2 Hz s

9 ΔC N0 > 14 dB Δf D < 20 Hz Δf D < 5 Hz s

10 (ΔC/N0 > 16 dB) & (ΔfD < 25 Hz)

11 (ΔC/N0 > 20 dB)

Source: 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. Reproduced
with permission of Institute of Navigation.
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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/N0, 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.

10.5.3 Cycle Slip

Carrier phase cycle slips, or carrier phase discontinuities in
general, can affect high-accuracy/high-integrity applica-
tions that rely on carrier phase for accuracy or monitoring.
For example, real-time high-accuracy systems that are
affected by carrier phase anomalies are dynamic surveying,
plate tectonics, infrastructure monitoring, dredging, con-
struction, scientific and space applications, such as occulta-
tion, formation flight‚ and docking. For real-time high-
integrity systems, carrier phase anomalies can result in loss
of continuity and loss of correction service coverage [41], as
well as loss of integrity if the anomaly affects one or more of
the monitors that relies on the carrier phase. The complica-
tion with carrier phase anomalies is the source of the prob-
lem, which can either be due to the following [42]:

• Discontinuities in the carrier phase generated onboard
the satellite

• Environmental conditions that affect the receiver track-
ing loop such as interference, multipath, signal shadow-
ing, aircraft overflight of the antenna, as well as
ionospheric and tropospheric propagation effects

To monitor the discontinuities onboard the satellite, the
above two sources need to be separated, which is most
effectively accomplished through monitoring at multiple
locations, such that environmental errors do not correlate
between the two locations [9]. It is noted that actual
satellite discontinuities are infrequent, with fewer than
four anomalies per day on average for the GPS L1 fre-
quency [42].

Carrier phase discontinuities can be characterized using
four models: step, pulse, ramp, and tri-state, as illustrated in
Figure 10.4.

Examples of each of the four phase discontinuity models
for the GPS L1 frequency are shown in Figure 10.5 [42].

In Figure 10.5 (upper left), a step discontinuity is shown
for SVN63 that occurred on 14 September 2016; in the
upper right, a pulse discontinuity is shown for SVN45 that
also occurred on 14 September 2016; in the lower left, a
finite ramp discontinuity is shown for SVN63 that occurred
on 8 September 2016; and in the lower right, a tri-state
discontinuity is shown for SVN45 that occurred on
14 September 2016.

To monitor the phase discontinuities, a high-update rate
receiver, for example, 100 Hz, is needed to capture short-
duration events, such as the 750 ms duration of the step dis-
continuity, or the 30 ms portion of the tri-state discontinu-
ity in Figure 10.5. Uncorrelated measurements at 100 Hz
can be obtained through the use of a software defined
receiver (SDR) or through tracking loop design. A stable
receiver reference oscillator is also required to ensure
high-quality carrier phase measurements [42]. The carrier
phase measurements are de-trended by removing the
known dynamics due to satellite motion and satellite fre-
quency offset. Next, a second-order polynomial fit is used
through a sliding window 10 s segment of the carrier phase
data to remove the remaining receiver oscillator effects.
Using nominal, error-free statistics, an overbound Gaus-
sian distribution with standard deviation, σOB, can be estab-
lished for each 10 s segment.

A step detector can be implemented as follows. Select two
successive measurement data sets with a 1 s duration out of
the 10 s window. At 100 Hz, each data set will contain 100
samples. Calculate the mean value of each data set, and
compare the difference in the mean values to a threshold
to detect the presence of a step discontinuity. The test sta-
tistic for the difference in the mean values is given by [43]

Step
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Figure 10.4 Four models for the characterization of satellite
carrier phase discontinuities.

222 10 GNSS Signal Quality Monitoring



T =
μ2 − μ1

Sp
1
n1

+ 1
n2

10 6

where μ is the mean of a sample set, n is the number of sam-
ples in a sample set (n1 = n2 = 100 for this example), and Sp

is the pooled sample variance given by

Sp =
n1 − 1 σ2

1 + n2 − 1 σ2
2

n1 + n2 − 2
10 7

where σ is the standard deviation of a sample set.
The detection threshold, TD, is calculated based on the

false detection probability, PFD:

TD = 2erf − 1 1 − PFD σOB 10 8

where σOB is the overbound sigma of the de-trended carrier
phase measurements averaged over 10 s.

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

δstep, min = kfd + kmd σOB 10 9

Using the same example parameters as those used for the
low-signal-power monitor, the minimum detectable step is
δstep, min = 8.4 σOB. A typical value for σOB 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-
quency. 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
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Figure 10.5 Examples of observed carrier phase discontinuities for GPS L1 [42]. Source: Reproduced with permission of Institute of
Navigation.
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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.

10.5.4 Excessive Acceleration

For correction systems such as GBAS and SBAS, signal accel-
eration can cause unacceptable range errors if the level of
acceleration, including step changes, causes the linear
extrapolation based on the broadcast range rate correction
to be invalid. The pseudorange error grows quadratically
due to an acceleration error, but part of this growth is miti-
gated by the range rate correction, such that the resulting
error in the corrected pseudorange, δρa, is a function of
the age or latency of the differential correction and the dif-
ferential correction update rate [44]:

δρa = 0 5aτ τ + ΔT 10 10

where a is the satellite range acceleration error in m/s2, τ is
the latency of the correction in seconds, and ΔT is the cor-
rection update rate in seconds. Based on Eq. (10.10) and the
maximum allowable range error, δρmax, the maximum
acceleration error, amax, is given by

amax =
2δρmax

τ τ + ΔT
10 11

For example, if δρmax= 0.75 m, ΔT = 0.5 s, and τ = 3 s,
then amax = 0.14 m/s2.

To measure the acceleration of the pseudorange correc-
tion, two successive pseudorange rate corrections could
be differenced as shown in Figure 10.6. The acceleration
estimate at time k is based on the five most recent pseudor-
ange corrections.

Two differential pseudorange correction rates are calcu-
lated for the two most recent seconds of data. Acceleration
is then estimated by differencing the two rates:

aρ k =
δρ k − 2δρ k − 2 + δρ k − 4

2ΔT 2 10 12

Following the derivation for the low-signal-power mon-
itor (see Eq. (10.4)), the minimum detectable acceleration
is given by

amin = kfd + kmd σa 10 13

where σa is the standard deviation of the acceleration noise.
Using the same example parameters that are those used for
the low-signal-power monitor, the minimum detectable
acceleration amin = 8.4 σa. Furthermore, if amax = 0.14
m/s2, then it follows that the standard deviation of the
acceleration noise must be less than 1.7 cm/s2. Consider
the case where carrier phase measurements are used to cal-
culate the acceleration. Given a C/N0 of 32 dB-Hz and
Eq. (10.1), the noise on the carrier phase is 0.3 cm. If the
update rate is 0.5 s, then Eq. (10.12) can be used to calculate
the acceleration based on the carrier phase measurements:

aϕ k = ϕ k − 2ϕ k − 2 + ϕ k − 4 10 14

and the standard deviation of the acceleration estimate
based on the carrier phase is given by

σa,ϕ = σϕ 22 + 2
2

= σϕ 6 10 15

For σϕ = 0.3 cm, the noise on the acceleration estimate is
0.74 cm/s2, which is well below the required 1.7 cm/s2.
Although it seems that the smoothed pseudorange noise
standard deviation of 8.2 cm would be too high at 32 dB-
Hz, in practice, it is still acceptable due to the time correla-
tion of the noise induced by the 100 s smoothing time con-
stant, which means that the smoothed pseudorange noise is
similar to the carrier phase noise over periods of time of a
few seconds.

The acceleration monitor also responds to a step error‚ as
illustrated in Figure 10.7. The response of the monitor to a
step input is equal to the size of the step. For example, if the
input steps from 0 to 0.1 m, then the monitor will output an

rate(k–2)

2 seconds

k–4 k–3 k–2 k–1 k

a(k)

rate(k)

Figure 10.6 Excessive acceleration monitor measurement
processing.
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acceleration of 0.1 m/s2 followed by an acceleration of −0.1
m/s2. 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.

10.5.5 Code-Carrier Divergence

The CCD anomaly is primarily of concern to differential
applications that make use of carrier-smoothed code to mit-
igate pseudorange noise and multipath errors. Differential
range errors are introduced when the reference receiver
and the user receiver implement different filter designs
or if the smoothing filters start at different times. In addi-
tion to the detection of satellite malfunctions, the CCD
monitor is also beneficial for the detection of ionospheric
anomalies and cross-correlation. Following [45], a diver-
gence monitor can be designed using a divergence rate esti-
mator followed by a detection test to protect against
divergence rates that affect integrity. The divergence rate
estimator uses a second-order filter to reduce the pseudor-
ange noise and multipath, and is given by

d1 k =
τ − ΔT

τ
d1 k − 1 +

1
τ

z k − z k − 1

d2 k =
τ − ΔT

τ
d2 k − 1 +

ΔT
τ

d1 k 10 16

where z(k) = ρ(k) − ϕ(k) is the code-minus-carrier measure-
ment, and τ is the filter time constant, nominally set at 30 s.
The divergence rate estimate at time k is given by d2(k).

The divergence detector threshold is set based on the
desired false detection probability, PFD:

Tccd = 2erf − 1 1 − PFD σd = kfdσd 10 17

where σd is the overbound standard deviation of the diver-
gence rate estimator test statistic. The test statistic is domi-
nated by nominal ionospheric divergence, such that a
practical value of σd is approximately 4 mm/s [45].

