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PREFACE

In order to make our extensive series of lecture notes more readily available, we have
scanned the old master copies and produced electronic versions in Portable Document
Format. The quality of the images varies depending on the quality of the originals. The
images have not been converted to searchable text.



PREFACE

This lecture note is a reproduction of the previously available,
independently published book. The original publishers of the Guide to GPS
Positioning, Canadian GPS Associates, recently decided to stop printing the
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a Canadian technical "best seller" with over 12,000 copies sold. It is true
that there have been many advances in GPS positioning during the almost
15 years since the book was originally published, particularly in receiver
design and operation. The basic concepts of GPS have not changed,
however, and much of the material in the book is still relevant. So to meet
the continuing demand, it has been reprinted in a cost-effective format as a
UNB Department of Geodesy and Geomatics Engineering lecture note.
Please note that nothing in the book has been changed and no updating has
taken place.

As with any copyrighted material, permission to reprint or quote
extensively from this note must be received from the authors. The citation
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INTRODUCTION

Goals, content, and format

The Guide to GPS Positioning is a self-contained introduction to the Global
Positioning System, designed to be used in any of the following three ways:
» as a self-study guide,
« as lecture notes for formal post-secondary education courses, or
 as hand-out material to support short-course and seminar presentations on GPS.

The intended audience includes practicing surveyors, hydrographers, engineers,
geophysicists, geologists, geographers, oceanographers, space scientists, and
professionals in information management, transportation, forestry, and agriculture.
In short, anyone interested in the potential of GPS to provide accurate, inexpensive,
consistent positioning.

The content has been intentionally kept on the conceptual level as much as
possible. The Guide is primarily an introduction, rather than an explication of the
details of the latest research results concerning GPS. A minimum of mathematics is -
used, with each term hopefully fully explained. On the other hand, we attempt to
describe all the concepts required to understand and use GPS, and we believe that
even those actively using GPS will find this Guide to be of value.

The structure of this guide is modular in both a macro and a micro sense. At the
macro level the fifteen chapters in this Guide can be grouped into four units:
» A description of GPS (chapters 1 to 5)
* GPS data collection and processing (chapters 6 to 10)
» GPS applications (chapters 11 to 15)
» GPS receivers (Appendix A).
These four units can be used together to provide a complete overview of GPS, or
can be used independently from each other for more specialized audiences.

At the micro level, within each chapter, each topic is dealt with in two pages: a
graphic or summary page illustrating the concept or listing the main points, and a
text page providing a detailed description of the topic. In adopting this format, we
followed two earlier GPS publications, Everyman's Guide to Satellite
Navigation, by Steven D. Thompson, and The WM GPS Primer, by René
Scherrer (see Appendix C for details). Our 2-page topic modules are designed to be
as independent from each other as possible, so that a specialized presentation on GPS
can be assembled by selecting only the appropriate topic modules required.



Canadian GPS Associates

The preparation of this Guide has been an experiment in collaborative desktop
publishing, and very much a learning experience. Canadian GPS Associates is a
partnership of the authors listed on the title page, formed to pursue joint projects,
the first of which was the production and distribution of this Guide. Several of the
authors had organized and presented a series of one-day tutorials on GPS in the
spring of 1985, for which the handout material left much to be desired. It was clear
to us that the need for an introductory, but complete, description of GPS concepts
was not met by the available reference material (see Appendix C for our
recommendations on material to supplement this Guide). This Guide is our
response to that need. '

After exploring several possibilities for financing the production of this Guide,
we resolved in early 1986 to produce it ourselves, and formed Canadian GPS
Associates, hoping to recover our costs after it is published. The times were with us
— during 1986 desktop publishing became feasible even for neophytes like us. We
decided in January to use the word processing and graphics capabilities of the Apple
Macintosh computer and the Apple Laserwriter to produce camera-ready copy.
Our inexperience showed, however: the initial estimates of completion during the
second, and then the third quarter of 1986 were optimistic, due to three reasons.

» Our preconceptions that we had a pretty good handle on the concepts we wanted
to explain in this Guide were shattered when we got down to the hard business of
attempting to explain them in an easily understood form. We have learned a lot
ourselves during the past year, and believe the Guide is better for the delay.

» Desktop publishing isn't easy. Author-produced graphics may have advantages
of flexibility and control over draftsman-produced graphics, but they are surely
very time consuming. Initially not all the authors were familiar with, or had
access to, a Macintosh, so there was a learning curve.

» The authors live and work in three Canadian cities (Fredericton, Ottawa, and
Calgary) which are separated by baseline distances of 575 km, 3010 km, and
3490 km. This made communications and discussions difficult.
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NOTATION

position of receiver
position of satellite

= “ r - R“ distance between satellite and receiver

vacuum speed of light
carrier frequency

carrier wavelength

carrier phase observation (in cycles)
carrier phase observation (in length units)

time delay observation |
pseudo-range observation (in length units)

range error due to inaccurate ephemerides
satellite clock error

receiver clock error
range error due to ionospheric refraction

range error due to tropospheric refraction
integer carrier phase ambiguity

dT) + AN - dyyp + drop

ion

dT) o di()n + dtr()p
between-receiver difference
between-satellite difference
between-epoch difference
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CONCEPTS OF
POSITIONING FROM SPACE

Guide to GPS Positioning
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Concepts of Positioning from Space 1.0

CONCEPTS OF POSITIONING FROM SPACE

Positions can be determined in different ways and using different instruments or
systems of instruments. Depending on what the position is determined with respect
to defines the positioning mode. The position can be determined with respect to a
coordinate system, usually geocentric, with respect to another point, or within the
context of several points.

Here we concentrate on the concepts involved in determining positions from
space by means of satellites. For comparison, the basic idea of positioning using
optical astronomy is also shown. Even though GPS is limited to the use of range
measurements only, the more general approach taken here should help to place this
technique in the context of other existing possibilities.
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Concepts of Positioning from Space 1.1

POINT POSITIONING

By positioning we understand the determination of positions of stationary or
moving objects [VaniCek and Krakiwsky, 1986]. These positions can be determined:

(1) With respect to a well-defined coordinate system usually by three coordinate
values. (Here we assume that the ‘well-defined’ coordinate system is itself
positioned and oriented with respect to the earth.)

(2) With respect to another point, taking one point as the origin of a local
coordinate system.

The first mode of positioning is known as point positioning, the second as
relative positioning. (Some people call relative positioning, differential
positioning.) It does not matter, conceptually, which coordinate system is used for
point positioning. Nevertheless, it is usual to employ a geocentric system, i.e., a
system whose origin coincides with the centre of mass (C) of the earth, as shown
here. Therefore, the term absolute positioning is sometimes used instead of
point positioning, especially in kinematic applications.

If the object to be positioned is stationary, we speak of static positioning.
When the object is moving, we speak of kinematic positioning. Both positioning
modes can be and are being used for either kind of positioning. Both modes and
both kinds are dealt with in this guide. We note that static positioning is used in

surveying; kinematic in navigation. They differ in some important aspects, as we
shall see later.
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Concepts of Positioning from Space 1.2

RELATIVE POSITIONING

Relative positioning using terrestrial methods is simpler than point positioning,
particularly if the two points are intervisible. Many relative positioning techniques
exist, based on a variety of physical and geometrical concepts. Relative positioning
is the basic mode used in surveying practice.

Any local coordinate system may be used for relative positioning. When survey
instruments are used for relative positioning, it is then natural to use the Local
Astronomical (LA) system, shown here. As we shall see later for relative
positioning from space, other systems are being used.

Suppose now that the position R, of point P is known in one coordinate system
and the interstation vector AR, (AX, AY, AZ) is determined in the same
coordinate system. Then the vector equation

R2 =R1 +AR12

gives us the position of P, in the same coordinate system. If AR, has been

determined in a different coordinate system (*) then it has to be transformed into
the same (as R,) system by the following transformation:

AR = R(0,, @y, ®,) AR ,*

where R is a rotation matrix and @, @y, ®, are the appropriate misalignment

angles between the two systems. We note that if this mode is used for kinematic
positioning, both AR, and R, are functions of time.
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Provided all ARy  are in the same coordinate

system as R; we have (for example):
R7 = R1 + AR12+ AR24 + AR47
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Concepts of Positioning from Space 1.3

NETWORK OF POINTS

Often it is advantageous to connect a whole family of points into a network.
This mode is normally used for stationary, properly-monumented points. This is
because of the necessity to re-occupy the individual points of the network. When
these points are positioned together, connected together by means of redundant
links, they make a geometrically stronger configuration.