Following the derivation for the low-signal-power mon-
itor (see Eq. (10.4)), the minimum detectable divergence
rate is given by

dmin = kfd + kmd σd 10 18

Using the same example parameters as those used for the
low-signal-power monitor, the minimum detectable diver-
gence rate dmin = 8.4 σd = 3.34 cm/s.

To evaluate the impact on the user solution, the ground
monitor performance is combined with the implementa-
tion of the airborne monitor (see [21]).

10.5.6 Signal Deformation

GNSS pseudorange measurements rely on correlation func-
tions, but none of them is ideal due to imperfect signal gen-
eration, bandwidth limiting, distortions due to propagation
effects, or satellite anomalies. Signal deformation can there-
fore be characterized as nominal and off-nominal. Nominal,
or natural, signal deformation is needed to characterize the
contribution of the shape of the signal used for the pseudor-
ange measurements, and to derive detection thresholds
based on nominal statistics. An early example of off-nomi-
nal, or anomalous, signal deformation occurred in the
1990s on SVN19 before GPS was declared IOC. The anomaly
introduced ranging errors up to 8 m for certain differential
GPS users, while the satellite was within its specified accu-
racy [46]. The keys to dealing with off-nominal deformation
are a precise definition of the measurement along with a
threat model that describes off-nominal deformation. Next,
SDMs can be developed to protect against excessive signal
deformation for high-accuracy/high-integrity applications.

Nominal signal deformation. Until the launch of
SVN60 in 2004, nominal GPS signal deformations were
considered small, at the 5 cm level, and did not receive
much attention [47]. When the nominal deformations
started to trip the SDM, detailed investigations were
initiated‚ and it was found that the actual size of the defor-
mation is not as important as the relative differences
between satellites [48]. The relative error directly
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Figure 10.7 Response of the acceleration monitor to a step input.
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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
SVN60, 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].
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Figure 10.8 Estimated pseudorange natural biases with respect to 0.1 chip correlator spacing for GPS satellites at highest elevation (El)
with the average error removed. Coherent integration times (Pdi) used for each measurement are indicated in the legend, from [49]. Source:
Reproduced with permission of Institute of Navigation.
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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
1 to 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]:

e t =
0 t ≤ 0

1 − e − σt cos 2πf dt +
σ

ωd
sin 2πf dt t ≥ 0

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-
quately. 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:

Mk,m,n t =
τ − ΔT

τ
Mk,m,n t − ΔT +

ΔT
τ

Mk,m,n t

10 20

where Mk, 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), τ is the filter time constant of 100 s, and ΔT 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].

Table 10.5 ICAO SDM threat models for GPS and GLONASS L1 C/A codes, from [52]

Threat model GPS GLONASS

A: Falling edge of positive chips lead or lag relative to the correct end-time
of that chip by an amount Δ in units of code chips

−0.12 ≤ Δ ≤ 0.12 −0.11 ≤ Δ ≤ 0.11

B: Output of a second-order system with complex conjugate poles at
σ ± j2πfd, where σ is the damping factor in 106 nepers/s, and fd is the

resonant frequency in 106 cycles/s

Δ = 0
4 ≤ fd ≤ 17
0.8 ≤ σ ≤ 8.8

Δ = 0
10 ≤ fd ≤ 20
2 ≤ σ ≤ 8

C: Combination of Threat Models A and B −0.12 ≤ Δ ≤ 0.12
7.3 ≤ fd ≤ 13
0.8 ≤ σ ≤ 8.8

−0.11 ≤ Δ ≤ 0.11
10 ≤ fd ≤ 20
2 ≤ σ ≤ 8

Source: Amendment No. 89 to Annex 10 Part 1 Edition No. 6, International Civil Aviation Organization (ICAO), Montreal, Canada, 14 July 2014.
Reproduced with permission of International Civil Aviation Organization.
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Figure 10.9 Illustration of anomalous signal deformation Threat
Models A and B.
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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:

Mk,m,n t = Mk,m,n t −
1
N

N

i = 1

Mk,m,i t 10 21

Following the receiver distortion removal, the compen-
sated correlator measurements are differenced and aver-
aged over all M ground receivers:

xk,n t =
1
M

M

m = 1

Mk − 2,m,n t − Mk − 3,m,n t

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, xn, that describes its sig-
nal deformation. Under fault-free conditions, the vector xn

has covariance matrix, P(λ), where λ is the elevation angle
of the satellite. A single detection statistic, dn, is formed for
each satellite as follows:

dn t = P − 1
2 λ xn t

T
P − 1

2 λ xn t 10 23

where dn is χ2-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].

10.6 Challenges and New
Developments

As GNSS constellations and user equipment continue to
develop, performance standards will need to be updated
or created, along with monitoring standards for service
guarantees, user acceptance, and to support high-accuracy
and high-integrity applications. The development of these
standards is a necessary, albeit time-consuming, process.
To encourage compatibility and interoperability among
systems, the ICG Working Group on Systems, Signals
and Services is drafting performance standards guidelines
[6], while the Joint ICG-IGS IGMA Trial Project is tasked
with the demonstration of a global GNSS monitoring and
assessment capability [8].

Challenges remain for many aspects of GNSS SQM,
including algorithm design and implementation for moni-
toring and assessment. For example, although cross-
correlation conditions and corresponding monitors have
been well characterized for the GPS C/A code, much work
remains the be done for GLONASS and other GNSSs [34,
35]. Any form of energy leakage can distort the correlation
function, whether it is from the same frequency, a different
frequency, or due to a poor code cross-correlation sequence.
Detection of cross-correlation errors due to satellites that
are not tracked by the receiver remains an active area of
research. A second example is the lack of information about
carrier phase anomalies for all GNSS signals and frequen-
cies. A third example concerns the SDM threat models,
which are only applicable to the GPS and GLONASS L1
C/A codes. The development of a generic signal deforma-
tion threat model is needed for code signal structures other
than L1 C/A, different signal generation techniques, and
new satellite navigation payloads [55].
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GNSS Orbit Determination and Time Synchronization
Oliver Montenbruck and Peter Steigenberger

German Aerospace Center, Germany

All navigation satellite systems in use today build on the
measurement of pseudodistances to compute a user posi-
tion. These reflect the time difference between signal trans-
mission at the satellite and signal reception at the user, but
are based on two clocks that are imperfectly synchronized
to each other or to a global system time scale. Accordingly,
both the satellite position and the satellite clock offset must
be accurately known to compute a user position in a global
or regional navigation satellite system (GNSS/RNSS). This
chapter discusses the generation of precise orbit and clock
information using ground- or space-based observations.
Evidently, orbit determination and time synchronization
(ODTS) is an integral part of the control system of any
GNSS/RNSS provider, where the motion of the satellites
and the variation of their clock must be continuously
observed, predicted‚ and distributed to the user as part of
the navigation message. Similarly, a variety of scientific
institutions, such as the International GNSS Service (IGS;
[1]), routinely determine precise GNSS satellite orbits and
clock offsets. These GNSS products provide the basis for
precise point positioning (PPP) applications in engineering,
surveying, and geodesy. As a by-product, the precise orbit
determination (POD) process delivers information on Earth
rotation and the terrestrial reference frame, as well as the
state of Earth’s atmosphere. While precise GNSS products
have typically shown latencies of days or weeks, an increas-
ing interest in real-time applications has resulted in various
real-time correction services that generate and distribute
orbit and clock information to their users in a near-
instantaneous manner.

Both orbit and clock determination require a suitable
tracking network offering an ideally global and continuous
coverage (Figure 11.1). This may range from a dozen of
highly secure sensor stations in the GNSS control segment
to networks with hundreds of stations supporting geodetic
and high-performance real-time applications. Ideally, those
networks support tracking of more than one constellation

at a time and can thus be used for multi-GNSS applications.
For increased autonomy and to cope with territorial con-
straints in the choice of control segment locations, various
GNSSs make use of additional inter-satellite links (ISLs;
[2, 3]) to obtain ranging measurements between individual
satellites. Finally, satellite laser ranging (SLR; [4]) measure-
ments may be used to augment the radiometric tracking or
to validate the POD performance.

Despite the great variety in tools and processes utilized
today for generation of precise orbit and clock information,
the individual systems build on a largely common set of
core concepts and models that are presented in this chapter.
Other than initial orbit determination methods [5] that
seek to find the orbital elements of an unknown space
object from a minimum set of observations, the orbit deter-
mination of GNSS satellites is essentially an estimation
problem. Approximate information on the orbital motion
is typically available‚ and the key goal of the ODTS process
is thus to improve knowledge of the a priori orbit (and
clock) based on new observations. This requires a proper
understanding of the measurement process and an observa-
tion model that describes the measurements as a function
of the transmitter and receiver location as well as other
parameters of interest. The models used for ODTS must
be consistent with the models employed subsequently by
users of the orbit and clock products and vary in complexity
depending on the application. For state-of-the-art precise
orbit and clock determination, the measurements models
agree with those of PPP users aiming at millimeter- to cen-
timeter-level positioning [6]. An overview of these models
is given in Section 11.1.

A second building block is provided by dynamical mod-
els for the orbital motion of the GNSS satellite that are dis-
cussed in Section 11.2. Such models are obviously needed
to predict the satellite position ahead of time when disse-
minating broadcast ephemeris data to the navigation user.
However, they also form an integral part of the orbit
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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.