In a network, each link may be considered as an interstation vector and each pair
of adjacent points as a pair of points to be positioned relatively with respect to each
other. If all the interstation vectors are known — derived from observations —
then the network can serve as a medium for transmitting positions from one end to
the other, as shown here. From this point of view, the network mode can be
regarded as an incremental mode. As such, it naturally suffers from error
accumulation, and care must be taken to curb the systematic error propagation. In
surveying practice, networks are the most common mode of positioning. The points
linked together by a network are called control points.

For accurate positioning, we have always relied on relative positioning
techniques. Relative positioning in the network mode has served as the basic mode
of geodetic positioning. Since terrestrially-based optical instruments (transit,
theodolite, level, electro-optical distance measuring device, etc.) have been used
exclusively to observe the interstation vectors, the links between (adjacent) points
have been confined to lines of sight. A horizontal geodetic network is a
network for which the horizontal coordinates, latitude and longitude, of the control
points in the network are determined as accurately as possible, whereas heights are
known only approximately. A geodetic levelling network is comprised of
vertical control points (bench marks) whose heights are known as accurately as
possible and whose horizontal positions are only very weak.
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Concepts of Positioning from Space 1.4

CONFIDENCE REGIONS AND RELATIVE ERRORS

In theory as well as in practice, it is very important to be able to quantify the
goodness of positions, i.e., their accuracy. This can be done in many different
ways, the most reasonable being by means of confidence regions. In this figure
a, b, and c are the semi-axes of the confidence regions. The confidence regions are
either ellipsoids, for three-dimensional cases, or ellipses, for two-dimensional
cases. They are formulated in such a way that their volume or area contains a

preselected level of probability (that the true value lies within the figure), e.g.,
99%, 95%.

It is customary among some people to use a proportional error presentation
instead of confidence regions. This representation is obtained by dividing the
standard (position) error in the desired direction by the distance from the origin of
the coordinate system used. Proportional accuracy can be defined for point
positioning as well as for relative positioning: one metre error in the geocentric
position of a pomt represents a relative error of 1 m divided by the radius of the
earth (6.371 x 10%m) and is equal to 0.16 parts per million (0.16 ppm). To get a
proportional accuracy of 0.16 ppm in a relative position of two points 10 km apart,

their relative position would have to be known with ¢ = 1.6 mm.

The proportional errors of relative positions of adjacent points in the present
horizontal networks in Canada are at best about 10 ppm (first-order control). For
levelling networks, the relative accuracy is about one order of magnitude higher.
Both horizontal and levelling networks are now being redefined, re-adjusted, and
generally improved to become more compatible with new positioning capabilities.
In North America, the new horizontal network contains many Transit (Doppler)
satellite-determined positions that have been included to strengthen the geometry,
location, and orientation of the network.

Another concept which has been frequently used to describe accuracy is the
concept of Dilution of Precision (DOP). The DOP is, in essence, a
root-sum-squared measure of the size of the confidence region.

Both the DOP as well as confidence regions stem from a more general concept
of a covariance matrix, which in this context is an assembly of variances (squares of
standard deviations) and covariances of individual coordinates of a set of points of
simultaneous interest. These coordinates may be one or several dimensional. For
example, a set consisting of one point in three dimensions has a 3 by 3 covariance
matrix associated with it. Different kinds of DOPS are nothing but the square roots
of the traces of different submatrices of the covariance matrix, divided by the
measurement standard deviation, whereas the semi-axes of the confidence regions
are related to the eigenvalues of this matrix [Vaniéek and Krakiwsky, 1986].
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Concepts of Positioning from Space 1.5

HORIZONTAL AND VERTICAL DATUMS

The concept of datums is very important in classical positioning. A datum is a
surface of constant coordinate values. Two kinds of datums, vertical and
horizontal, are used in practice. A vertical datum, a surface of zero height, is
usually chosen to be the geoid, which is the equipotential surface of the earth's
gravity field that best approximates mean sea level. Heights referred to the geoid,
called orthometric heights H, are the heights one usually finds plotted on
topographical maps. Orthometric heights are the heights used almost exclusively in
surveying practice and elsewhere.

If the geoid is replaced with a biaxial ellipsoid, one can define geometrical
heights h, also called heights above the (reference) ellipsoid, which have very little
use in practice. However, their attraction is that they can be obtained directly from
three-dimensional Cartesian coordinates of the point of interest, provided the
location and orientation of the reference ellipsoid in the Cartesian coordinate system
is known [VaniCek and Krakiwsky, 1986]. The equation that links the two kinds of
heights is shown in the figure, where the elevation N of the geoid above the
reference ellipsoid is usually called the geoidal height. Globally, the absolute
value of N with respect to the best fitting geocentric reference ellipsoid is almost
everywhere smaller than 100 metres.

Whereas the use of the ellipsoid as a reference for heights is impractical for
many tasks, its use as a reference for horizontal coordinates, latitude ¢ and

longitude A, is widespread. This is why such reference ellipsoids are commonly

called horizontal datums. Many horizontal datums (both geocentric and
non-geocentric) are used throughout the world.

Clearly, if we were happy describing positions by Cartesian coordinates in a
system such as, for example, the Conventional Terrestrial system, the use of both
vertical and horizontal datums could be abandoned. This is, conceptually, the case
with positioning by satellites. However, in practice, satellite-determined Cartesian

coordinates must usually be transformed to ¢, A, and H. This transformation, as
stated above, requires knowledge of:

« the location and orientation with respect to the Cartesian coordinate system of the
horizontal datum selected,

« the height of the geoid above the horizontal datum.
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Concepts of Positioning from Space 1.6

ASTRONOMICAL POSITIONING

To accurately measure point positions on the surface of the earth has been a
human endeavour since time immemorial. The only technique available before the
advent of satellites was optical astronomy. The basic idea of astronomical
positioning is to find the position of local zenith among stars, as shown here.
From the relative position of local zenith with respect to the surrounding stars
(whose positions, in turn, are already known), the astronomical latitude and
astronomical longitude are derived. The equations for doing it can be found in
Vanidek and Krakiwsky [1986].

The main problem with astronomically-determined ‘positions’ is that they have
to be transformed into a well-defined coordinate system, to be useful for accurate
positioning. This task requires a good knowledge of the earth's gravity field.
Without this knowledge, the distortions in astronomically derived ‘positions’ may
reach many hundreds of metres. Nevertheless, such ‘positions’ may still be quite
useful for rough positioning or navigation on land, in the air, or at sea. With good
knowledge of the gravity field, the errors in positions after the transformation are

of the order of 10 metres, i.e., the proportional accuracy of those positions is of the
order of 1 ppm.

Today, astronomical positioning is not used much for precise positioning.
Rather, the astronomical ‘positions’ are used to study the earth's gravity field; they
provide an easy tool to evaluate the deflection of the vertical, the slope of the
geoid with respect to the selected reference ellipsoid.
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Concepts of Positioning from Space 1.7

BASIC CONCEPT
OF SATELLITE POINT POSITIONING

In this guide, satellite positioning refers to positioning by means of satellites; it
does not mean positioning of satellites.

The basic concept of point positioning by means of satellites is shown here. In a
nutshell: we wish to determine the position (R;) of the i'" antenna (the device that

receives the satellite signal and is then positioned). We know the position (r)) of the
jth satellite (emitting the signal) and have thus to measure the range vector eijpij

between the two. Depending on how the range vector is measured, we get different
satellite positioning techniques.