11.1 Observation Models

11.1.1 Pseudorange and Carrier Phase

The ODTS process of GNSS satellites is usually based on
dual-frequency pseudorange and carrier-phase observa-
tions of ground-based tracking stations. Even though three
or even four frequencies are nowadays supported by vari-
ous new-generation and modernized GNSSs, processing
techniques that make joint use of more than two frequen-
cies are only gradually evolving. The basic pseudorange
observation equation for observations of satellite S by
receiver R reads as

PS
R = ρS

R + c ΔtR − ΔtS + bR,P + bS,P + Δρion + δρx,P

11 1

with the geometric distance between receiver and satellite
ρS

R , receiver and satellite clock corrections ΔtR and ΔtS,
receiver and satellite code biases bR,P and bS,P, the first-
order ionospheric delay Δρion, and the vacuum speed of
light c. δρx,P summarizes station displacements, antenna
eccentricities, receiver and satellite antenna phase center
offsets and variations, tropospheric and higher-order iono-
spheric delays, and relativistic effects that will be discussed
below, as well as measurement errors.

Major differences between the pseudorange and carrier-
phase observation equations are the sign of the ionospheric

Figure 11.1 Orbit and clock determination of global navigation satellite systems is mainly based on one-way GNSS measurements
(red) from a global station network connected to stable atomic clocks as a primary time reference. Complementary observation
techniques may include inter-satellite links (blue) or ground-based satellite laser ranging (green). Composite based on images of NASA
(Earth, SLR station), ESA/Pierre Carril (GNSS Satellites) and the authors (GNSS stations).
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correction as well as the presence of an integer ambiguity
term nS

R and the phase wind-up correction δnS
R:

LS
R = ρS

R + c ΔtR − ΔtS + bR,L + bS,L

− Δρion + λ nS
R + δnS

R + δρx,L 11 2

with the receiver and satellite phase biases bR,L and bS,L

and the wavelength λ. 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

PCi,j = κi Pi + κ j P j, LCi,j = κi Li + κ j L j

11 3

The most important linear combination is the “iono-
sphere-free” linear combination, which eliminates the
dominating contributions of the ionospheric path delay
Δρion and is further discussed later in this section. The Mel-
bourne–Wübbena 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 Eqs. (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.

11.1.2 Inter-Satellite Links

Next to pseudorange and carrier-phase observations from
a terrestrial network, ISLs can be used to measure dis-
tances between pairs of GNSS satellites for ODTS purposes
[13]. ISLs may operate in the microwave or optical
frequency range and mostly provide “dual one-way” mea-
surements, in which each of the two spacecraft measures
the transmit time of a signal emitted by the other space-
craft. Even though the two measurements are obtained
consecutively rather than concurrently in present ISL
implementations and concepts, they can be corrected to
refer to a common epoch using a coarse a priori orbit
and clock information [3].

As GNSS satellites are operated well above the atmos-
phere, the respective delays are not relevant for ISLs. The
simplified observation equation for satellites S1 and S2 thus
reads as

IS2
S1

+ IS1
S2

= 2 ρS2
S1

+ c bt
S1

+ br
S1

+ c bt
S2

+ br
S2

+ ΔρS2
S1

+ ΔρS1
S2

11 4

with the receive and transmit biases br and bt and correction
terms for phase center offsets and relativistic effects Δρ.
Optical ISL measurements of the latest GLONASS-M satel-
lites have a precision of about 3 cm [14, 15] whereas BeiDou
uses Ka-band ISLs with a precision of 8 cm [3].

ISLs are frequently suggested as a means for autonomous
orbit determination of GNSS constellations [2, 16, 17], but
are only able to determine the inner geometry of the satel-
lites with respect to each other. Therefore, at least one
ground-based monitor station is necessary to provide a link
to the Earth-fixed reference frame. However, as ISLs can
also be used for communication purposes, the size of the
expensive ground network can be significantly reduced.

11.1.3 Satellite Laser Ranging

Except for GPS, all modern GNSS satellites are equipped
with a laser retroreflector array. This enables SLR from ded-
icated observatories such as the stations of the International
Laser Ranging Service (ILRS; [18]). SLR is a two-way ranging
technique that measures the travel time of short laser pulses
[19]. It can be used for validation of GNSS orbits determined
from microwave observations [20] or provide additional
observations for a combined adjustment [21]. The SLR obser-
vation equation for telescope T observing satellite S reads as

ΔtS
T =

2
c

ρS
T + Δρatm + Δρrel +

1
c

Δρsys 11 5

with the measured turn-around light travel time ΔtS
T, geo-

metric distance between telescope and satellite at the time
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of reflection at the satellite ρS
T , atmospheric delay Δρatm,

relativistic correction Δρrel, and signal delays in the laser
system Δρsys. 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.

11.1.4 Reference Systems and Frames

Reference systems and their realizations, the reference
frames, provide the metrological basis for modeling GNSS
observations. Satellite orbits are usually modeled in an iner-
tial reference frame‚ whereas the coordinates of the track-
ing stations are referred to an Earth-fixed Earth-centered
reference frame. The transformation between these frames
will be discussed in the following subsection.

The International Celestial Reference System (ICRS) is
an inertial system whose origin is the barycenter of the solar
system. The International Celestial Reference Frame
(currently ICRF3; [22]) is the realization of the ICRS by
Very Long Baseline Interferometry (VLBI; [23]) observa-
tions of extraterrestrial radio sources (quasars). The orien-
tation of the ICRF is realized by a subset of so-called
defining sources. For GNSS applications, a Geocentric
Celestial Reference Frame (GCRF) is usually employed that
has the same orientation as the ICRF, but refers to a differ-
ent origin.

The International Terrestrial Reference System (ITRS) is
geocentric, its scale is defined by the SI meter, and its ori-
entation by the 1984 reference meridian of the Bureau
International de l’Heure (BIH) [24]. The latest realization
of the ITRS is the International Terrestrial Reference Frame
2014 (ITRF2014; [25]). GNSS providers use their own ter-
restrial reference systems and frames for their broadcast
ephemeris products [26]. Currently employed versions
include the World Geodetic System 1984 (WGS84) for
GPS, PZ90.11 for GLONASS, the Galileo Terrestrial Refer-
ence Frame (GTRF), and the BeiDou Coordinate System
(BDCS) for BeiDou. All these frames are aligned to the
ITRF at the decimeter level or better. This constitutes a neg-
ligible contribution of the broadcast ephemeris error
budget and facilitates mixed-constellation positioning in
GNSS receivers with no need to consider reference frame
transformations between individual systems. For the gener-
ation of precise multi-GNSS products within the IGS, orbits
of all constellations are generated in a common IGS-specific
reference frame (currently IGS14; [27]), derived from
the ITRF.

11.1.5 Earth’s Rotation

Like a gyroscope subject to external torques, Earth rotates
about an axis that is not constant but varies slowly over
time. Tidal friction, deformations of Earth, and mass
distributions of the ocean and atmosphere furthermore
complicate modeling and prediction of Earth’s changing
orientation in space [28]. The transformation between
the ICRF and the ITRF is described by the precession
and nutation angles, Earth rotation angle (which relates
to Universal Time 1, UT1), and the location of Earth’s rota-
tion axis relative to the figure of Earth (pole coordinates).
Nutation and precession are primarily caused by tidal tor-
ques of the Sun and Moon. Whereas precession has a main
period of 25 850 years, the dominant term of nutation has a
period of 18.6 years. In addition, nutation involves numer-
ous smaller terms with periods down to a few days. The lat-
est precession-nutation model of the International
Astronomical Union (IAU2006/2000A) is described in
[24]. Celestial pole offsets (CPOs) represent corrections to
the precession-nutation model to account for unmodeled
effects, for example, free core nutation.

Earth Orientation Parameters (EOPs) comprise the
CPOs, ΔUT1 = UT1–UTC, and the pole coordinates.
Whereas GNSS observations are sensitive to polar motion,
they are unable to measure CPOs and ΔUT1 due to correla-
tions with the orbital elements [29]. Only CPO rates and
changes in ΔUT1 (length of day, LOD) are observable with
GNSS, whereas CPOs and ΔUT1 themselves can only be
measured by VLBI. Combined EOP products as well as
EOP predictions are provided by the International Earth
Rotation and Reference Systems Service (IERS), for exam-
ple, Bulletin A [30] and the C04 series [31]. As these series
only include daily estimates, sub-daily variations have to be
modeled according to [24]. As an example, pole coordinates
and LOD estimated from GNSS observations are shown in
Figure 11.2.

11.1.6 Spacecraft Attitude

Modeling of the antenna phase center location relative to
the spacecraft center of mass as well as modeling of the
phase wind-up effect within the ODTS process require
proper knowledge of the satellite’s orientation in space.
Since measured attitude information is rarely available
for this purpose, models of the nominal orientations are
widely employed as an alternative. The attitude of a GNSS
satellite has to fulfill two basic conditions: the transmit
antenna has to point toward the center of Earth to maxi-
mize the signal power received by users around the globe,
and the solar panels have to be oriented toward the Sun to
maximize the available electrical power. To jointly fulfill
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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.

11.1.7 Station Location

Station positions are either fixed or estimated in the ODTS
process. In both cases, a priori station coordinates are
needed that account for long-term motion due to plate tec-
tonics, nonlinear motions, and periodic variations. The lin-
ear model for station positions consists of a three-
dimensional set of Cartesian coordinates at a dedicated ref-
erence epoch and a velocity vector. As post-seismic defor-
mations cannot be modeled accurately with this simple

model, additional logarithmic and exponential terms can
be used to model the nonlinear motion of stations affected
by earthquakes [25].