To predict accurately the position of the satellite r)(t) in time is a rather difficult
proposition. The task of predicting the ephemeris — which is the proper name of -
1) as a function of time — calls for a specialized knowledge of satellite dynamics
which historically belongs in the field of celestial mechanics. The ephemerides are
usually determined and predicted (in time) by the operators of the satellite system.
It is, however, possible for the user of the system to improve the given ephemerides.
It is also possible for the users to establish an independent network of tracking

stations, preferably a global one, and compute the ephemerides in a postmission
mode.

It should be clear that if the antenna changes its position R; in time (kinematic
positioning), then R; has to be continuously re-evaluated. If the antenna is

stationary, then the re-evaluation should always lead to the same result, and we will
have a redundancy of results.

In many applications the position of the antenna itself is not of primary interest.
It is the position of the survey marker, the centre of a hydrographic launch, etc.,
that is to be determined. For this reason, the offset (eccentricity) of the antenna
with respect to the derived point must be established or monitored.
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Concepts of Positioning from Space 1.8

RANGING AND DIRECTIONS TO SATELLITES

Ideally, we would like to measure both the length of the range vector, i.e., the
range, and its direction. It is theoretically possible to do this: for instance, we
could simultaneously photograph the satellite against the star background and
electronically measure the range. The two angles that define the direction of the

range vector are called right ascension (o) and declination (3). They can be
measured from known positions of surrounding stars on the photograph and are
considered to be coordinates (angular) in a coordinate system known as the Right
Ascension (RA) system. (The version of the RA-system shown in this figure is
centred at a point on the surface of the earth. A version which is geocentric is often
used as well.) The direction angles cannot be determined directly (in real time) if

reasonably high accuracy is required. This seems to rule out this technique as an
accurate real-time positioning tool.

The question then is: Can directions to satellites be used in satellite positioning?
They can, and they have been used in several campaigns. However, the accuracy of
these directions is not very high; in addition to other problems, optical refraction
(bending) is quite strong and very difficult to model. Therefore, at present, this
satellite positioning mode is only of historical value.

It is worth noting, however, that optical direction measurements remain an
important means of determining the positions of satellites (satellite tracking).
Catalogues of the thousands of objects in orbit around the earth are maintained by
NASA, and other agencies, based in part on photographs of these objects from
known ground stations, against the star background.
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Concepts of Positioning from Space 1.9

RANGING TO SATELLITES

Much better results have been obtained from observing ranges. When all three

components of the vector ep are not observed simultaneously, a minimum of three

non-coplanar ranges have to be observed to get the required position, as shown
here.

If R, is the position vector of a stationary antenna, then the three (or more) non-

coplanar ranges can be measured at different times and hence may (or may not)
pertain to one and the same satellite. If the antenna is moving, then to get a position
at any instant of time, often called the fix, the three (or more) ranges have to be
measured simultaneously. This infers that, for ranging in a kinematic point

positioning mode, at least three satellites have to be ‘visible’ to the antenna at the
same time.

Ranging can be done using different parts of the electromagnetic spectrum. The
visible part of the spectrum is used in laser ranging; NAVSTAR/GPS uses
L-band frequencies (1.2 to 1.6 GHz), whereas the Transit (Doppler) system uses
VHF and UHF radio frequencies (150 and 400 MHz). Generally, laser ranging is
more accurate than radio ranging, but it is less practical because of its limitations
due to visibility, portability, and excessive cost of equipment. Laser ranging has an
accuracy of about 5 cm (one sigma level) from three month's worth of ranging
[Smith et al., 1985]. The corresponding accuracy from GPS cannot be assessed
because no such experiment has yet been conducted, to the best of our knowledge. It

is thought, however, that an accuracy of a few decimetres could be eventually
achieved.
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Concepts of Positioning from Space 1.10

RELATIVE SATELLITE POSITIONING

It should be mentioned here that range differencing may be considered a
technique akin to ranging. Range differencing, based on integrated Doppler shifted
frequency of the incoming signal, is used in the Navy Navigation Satellite System,
also known as the Transit system.

The effects limiting the accuracy of radio positioning are: the atmospheric
propagation delay, drift in the satellite and possibly the receiver clocks, and error in
satellite ephemerides. Some of these effects can be suppressed, or even eliminated,
if relative positions, rather than point positions, are sought. Put in other words: it is
possible to determine relative positions, and thus also geometrical configurations of
points, much more accurately than it is to locate these points on the earth's surface.

This is true for both ranging and range differencing. It is even more the case
when simultaneous, rather than sequential, observations to each satellite are used.
The relative positioning mode was used extensively with the Transit system under
the name of franslocation. The best proportional accuracies currently obtainable
in relative positioning are 5 to 10 ppm, when using the Transit system, and 0.1 to
2.0 ppm, when using GPS. The relative positioning ranging mode can be used for
both static and kinematic kinds of positioning.
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Applications of Positioning from Space 2.0

APPLICATIONS OF POSITIONING FROM SPACE

One of the most significant and unique features of space-based positioning
systems, such as GPS, is the fact that the positioning signals are available to users at
any position world-wide at any time. It can thus be reasonably expected that such a
system, when fully operational, will generate a large community of users.

Provided that large enough markets for GPS receivers develop, then
competition and the economies of scale will lead to very low-cost receivers. It must
be stressed that there is no technological barrier to low-cost receivers — it is purely
a question of how many units over which the development costs must be spread.

Several GPS manufacturers have already claimed large-scale production costs of
$US 1000 per unit or less.

In this chapter, we look at the many applications of positioning from space, in
several cases assuming low-cost receivers. GPS is mentioned extensively
throughout, because it is the system most likely to first provide world-wide
positioning coverage from space. However, as we will see in the next chapter, there
are alternatives to GPS which may be better suited to many of these applications.
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Applications of Positioning from Space 2.1

LAND APPLICATIONS
IN SURVEYING AND MAPPING

The high precision of GPS carrier phase measurements, together with
appropriate adjustment algorithms, provide an adequate tool for a variety of tasks in
surveying and mapping. We may distinguish between applications for:

. cadastral surveying

o geodetic control

. local deformation monitoring

«  global deformation monitoring.

Surveying for cadastral purposes normally requires an accuracy in relative
position of 104, This accuracy can be easily achieved utilizing GPS observations.
However, for a wide application of GPS in this field, completely automated
processing, if possible on site, is required. It is expected that this feature will be
available in GPS receivers within the next few years.

Geodetic control can involve high accuracy networks, from which lower
order networks are established. The required accuracies in relative positioning are

of the order of 5 x 100 to 1 x 107 for distances of 20 to 100 km. This accuracy
level is routinely achieved by postprocessing GPS carrier phase observations with
standard software. Lower order geodetic control (for mapping, for example) can
also be established economically by GPS.

Local deformation monitoring (mining subsidence, structural
deformation) requires accuracies of 1 mm to 1 cm over distances of up to a few
kilometres. The presently achievable accuracy for these applications is limited by
uncertainties in the variation of the electrical centre of the GPS antennas and signal
distortions due to the reflective environment of the antennas. Further problems

arise from limited satellite visibility due to signal shadowing in a typical industrial
environment.

Global deformatlon monitoring (plate tectonics, etc.) requires accuracies
of 10”7 to 1078 over intercontinental distances. The main differences compared with
the previously discussed applications lie in the necessity for an elaborate modelling
of the GPS satellite orbits, atmospheric signal propagation delays, and other biases.
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Applications of Positioning from Space 2.2

LAND APPLICATIONS
IN TRANSPORTATION AND COMMUNICATION

Wide popularity of GPS positioning and navigation in civil transportation will
follow a significant decrease in the price level of GPS receivers. As this cost
reduction probably will be achieved in the years to come, GPS can assume tasks now
performed by conventional methods. In land navigation, an automated display of
the vehicle position (obtained by GPS) on an electronic chart may replace the
‘manual’ comparison of the surroundings of the vehicle with a conventional map.
This application will be of particular importance for emergency vehicles, law
enforcement vehicles, search and rescue missions, etc.