In addition to these long-term motions, the station loca-
tion is affected by a variety of geophysical processes with
annual to sub-daily periods as well as aperiodic effects.
State-of-the-art correction models for these are given in
the conventions of the IERS [24]. Solid Earth tides are
caused by third-body accelerations of Sun and Moon acting
on Earth’s surface resulting in deformations of up to 40 cm.
The variations in water mass due to ocean tides cause a
varying force acting on Earth’s surface resulting in defor-
mations that are most pronounced for coastal regions. This
ocean tide loading can reach up to 10 cm in the height com-
ponent. The amplitude and phase of these periodic varia-
tions obtained from different ocean tide models can be
computed by the ocean tide loading provider of Chalmers
University of Technology [36]. Non-tidal ocean loading is
caused by variations in water mass due to, for example,
storms, and may result in station position changes with a
magnitude of up to 1.5 cm [37]. Changes of Earth’s rotation
axis with respect to the surface of Earth are the origin of the
pole tide with an amplitude of up to 2.5 cm in the radial
direction. The centrifugal force of polar motion has also
an impact on the oceans. This ocean pole tide causes defor-
mations of up to 2 mm.

Atmospheric tidal loading is caused by daily variations in
atmospheric temperature. These cause pressure variations
at primarily diurnal and semi-diurnal time scales with a
maximum effect of 1.5 mm. Non-periodic variations in
the atmospheric masses induce atmospheric pressure load-
ing that is most pronounced for continental sites and can
reach up to 2 cm [38].

Correction models for solid Earth tides, ocean tidal load-
ing, and pole tide are applied in the ODTS process resulting
in station coordinates, orbit, and clock products free of the
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Figure 11.2 Pole coordinates (left) and length of day (right) derived from GNSS observations. Whereas polar motion is dominated
by the Chandler wobble with a period of about 430 days, annual, semi-annual, four-weekly, and fortnightly variations are visible for length
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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].

11.1.8 Antenna Models

The position of the GNSS satellites is usually referred to the
center of mass (CoM) of the spacecraft‚ whereas the posi-
tion of a ground station refers to a fixed marker. However,
GNSS observations correspond to the actual phase centers
of the transmit and receive antennas. The antenna phase
center offset (PCO) represents the vector between the
CoM and the mean antenna phase center for the transmit
antennas. For the receiver antennas, a mechanically well-
defined antenna reference point (ARP) is used instead of
the CoM. The offset vector between the ground marker
and the receiver ARP is described by the antenna eccentric-
ity, which usually consists of only a height component.
Deviations from a spherical wavefront are modeled by azi-
muth- and zenith-/nadir-angle-dependent antenna phase
center variations (PCVs). PCOs and PCVs are either
obtained by calibrations on ground [40] or estimated as
additional parameters in global GNSS solutions [41]. Fre-
quency-specific satellite and receiver antenna PCOs and
PCVs are provided by the IGS in the antenna exchange for-
mat (ANTEX). The latest model consistent with ITRF2014
is called igs14.atx [27]. Also, direction-dependent group
delay variations (GDVs) have to be considered for pseudor-
ange observations. These are particularly pronounced
for the BeiDou-2 transmit antennas [42], but are also sig-
nificant for GPS transmit antennas and various receive
antennas [43, 44].

11.1.9 Atmospheric Delays

GNSS signals are delayed by the atmosphere on their way
from the satellite to the receiver. In view of their different
properties, contributions due to the ionosphere and the
neutral atmosphere are distinguished in the observation
modeling. The ionosphere extends over a height range of
about 50–1000 km and consists of a plasma of free ions
and electrons. The neutral atmosphere, in contrast,
which includes the troposphere in the lowermost regions
(0–10 km height) and the subsequent stratosphere, is free
of charged particles.

The ionosphere represents a dispersive medium, in
which the range delays vary roughly with the inverse

square of the signal frequency. Code- and phase-based mea-
surements of signals passing through the ionosphere expe-
rience changes of roughly the same size but opposite sign,
and the total delay is proportional to the integral of the elec-
tron density along the signal path [45]. The dispersive char-
acter of the ionosphere can be utilized to eliminate the first-
order ionospheric delay by forming an “ionosphere-free”
linear combination of dual-frequency observations, which
is given by

LCi,j =
1

f 2
i − f 2

j

f 2
i Li − f 2

jL j 11 6

for carrier-phase measurements Li and Lj and a correspond-
ing expression for the respective pseudoranges. The first-
order term of the ionospheric delay has an order of magni-
tude of up to 30 m in the zenith direction. Higher-order ion-
ospheric terms can reach up to 2 cm. Correction models for
these effects are given in [46].

The tropospheric delay [47] does not depend on signal
frequency and is, furthermore, identical for code and phase
measurements. It can be separated into a hydrostatic and a
wet part. The hydrostatic part depends primarily on the air
pressure and is typically 2.3 m in the zenith direction at sea
level. The wet part depends on the humidity and varies
between 0 and 40 cm in the zenith direction. [48] gives a
simple model to compute the tropospheric delay from tem-
perature, atmospheric pressure, and water vapor pressure.
Input data for this model can be obtained from meteorolog-
ical measurements, the empirical Global Pressure and Tem-
perature (GPT) model [49–51], or numerical weather
prediction (NWP) models. Figure 11.3 shows the zenith
hydrostatic delay for a GNSS station in Tsukuba (Japan)
obtained from a NWP. As the wet delay is difficult to model
due to rapid variations, zenith wet delays (ZWDs) are usu-
ally estimated in precise applications. In addition to short-
term variations of up to 20 cm, the estimated ZWD for
Tsukuba shows a pronounced seasonal variation with a
minimum in the dry winter and a maximum in the humid
summer.

The estimated or modeled delays refer to the zenith direc-
tion‚ but observations are obtained at different elevation
angles. A mapping function describes the relation between
the delay in zenith direction and for a dedicated zenith dis-
tance z. Slightly different mapping functions fh(z) and fw(z)
are used for the hydrostatic and wet delay. Commonly used
mapping functions include the empirical Global Mapping
Function (GMF; [52]) and different versions of the Vienna
Mapping Function (VMF; [51, 53]) based on NWP data.

Asymmetries in the tropospheric delay depending on the
azimuth A can be considered by modeling or estimating
troposphere gradients [54]. The total tropospheric delay
composed of hydrostatic, wet, and gradient delay reads as
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Δρtrp z, A = f h z Δρh + f w z Δρw

+ f g z Δρn cos A + f g z Δρe sin A

11 7

with the gradient mapping function fg(z) [55], the north/
south gradient Δρn, and the east/west gradient Δρe. Daily
north/south gradient estimates of a station with a pro-
nounced annual variation are shown in the right subplot
of Figure 11.3.

11.1.10 Phase Wind-Up

GNSS phase observations are based on right-hand circu-
larly polarized electromagnetic waves. As a result of the
circular polarization, the carrier-phase of the received sig-
nal changes by one wavelength per full rotation of the
receive and transmit antenna with respect to each other.
For a static reference station antenna, orientation changes
originate from rotations of the satellite around its yaw axis
to maintain the nominal attitude as well as changes of the
line of sight due to the relative motion of the satellite with
respect to the receiver. For common satellites, phase wind-
up effects are typically limited to one wavelength and affect
mainly the satellite clock offset. Differential phase wind-up
effects between two stations can reach up to several centi-
meters for intercontinental baselines [56].

11.1.11 Relativistic Signal Propagation Effects

The gravity field of Earth affects the propagation time of
GNSS signals traveling from the satellite to the receiver.
This general-relativistic effect is called the Shapiro effect
and causes a propagation delay of up to 2 cm. As clocks
onboard GNSS satellites have different height and velocity
with respect to the receiver clock, additional relativistic cor-
rections have to be considered to express the observed clock

offset in the clock’s proper time scale. The average part is
compensated by shifting the transmit frequency by a con-
stant offset of, for example, −4.4647 10−10 Hz for GPS
[57]. As GNSS orbits are not perfectly circular, a periodic
term also arises. This effect depends on the eccentricity,
the semi-major axis, and the eccentric anomaly of the sat-
ellite. It can reach up to 14 m for GPS satellites.

11.2 Orbital Dynamics

A satellite orbiting Earth is subject to the gravitational
attraction of Earth as well as a variety of other perturba-
tions. The total acceleration a acting on the satellite can
be described through suitable physical models and depends

on the satellite’s position r , its velocity r
•

= v, and time t.
From a mathematical point of view, the propagation of a
satellite orbit thus represents an initial value problem,
which is solved by numerical integration of the second-

order differential equation r
••

= a r, r
•
, t for given initial

values. As a rule of thumb, dynamical models for GNSS
satellites aim to describe the acceleration at a level of better
than 0.1 nm/s2, which is roughly twelve orders of magni-
tude smaller than the acceleration experienced by a body
on the surface of the Earth. While this accuracy is well
within reach of current models for the gravitational forces,
the description of non-gravitational surface forces often suf-
fers from the lacking knowledge of relevant spacecraft
properties. To bridge this gap, empirical models may be
employed, in which the parameters of a generic model
are adjusted to the observations. Within this section, the
most important constituents of the dynamical model for
orbit prediction and determination of GNSS satellites are
described along with an overview of relevant numerical
integration techniques.
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Figure 11.3 Tropospheric parameters for the IGS station TSKB in Tsukuba, Japan: (left) zenith hydrostatic delays from a numerical
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11.2.1 Gravitational Forces

11.2.1.1 Earth’s Gravity

Earth’s gravitational attraction is mainly directed toward
the center of Earth‚ and the acceleration varies between
0.6 m/s2 at the altitude of a GPS satellite and 0.2 m/s2 at
a geosynchronous altitude. In view of Earth’s extended size
and slightly irregular mass distribution, a spherical harmo-
nics expansion is used to describe the geopotential

U =
GM

r

∞

n = 0

n

m = 0

Rn

rn
Pn,m sin ϕ

Cn,m cos mλ + Sn,m sin mλ

11 8

at geocentric distance r, latitude ϕ, and longitude λ, and
the associated acceleration is given by the gradient
agrav = ∇U . Here GM denotes Earth’s gravitational coef-
ficient (i.e. the product of the gravitational constant and

Earth’s mass), while Cn,m and Sn,m are the model-specific
normalized gravity field coefficients. Various forms of
recurrence relations are available in the literature to evalu-
ate the trigonometric functions and the normalized associ-

ated Legendre polynomials Pn,m in a numerically stable
manner. Among these, the recurrence relations of Cun-
ningham [58] are particularly well suited when working
with Cartesian rather than spherical coordinates.

Since contributions of individual gravity field terms to the
acceleration decrease with the (n + 2)-nd power of the dis-
tance, only a small set of low degree and order coefficients
need to be considered in the orbit modeling of representa-
tive GNSS satellites. Within the IGS, a 12 × 12 subset of
recent GRACE+GOCE(+SLR) gravity field models (e.g.,
GGM05; [59]) is presently applied by most analysis centers.
Beyond the static gravity field, various forms of temporal
gravity field variations are taken into account for best accu-
racy. These include secular changes in the low-order zonal
(C2,0, C3,0, C4,0) coefficients and changes in C2,1, S2,1

related to polar motion but also tidal variations of the geo-
potential caused by solid Earth tides, ocean tides, solid
Earth pole tides, and oceanic pole tides. Details of the
respective models are described in [24] and references
therein.

11.2.1.2 Third-Body Attraction

Next to the dominating gravitational attraction of Earth,
the motion of a GNSS satellite is also subject to the perturb-
ing gravitational acceleration of the Sun, Moon, and pla-
nets. In view of the much larger distance of these bodies,
this acceleration can be adequately described by a point-
mass model. Given a body with gravitational coefficient
GM at geocentric position s , the perturbing acceleration
is given by the difference

a3rd-body = GM
s − r

s − r 3 −
s

s 3 11 9

of the gravitational accelerations exerted by the body on
the satellite and Earth itself. Representative values of
the third-body perturbation amount to 1.5 μm/s2 and
3 μm/s2 for the Sun and Moon, respectively, while the
tidal acceleration due to the dominating planets
Venus (0.2 nm/s2 at inferior conjunction) and Jupiter
(0.02 nm/s2 at opposition) is at least four to five orders
of magnitude smaller.

For evaluation of Eq. (11.9), the coordinates of the per-
turbing body must be known with adequate precision.
Must commonly, precomputed solar system ephemerides
such as the Development/Lunar Ephemerides (DE/LE;
[60, 61]) of the Jet Propulsion Laboratory (JPL) are
employed for this purpose. Trajectories of the individual
bodies in these ephemerides are represented as Chebyshev
polynomials, which enables a fast computation of luni-
solar and planetary coordinates at moderate storage
requirements.

11.2.1.3 Post-Newtonian Dynamics

Even though Newton’s law of gravity provides an excellent
description of the gravitational forces acting on a satellite,
the high measurement accuracy available in GNSS today
requires a careful consideration of relativistic effects in
the equation of motion. Differences between a relativistic
and a Newtonian formulation scale roughly with the
squared ratio of the satellite’s velocity and the speed of
light, that is, (v/c)2 ≈ 10−10. Despite ongoing efforts to
describe GNSS orbits and measurements in a fully relativ-
istic framework [62, 63], it is common practice to rather
apply a post-Newtonian correction of the acceleration in
the equation of motion [24]. For near-circular orbits, the
leading Schwarzschild term

arel =
GM
c2r3

4
GM

r
− v2 r

+ 4 r v v ≈
r = const

GM
r2

r
r

3
v2

c2
11 10

causes a small reduction of Earth’s central gravitational
attraction and an associated change in the relation of
orbital period and orbital radius (i.e. Kepler’s third law).
When considering the relativistic correction (Eq. (11.10))
within the orbit determination process, the resulting orbital
radius is lowered by about 4.5 mm compared to the Newto-
nian formulation irrespective of the altitude.
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11.2.2 Non-Gravitational Forces

11.2.2.1 Solar Radiation Pressure

Electromagnetic radiation carries a momentum that is pro-
portional to the transmitted energy. When radiation is
absorbed or reflected by a surface, this momentum is trans-
ferred to the respective body and causes a subtle radiation
pressure [64]. Solar radiation pressure (SRP) is the domi-
nating source of non-gravitational perturbations for GNSS
satellites, since the Sun is the most intense source of elec-
tromagnetic radiation and since the satellites are equipped
with large solar panels for energy production. At the mean
Earth–Sun distance of about 150 × 106 km, the solar irradi-
ance amounts to Φ = 1361 W/m2 [65], which results in a
pressure of P = 4.5 × 10−6 N/m2 upon complete absorption.
An additional momentum transfer occurs, when radiation
is reflected or re-transmitted from the surface. Denoting the
fractions of absorbed, diffusely, and specularly reflected
photons by α, δ, and ρ, the total force experienced by a sur-
face element ΔA is given by

ΔF = −
Φ
c

ΔA cos θ α + δ e +
2
3

δen + 2ρ cos θ en

11 11

[64], where en is the surface unit normal vector and e is the

Sun direction unit vector, while θ = arccos e en denotes

the angle enclosed by these vectors; see Figure 11.4.
Equation (11.11) provides the basis for computing the

total SRP acceleration for a given orientation and size of
individual surface elements as well as their optical proper-
ties. The most sophisticated SRP models are based on com-
puter-aided design (CAD) models of the satellite and make
use of ray tracing techniques to describe the illumination
conditions for different incidence angles. In this way,
mutual shading of structural elements as well as multiple
reflections can be taken into account even for complex
spacecraft structures. Early results of ray tracing for SRP
modeling of GLONASS and GPS Block IIR satellites have
been reported in [66–68], while more recent applications
to BeiDou-2 satellites are described in [69, 70].

To reduce the overall complexity of SRP modeling, box-
wing models may be applied instead of a detailed CAD
model. Here, the spacecraft structure is approximated by
a box-shaped satellite body made up of six rectangular
plates and two additional plates representing the solar
panels. Optical parameters of the individual plate can be
inferred from the material properties or adjusted in the
orbit determination process [71]. Box-wing models are cur-
rently employed for the Galileo and QZSS satellites [72–74]
using either adjusted model parameters or spacecraft meta-
data released by the system providers [35, 34].

Depending on the size and mass, the SRP acceleration
amounts to 50–150 nm/s2 and thus constitutes the biggest
source of orbital perturbations for GNSS satellites after the
tidal accelerations of the Sun and Moon. Besides the dimen-
sions and surface properties, the attitude and solar panel
orientation must be known with good confidence to fully
benefit from analytical SRP models. During normal opera-
tions, the solar panels can typically be assumed to be Sun
pointing, and the satellite body follows a yaw-steering ori-
entation [32]. Deviations from this nominal attitude that
may occur near noon, and midnight turns will affect the
net acceleration due to radiation pressure and have to be
taken into account in the SRP modeling.

11.2.2.2 Thermal Emission

Solar radiation that is absorbed by the spacecraft will result
in heating and ultimately be radiated back into space in the
form of thermal emission. In particular, this applies for
most of the electrical energy generated by the solar panels,
which is converted to heat in the onboard equipment. Ther-
mal radiators mounted on the shaded side of the spacecraft
are commonly used to emit the excess heat produced inside
the spacecraft body and may result in a net force acting on
the satellite. Likewise‚ temperature differences between the
front and backside of the solar panels contribute to accel-
erations along the Sun direction. A detailed thermal mod-
eling and knowledge of the spacecraft design are required
to properly describe the thermal emission and resulting
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Figure 11.4 Depending on the surface properties, solar radiation pressure generates a force opposite to the Sun’s direction (absorption;
left), perpendicular to the surface (specular reflection; center), or a linear combination thereof (diffuse reflection; right).
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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
IIA 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

aemp =

aD

aY

aB

=

D0

Y 0

B0

+
n

Dc,n

Yc,n

Bc,n

cos nu

+
n

Ds,n

Y s,n

Bs,n

sin nu 11 12

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 D0, Y0, B0, and the harmonics
Bc,1 and Bs,1 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
a new 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
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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].

11.2.3 Numerical Integration

A wide range of numerical integration methods is available
to compute a satellite orbit based on the equation of motion
and known initial conditions [5, 86, 87]. Since GNSS orbits
are typically near circular, a step-size control is not nor-
mally required‚ and a fixed step size can be chosen in
accordance with the accuracy requirements. The choice
of specific methods depends largely on the application
and also on the employed estimation strategy. Multi-step
methods maintain a table of derivative values at past epochs
based on which the solution at the next step can be
predicted. This offers high accuracy at a minimum of

acceleration computations and results in high efficiency.
On the other hand, much effort is required in the start-
up phase, which may become impractical if the integrator
needs to be restarted frequently. Such restarts are required
at orbital maneuvers, but also other events that mark a dis-
continuity in the higher derivatives of the equation of
motion (e.g. shadow transits [88]). Likewise, multi-step
methods appear unsuitable for sequential estimation and
orbit determination schemes. Here, the initial conditions
for the trajectory propagation change at each measurement.
To cope with the need for frequent integrator restarts, sin-
gle-step methods such as the diverse class of Runge–Kutta
methods are preferable in these applications.

11.3 Parameter Adjustment

The dynamical and observation models discussed in the
previous sections provide the basis for describing the mea-
surements through a limited set of initial conditions and
model parameters. Starting from an initial guess or past
estimate, refined values of these parameters may then be
obtained in a differential correction process [89]. Despite
a variety of different estimation techniques and a smooth
transition between the extremes, two fundamental classes
may be distinguished (Figure 11.5). In the batch least-
squares process‚ all observations are available prior to the
start of the adjustment process and used concurrently to
derive a set of parameters which minimizes the difference
between modeled and measured values over the entire data
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Figure 11.5 Schematic view of orbit determination based on least-squares estimation (top) and extended Kalman filtering (bottom).
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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].

11.3.1 Least-Squares Estimation

Given a set of observations zand a model function h x that
depends on a set of parameters x, least-squares estimation
aims to find the value that minimizes the weighted norm
z − h x P − 1

zz
of the difference between the observations

and the model. Within the ODTS process, z typically com-
prises the pseudorange and carrier-phase measurements
collected by the monitoring stations, while x combines
the initial conditions of the orbit, satellite and clock offsets,
phase ambiguities, and tropospheric zenith delays as well
as other unknown parameters of interest. When linearizing
the loss function about an approximate value x0, the least-
squares solution is described by the normal equation

H WH x − x0 = H W z − h x0 , 11 13

where H = dh dx denotes the design matrix and where the
weighting matrix W = P − 1

z z is set equal to the inverse of the
measurement covariance. For zero-mean measurement
errors, Eq. (11.13) yields an unbiased estimate x of the true

solution with covariance Pxx = H WH
− 1

. The solution

of the normal equation and, optionally, the covariance
matrix can be obtained through a Cholesky decomposition

[94] of the information matrix H WH. Alternatively, vari-
ous other factorization techniques are available to solve the
normal equations in a numerically stable manner. Among
others, these include the square root information filter
(SRIF; [95]) formulation that has been adopted for the Gip-
syX GNSS processing and orbit determination software of
the JPL [96, 97].

A priori information can be incorporated into the least-
squares estimation by considering the modified loss func-
tion z − h x P − 1

zz
+ x − xa P − 1

xaxa
, where xa and P − 1

xaxa

denote the a priori value of x and its covariance. The corre-
sponding minimum is obtained for

x = x0 + H WH + P − 1
xaxa

− 1
H W z − h x0

+ P − 1
xaxa

x − xa 11 14

In the same way, normal equations resulting from
multiple data batches i may be combined, to find the
least-squares solution

x = x0 +
i

N i

− 1

i

di 11 15

with N i = H i W iH i and d = H i W i zi − hi x0 that
corresponds to the joint processing of all data in a common
estimation. This “normal equations stacking” offers a con-
venient way to obtain long-arc parameter estimates in
GNSS orbit determination without requiring a continuous
orbit modeling over extended periods. By way of example,
the results of daily solutions may be combined to estimate
site displacements, EOPs, or GNSS transmit antenna offsets
over a multi-year time frame.

Given the large number of satellites, stations, and epochs
concurrently processed in a least-squares ODTS, the nor-
mal equations quickly attain a dimension that renders a
direct solution (or inversion of the full information matrix)
cumbersome, if not impossible. On the other hand, large
parts of the information matrix are only sparsely populated.
Among others, this is due to the fact that pseudorange and
carrier-phase observations at a given epoch do not depend
on clock offsets at any other epoch. By suitable arrange-
ment of clock offsets in the estimation vector, the normal
equations can therefore be arranged into blocks of diagonal
and fully populated matrices. This block structure can then
be used to pre-eliminate certain parameters and effectively
reduce the size of the final normal equations. Considering,
for example, a set of estimation parameters A and B and the
associated normal equations

NAA NAB

NBA NBB

xA − xA,0

xB − xB,0
=

dA

dB
11 16

the solution for xA can formally be expressed as

xA − xA,0 = N − 1
AA dA − NAB xB − xB,0 11 17

When substituted into the normal equations, the solution

xB − xB,0 = N − 1
BB − NBAN − 1

AA NAB
− 1

dA − NBAN − 1
AA dA

11 18

is obtained for the second set of parameters. By eliminating
parameters A, the dimension of the normal equations
has been reduced from dim xA + dim xB to dim xB at the
expense of requiring an inversion of the information matrix
NAA This can be accomplished with moderate effort,
though, if NAA is a sparse or, ideally, diagonal matrix.

11.3.2 Sequential Estimation

Other than least-squares estimation, which only provides a
solution for the parameters of interest after processing all

244 11 GNSS Orbit Determination and Time Synchronization



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 xi and its covariance Pi are maintained, which are
recursively updated at each observation epoch ti [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

x −
i = x ti; x ti − 1 = x +

i − 1

P −
i = ΦiP

+
i − 1Φ

T
i + Qi

11 19

while the measurement update equations are given by

K i = P −
i H i W − 1

i + H iP
−
i H i

− 1

x +
i = x −

i + K i zi − hi x −
i

P +
i = 1 − K iH i P −

i

11 20

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. Φi = dxi dxi − 1

denotes the state transition matrix, that is, the partial deri-
vatives of the propagated state x −

i with respect to the initial
conditions x +

i − 1. 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 Eq. (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 +
i = 1 − K iH i P −

i 1 − K iH i + K iW
− 1
i K i ,

11 21

or factorization methods that directly update a unit triangu-

lar matrix U and a diagonal matrix D of a UDU 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 τ and a steady-state standard deviation σ [89, 95].
In the time update step of the Kalman filter, the exponen-
tially correlated random variables (ECRVs) are described as
xi = exp (−(ti − ti − 1)/τ) xi − 1, and their covariance is
incremented by a process noise Q = σ2 (1 − exp (−2
(ti − ti − 1)/τ)). Among others, ECRV states are useful to
describe empirical accelerations in the force model or
atmospheric delays in the observation model.

11.3.3 Ambiguity Resolution

As discussed in Section 11.1, GNSS receivers provide both
pseudorange and carrier-phase observations. In view of
their low measurement noise, use of carrier-phase observa-
tions is indispensable for high-precision orbit and clock
determination. The carrier-phase ambiguity is an unknown
quantity, but is constant during continuous tracking of a
GNSS satellite by a station. In the ODTS process, a distinct
ambiguity parameter must thus be estimated for each indi-
vidual tracking arc and satellite-station pair.
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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 n1 − n2 between ambiguities on the
first and second frequencies is determined. It can be
obtained through integer rounding from double differences
of the Melbourne–Wübbena combination over a suffi-
ciently long data arc. In a second step, a float-valued esti-
mate of the n1 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].

11.4 Systems and Products

The models and techniques presented in the previous sec-
tions provide a common algorithmic basis for all GNSS
orbit and clock determination systems. Over time, a multi-
tude of ODTS tools and systems has evolved, which all
make use of these basic concepts, but differ in specific
aspects in response to application needs or simply inherited
preferences. Within this section, we present a selection of
ODTS systems along with their overall architecture and
operation. Complementary to this, different classes of orbit

and clock products are compared, and basic strategies for
quality control and validation are discussed.

11.4.1 Architecture and Tools

To illustrate the overall architecture of the ODTS process,
flowcharts for two representative implementations are
shown in Figure 11.6. They describe orbit and clock deter-
mination in the GPS Control Segment as well as generation
of precise orbit and clock products within the IGS and its
analysis centers.

11.4.1.1 GPS Control Segment

The left part of Figure 11.6 describes the (near-)real-time
orbit and clock determination process employed in the
master control station (MCS) of the United States’ Global
Positioning System [90, 104]. It is based on a Kalman filter
and processes observations in a sequential manner. The
MCS continuously receives raw observations on the L1
and L2 frequency from the five GPS monitoring stations.
In a first processing step, ionosphere-free combinations
are formed‚ and various initial corrections are applied. Fur-
thermore, the pseudorange observations are smoothed with
accumulated delta range (i.e. carrier phase) observations to
obtain low-noise normal points at a 15 min sampling. These
measurements are then processed in the Kalman filter,
which computes a state correction relative to a precom-
puted reference trajectory at the same update interval.
These epoch states are then used to predict the future orbit
and clock evolution and to adjust the broadcast ephemeris
parameters for the subsequent upload to the satellite. In
parallel to the actual ODTS process, a performance monitor
is operated, which continuously compares epoch states and
broadcast ephemerides, and evaluates observed range resi-
duals, that is, the difference between observed pseudo-
ranges and values modeled from the navigation message.

The reference ephemeris that serves as the basis of the
differential correction process in the MCS Kalman filter
is generated in a separate process. The orbital dynamics
model comprises an 8×8 gravity model, luni-solar pertur-
bations, solid Earth tides, and an a priori SRP model, while
the evolution of clock states is described through second-
order polynomials in time. EOPs that are required for the
transformation of satellite positions into the Earth-fixed
reference frame are provided to MCS by the National
Geospatial-Intelligence Agency (NGA) on a weekly basis
and treated as fixed parameters. Within the filter, correc-
tions of the inertial satellite positions and velocities rela-
tive to the reference trajectory as well as two radiation
pressure parameters are estimated along with the clock
offset, drift, and, optionally, rate of satellite and monitor-
ing station clocks.
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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.

11.4.1.2 IGS Precise Orbit and Clock Product
Generation

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

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.
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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].

11.4.2 Validation

Along with the generation of orbit and clock products for
GNSS satellites comes the obvious need to assess the accu-
racy of these products and to validate their conformance
with specified or desired performance values. Given the
lack of a truth standard against which a GNSS ephemeris
product can be compared, a variety of techniques have been
devised to assess the precision, that is, the repeatability, and
partly accuracy, of orbit and clock products. These include
ephemeris overlaps, inter-comparisons of different solu-
tions, or point positioning analyses. Additional tests may
be used to provide specific information on either orbit qual-
ity (SLR) or clock quality (TWSTFT; clock fits). The most
important techniques are briefly described.

11.4.2.1 Ephemeris Comparison

Comparison of orbit positions computed by different anal-
ysis centers in terms of bias and standard deviation (STD)
allows evaluation of the consistency of these solutions.
However, care must be taken when interpreting the results
of such comparisons. As only the consistency of two solu-
tions is assessed, good results can be obtained if two anal-
ysis centers consistently use the same bad model.

Table 11.1 Typical ODTS parameters in the control center and scientific post-processing applications

Parameter Control Segment Post-Processing

Satellite orbits Estimated Estimated

Satellite clocks Estimated Estimated or eliminated by double differencing

Solar radiation pressure Estimated Estimated

Station coordinates Fixed or heavily constrained Estimated

Receiver clocks Estimated Estimated or eliminated by double differencing

Ambiguities None or float Fixed to integers

Differential code biases — Estimated or corrected a priori

Troposphere zenith delays Modeled Estimated at 1- or 2-h intervals

Troposphere gradients Neglected Estimated at daily or shorter intervals

Earth rotation parameters Fixed Polar motion, polar motion rates, and LOD estimated at daily intervals
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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 w1δR − δT
2 + w2

2 δ2
A + δ2

C

11 22

where δR, δA, and δC denote the epoch-wise differences of
broadcast and precise ephemerides in the radial, along-
track, and cross-track directions, while δT denotes the cor-
responding clock difference. Furthermore, w1 and w2 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
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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.

11.4.3 Orbit and Clock Products

11.4.3.1 Broadcast Ephemerides

Orbit and clock information generated in the GNSS control
centers is disseminated to the users in the form of broadcast
ephemerides. These represent predictions of the latest
ODTS results and comprise a small number of parameters
based on which the users can compute approximate
positions of the GNSS satellites as well as the expected clock
offsets. Two basic parameterizations – Keplerian and

Cartesian – are presently employed by the different GNSS
providers to describe the evolution of the satellite orbit over
time. The Keplerian orbit model enables an analytical com-
putation of the satellite position at any time within a prede-
fined validity period based on a set of orbital elements and
complementary perturbation terms. It has been adopted by
GPS, BeiDou, Galileo, IRNSS/NavIC, and QZSS and
involves a total of 15–17 parameters. The GLONASS navi-
gation message, in contrast, provides the satellite’s state
vector (i.e. position and velocity) as well as a vector of
luni-solar perturbational accelerations at a reference epoch.
Based on these data‚ the user receiver can then obtain the
satellite position in the vicinity of the reference epoch
through numerical integration. Complementary to the
orbit model, low-order polynomials (with two to three para-
meters) are used by all constellations to describe the evolu-
tion of the clock offset over time.

The accuracy of broadcast ephemerides depends on a
variety of factors, in particular‚ the length of the prediction
arc and the fit interval used in their generation, but also the
stability of the onboard clock. It is commonly assessed in
terms of SISRE, that is, the combined contribution of the
orbit and clock errors to the modeled pseudorange (see
Section 11.4.2.1). Representative SISRE values for the cur-
rently operational constellations range from about 0.2–2 m
(RMS) [111, 116–118], which is generally adequate for posi-
tioning at the 1–10 m level. So far, broadcast ephemerides
provide the only source of satellite orbit and clock informa-
tion that is ubiquitously available in real-time for all
constellations.

11.4.3.2 Precise Orbit and Clock Products

GPS orbit and clock solutions have been provided by the
IGS for more than 20 years and have become a benchmark
for high-precision applications in science and engineering
[119]. Traditionally, three categories of products are distin-
guished that differ by their latency, update rate, and accu-
racy. With a precision at the one- to few-centimeter level (in
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Figure 11.9 Satellite laser ranging residuals for the CODE orbits of Galileo E102.
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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, IGST) 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-
quency-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 IGS 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
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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
GNSS 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 IGS 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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Ground-Based Augmentation System
Boris Pervan

Illinois Institute of Technology, United States

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

• each 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 I (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 III 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.
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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 I (CAT I): If the horizontal visibility on the run-
way, known as the runway visual range (RVR), is greater
than 1800 ft, a CAT I system may deliver the aircraft
down to a decision height (DH) of 200 ft.

• Category II (CAT II): If the RVR is greater than 1200 ft, a
CAT II system may deliver an aircraft down to a DH of
100 ft.

• Category III (CAT III): 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.

GBAS is intended to provide equivalent performance
with existing ILS CAT I, II, and III 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-I and APV-II). A GAST C system is designed
to support precision approach operations to the lowest Cat-
egory I minima (i.e. RVR and DH). A GAST D system is
designed to support precision approach operations to the
lowest Category III minima, when augmented with other
airborne equipment – as is the case with CAT III ILS-
equipped aircraft, which additionally use radar altimeters
and inertial systems. The required performance is defined

GPS Satellites

Ranging Sources

Status Information

GBAS

Ground

Facility
GBAS

Reference

Receivers

Omnidirectional VHF Data

Broadcast (VDB) Signal

Differential Corrections,

Integrity Data and

Path Definition

Figure 12.1 Overview of the GBAS (Source: Federal Aviation Administration (FAA)).
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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 II/III) 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/III
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.

12.4.1 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, σpr_gnd. 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 σpr_gnd as a function of
elevation for the three classes of ground installation:
GAD-A, GAD-B, and GAD-C. The curves assume averaging

Table 12.1 GBAS GAST C requirements

Accuracy Horizontal
(95%)

16 m

Vertical (95%) 4 m

Integrity Risk 2 × 10−7 per approach
(150 s)

Time to alert 6 s

LAL 40 m

VAL 10 m

Continuity Risk 8 × 10−6 in any 15 s

Availability Fraction of time 0.99 to 0.99999
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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 σpr_gnd 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

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

Figure 12.3 (Left) BAE ARL-1900 multipath-limiting antenna for
GAD-C; (right) DB Systems three-element VHF Data Broadcast
(VDB) antenna.
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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-σ). 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.

12.5 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.

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
smoothed pseudoranges

For each measurement type: All
measurement blocks, once per frame
(Note 1)

For each measurement type: All
measurement blocks, once per slot
(Note 1)

2 GBAS-Related Data Once per 20 consecutive frames Once per frame

3 Null message N/A Once per slot

4 Final Approach Segment (FAS)
construction data

All FAS blocks once per 20 consecutive
frames (Note 2)

All FAS blocks once per frame (Note 2)

Terminal Area Path (TAP)
construction data

(Notes 2 and 3) (Notes 2 and 3)

5 Ranging source availability All impacted sources once per
20 consecutive frames

All impacted sources once per 5
consecutive frames

6 Reserved for carrier corrections — —
7 Reserved for military — —
8 Reserved for test — —
11 Differential corrections – 30 s

smoothed pseudoranges
For each measurement type: All
measurement blocks, once per frame
(Note 4)

For each measurement type: All
measurement blocks, once per frame
(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 ½ 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.
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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.
It is 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 (Δh) 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 (NR) and tropospheric scale height (h0), as
well as the refractivity uncertainty (σN). The tropospheric
correction (TC) applied at the aircraft is

TC = NR h0 f θ 1 − e − Δh h0 ≈ NR f θ Δh

12 1

where θ is the satellite elevation angle, and f (θ) is the asso-
ciated mapping function:

f θ = 10 − 6 0 002 + sin 2θ 12 2

The post-correction tropospheric error is assumed to be
zero mean with standard deviation given by

σtropo = σN h0 f θ 1 − e − Δh h0 ≈ σN f θ Δh

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 (σVIG), and the effective displacement (xeff)
between the reference station and the aircraft:

σiono = σVIG g θ xeff 12 4

where g(θ) is the obliquity factor

g θ = 1 −
RE cos θ

RE + hI

2

12 5

RE is the Earth radius (6378 km), and hI 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 + 2vairτ 12 6

where xair is the physical displacement between the current
aircraft location and the GBAS reference point indicated in
MT 2, vair is the aircraft’s ground speed, and τ is the smooth-
ing filter time constant. The proof of this result is provided
in [10]. The parameter σVIG 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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VPLH0 = kffmd

N

i = 1

S2
v,i σ2

i = kffmd σv 12 7

where
N is the number of satellites usesd in the position estimate,
Sv,i is the partial derivative of position error in the vertical

direction with respect to the corrected pseudorange error
on the ith satellite,

σ2
i 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

σv 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, kffmd, 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 10−4/h. This rate is much larger than
the satellite fault probability of 10−5/h specified in
the GPS Standard Positioning Service Performance
Specification (GPS-SPS-PS) [12]. The reason for this

is that the definition of fault in the GPS-SPS-PS corre-
sponds only to errors larger than 4.42 × σURA. The
broadcast GPS navigation data provides the information
needed to compute σURA for each satellite, and the smallest
σURA 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 10−5/h rate, and that faults much larger
than 10 m may not be covered for satellites with larger
σURA. 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 10−4/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 10−5/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 σURA≲ 200
m are used, the GPS-SPS-PS specified rate of 10−5/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

Origin Fault/anomaly Threat Prior probability

SIS Excessive range
acceleration

Rapid accelerations cause large differential errors over latency
period

10−4/h

SIS Erroneous ephemeris
data

Large satellite position errors lead to differential positioning errors 10−5/h

SIS Satellite signal
deformation

Inconsistent correlation errors between ground and air receivers
causes differential ranging error

10−4/h

SIS Code-carrier divergence Ground and air filter mismatches and differences in start times
lead to differential ranging error

10−4/h

SIS Low satellite signal
power

Possible ranging error caused by cross-correlation with satellite
with stronger signal

10−4/h

Propagation
Environment

Ionospheric storm
fronts

Large ionospheric gradients cause large differential ranging errors
due to spatial decorrelation

10−3 to 1 (state
probability)

GBAS Ground
System

Reference receiver/
antenna failures

Erroneous measurements from reference receiver lead to errors in
broadcast correction

10−5/approach

Source: From Federal Aviation Administration, “Criteria for Approval of Category III 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 10−5 per 150 s aircraft
approach (equivalent to 2.4×10−4/h). This ensures that at
most one reference receiver fault would ever need to be
detected to satisfy the 10−7/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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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/N0 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/N0.

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 s filter 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

pk =
N − 1

N
pk − 1 + ϕk − ϕk − 1 +

1
N

pk 12 8

where

k is the time index,
Δt 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,
τ = N × Δt is the time constant of the smoothing filter (100 s

for GASC C and 30 s for GAST D),

Table 12.4 GBAS function definitions and acronyms

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. σ-Monitor: Standard Deviation and Mean Monitoring Function

L. VDB Message Formatter and Scheduler

M. VDB TX: VDB Transmitter

N. VDB RX: VDB Receiver

O. 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
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p is the raw pseudorange (code phase),
p is the smoothed pseudorange, and
ϕ 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 = τ/Δt,
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, pk − 1 + ϕk − ϕk − 1, with the
actual measurement, pk, 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

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 τ in
Eq. (12.6), thereby making xeff 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 Ionospheric Gradient Monitoring (DSIGMA),
which computes the difference between the 30 s
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 Sv,i and the sum of the two maximum absolute
values of Sv,i (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
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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 A1: 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 A1 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.

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
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 kmde . 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 j = Sv,j xair j + kmde

N

i = 1

S2
v,i σ2

i , 12 9

The resulting bound over all satellites being used is then

VEB = max
j

VEB j 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 j 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),

j = MDE ρ j, 12 11

where ρj 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 kmde 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

0004815231.3D 269 13/12/2020 12:54:03 AM

12.6 GBAS Integrity Monitoring 269



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 A1 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
(IOD) 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.

ZOH FOH

Today–2 Today–1 Today Today–2 Today–1 Today

Figure 12.7 Zero- and first-order hold parameter prediction
concepts.
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Figure 12.6 Example change in broadcast semimajor axis at
24-hour intervals.
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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 (rk), 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 ck = pk − 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 (I)
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

Sc to be the set of common satellites tracked by all EXM-
validated reference receivers,

Nc as the number of elements in Sc, and
m and n to be individual receiver and satellite indices,

respectively.

Then the clock-adjusted smoothed pseudorange correc-
tions is

ck n, m = ck n, m −
1

Nc n Sc

ck n, m 12 12

The correction average sub-function generates candidate
broadcast corrections by averaging ck n, m for a given sat-
ellite across all reference receivers tracking the satellite.
Define Sn as the set of reference receivers with at least
two EXM-endorsed values of ck 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 Sn. The candidate broadcast correction
(smoothed, clock-adjusted, and averaged) is then

ck n =
1

M n
m Sn

ck n, m 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).

12.6.6 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 ck n as defined in Eq. (12.13) and
its equivalent with each individual receiver removed
in turn:

bk n, m = ck n −
1

M n − 1
i Sn

i m

ck n, i 12 14

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

f n∗
m∗ on reference receiver m∗on the receiver channel corre-

sponding to satellite n∗, the mean b-values are

E bn∗
m∗ = N − 1 f

n∗

m∗ 12 15

E bn n∗
m∗ = − f

n∗

m∗ 12 16

E bn∗
m m∗ =

N − 1
M − 1

f
n∗

m∗ 12 17

E bn n∗
m m∗ =

1
M − 1

f
n∗

m∗ 12 18

where f
n∗

m∗ ≜ f n∗
m∗ 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]:

VPLH1 m =
N

n = 1

Sv,n b n, m + kmd

N

n = 1

S2
v,n σ2

n

12 19

The upper bound protection level over all reference recei-
vers is
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VPLH1 = max
m

VPLH1 m 12 20

This position error bound is consistent with the integrity
risk allocated to the H1 hypothesis, which is encoded in the
integrity multiplier bound, kmd, 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
σpr_gnd each to use for each satellite. These will be used
as inputs to position error bounds in Eqs. (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 σpr_gnd 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 Eqs. (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 MDEj used to generate the broadcast value of

j in Eq. (12.11) must be consistent with the broadcast

value of kmdeand the assumed prior probability of ephem-
eris fault (in Table 12.3), and

• the probability of a reference receiver failure is lower
10−5 per 150 s aircraft approach (equivalent to
2.4×10−4/h).

Of course, it must also be demonstrated that the monitors
designed to detect the remaining GPS SIS faults in
Table12.3 are also are effective enough to meet integrity

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 (10−4/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 fj on satellite j, we can
express the test statistic qj ≥ 0 as a positive random variable
with a known cumulative distribution function Fq(x; fj).
For a given continuity allocation to the monitor’s fault-free
detection probability, Pffd, the detection threshold is

L = F − 1
q Pffd; 0 The probability of a Loss of Integrity

(LOI) is then defined as

P LOI f j ≜ P ev t > VPL t t 0, TA q j t

< L t −∞ , TA − τg f j 12 21

where ev is the vertical position estimate error, TA is the
required time to alert, τg is the latency in the transmission
of information to the aircraft, and t is the time since fault
onset. For GAST C, TA = 6 s, and τg will typically be less
than 1 s and can never exceed TA (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
VPLH0 ≤ VPL, we can write the following upper bound on
Eq. (12.21):

P LOI f j < P ev t > VPLH0 t

t 0, TA q tq < L t 0, TA − τg f j

12 22

Assuming statistical independence of random error (i.e.
non-failure) contributions to the position error and test
statistic:

P LOI f j < P ev t > VPLH0 t t 0, TA f j

P q tq < L t 0, TA − τg f j 12 23

Define te to be any individual time in the interval [0, TA]
and tq to be any individual time in the interval [0, TA − τg].
Then, because Eq. (12.23) is true, it is also true that

P LOI f j < P ev te > VPLH0 te f j

P q tq < L f j 12 24
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Because te and tq 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

te = 0 12 25

tq = TA − τg 12 26

so that the monitor detection probability (the second term
on the right side of Eq. (12.24)) is evaluated TA − τg 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 TA − τg 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 ev > VPLH0 f j = P Sv,j f j + εv > kffmdσv ,

12 27

where εv is the nominal (fault-free) contribution to the
vertical position estimate error, which can be upper-
bounded using a normal distribution with standard
deviation σv 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 ev > VPLH0 f j = Q kffmd −
Sv,j f j

σv

12 28

Now define

σv,j ≜ Sv, j σ j 12 29

so that we can write

P ev > VPLH0 f j = Q kffmd −
σv,j

σv

f j

σ j

12 30

The upper bound probability occurs when σv, j/σv 1.
Therefore, it is convenient to conservatively use the follow-
ing satellite-geometry-free expression

P ev > VPLH0 f j = Q kffmd −
f j

σ 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 q tq < L f j = 1 − Fq L; f j 12 32

Substituting Eqs. (12.31) and (12.32) into Eq. (12.24)
yields

P LOI f j = Q kffmd − f j σ j

1 − Fq L; f j 12 33

In general, a space segment fault event fj on satellite j will
cause different transient responses in the differential posi-
tion error ev and the monitor test statistic qj. 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 (t0g) and (t0a).
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 for a CCD
monitor of the type described in [17]. The plot shows the
LOI probability as a function of the fault magnitude, which,
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Figure 12.8 Worst-case P(LOI| fj) for any value of t, t0g, and t0a,
versus magnitude of divergence rate fault d: GAST C case.
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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, t0g, t0a, and d.
For each value of d on the figure, the values of t, t0g, and
t0a were found to maximize the probability of LOI. The
dotted horizontal line was located at 10−4, 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 Er ,
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 Er . 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 1×10−9. It stipulates that the
probability of an undetected fault leading to a differential
ranging error greater than 1.8 m must not exceed 1×10−9.
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 10−5. 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

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
1×10−9 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].

Table 12.5 GBAS GAST D limit case integrity requirements [34].

Probability of missed detection Pseudorange error (meters)

Pmd_limit ≤ 1 0 ≤ Er ≤ 0.75

Pmd limit ≤ 10 − 2 56 × Er + 1 92 0.75 ≤ Er ≤ 2.7

Pmd_limit ≤ 10−5 2.7 ≤ Er ≤ ∞

Example GAST D Integrity Requirement: |Er| vs. Pmd
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Figure 12.9 Example GAST D SIS integrity requirement and
hypothetical compliant performance curve.
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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 (TACANs), VHF Omni
Range systems (VORs), and Category I 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,
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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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Figure 13.1 SBAS architecture.
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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

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 IGPs 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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