Monitoring the location and movement of vehicles can be achieved if they are
equipped with automated transmitters in addition to the GPS receiver. The position
determined by the GPS receiver/processor can be transmitted to a central site for

display. This application can be of significant importance for controlling and
dispatching boxcars, taxi fleets, truck fleets, etc.
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Applications of Positioning from Space 2.3

MARINE APPLICATIONS
IN SURVEYING AND MAPPING

GPS is ideally suited for inshore and offshore positioning because of its high
accuracy and the short observation time required for a position fix. The horizontal
position requirements for marine surveys vary between a few decimetres and
several tens of metres. To meet these requirements, different observation and
processing techniques using pseudo-ranges and/or carrier phases must be employed.
Marine applications include the mapping of navigational hazards (shoal surveying,
buoy surveying) and the survey of wharfs and harbours. Positioning requirements
in marine geophysical exploration (e.g., seismic surveys) can be met as well as
requirements for drilling positioning.

In marine geodesy (ocean bottom topography, earth's gravity field, etc.), GPS
can serve as a positioning tool. For gravity field determination, the receiver
velocity is required in addition to the receiver position.
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Applications of Positioning from Space 2.4

. MARINE APPLICATIONS
IN TRANSPORTATION AND MARINE SCIENCES

GPS will become the ideal marine navigation tool once the satellite constellation
is complete enough to provide continuous two-dimensional positioning. Marine
navigation accuracy requirements vary between several metres (inshore, harbour,
and river navigation) and several hundred metres (en route navigation). The
capability to provide sufficient navigation accuracy for all different phases of
marine travel by a single radio positioning system is a primary advantage of GPS.
Precise GPS procedures utilizing both pseudo-ranges and carrier phases may lead to
inshore and river navigation without buoys. Offshore search and rescue missions
will become more efficient due to improved navigation accuracy.

The positioning requirements for field work in physical oceanography can be
met by GPS. Carrier phase measurements provide additionally precise ship's
velocity, which is needed in ocean current studies.
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Applications of Positioning from Space 2.5

AIRBORNE APPLICATIONS
IN SURVEYING AND MAPPING

In airborne applications in surveying and mapping, GPS can provide mainly
sensor navigation and positioning.

In aerial photogrammetry, sensor (camera) navigation accuracy
requirements of several tens of metres can be met easily by GPS. High precision
postmission sensor positioning (and sensor-orientation) by GPS can replace
aerotriangulation and thus render ground control points superfluous. Positioning

accuracy requirements for this application vary between 0.5 m and 25 m for
different mapping scales.

Airborne laser profiling can be used for direct digital mapping of the
topography (digital terrain model) if the sensor (laser) position is known with an
accuracy of 0.5 to 1 m vertically and several metres horizontally. GPS is expected
to provide this position accuracy in postmission analysis.

Roughly the same positioning requirements have to be met for airborne
gravity and gravity gradiometry. In these applications, GPS measurements

can additionally determine the sensor velocity needed for the E6tvos reduction of
the gravity data.

Airborne laser bathymetry and radar imaging require less accurate
sensor positions which can be easily determined by GPS measurements.
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Applications of Positioning from Space 2.6

AIRBORNE APPLICATIONS IN TRANSPORTATION

The usefulness of GPS as a stand-alone en route navigation system in civil
aviation depends critically on whether it can provide truly continuous positioning
with full redundancy. In the presently-planned GPS configuration, ‘outages’ due to
bad satellite geometry will occur in different areas. During an ‘outage,” safe
navigation by means of GPS measurements alone becomes impossible. However,
GPS can be utilized as part of an integrated navigation system. Position updates
obtained by GPS during non-outage periods are far superior in accuracy to any
other radio positioning system.

Differential GPS techniques can be employed for non-precision approach
navigation provided the airport is outside the above-mentioned outage zones.

In other airborne applications (forestry and crop spraying, etc.), where
navigation is not required for aviation safety but for the deployment of freight, GPS
can easily meet the navigation accuracy requirements.
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Applications of Positioning from Space 2.7

SPACE APPLICATIONS

Space applications of GPS consist mainly of positioning and navigation of other
space vehicles carrying geophysical and/or geodetic sensors. Usually, these
satellites have low orbits and, therefore, the measurement geometry is similar to
terrestrial applications. Typical examples are satellite remote sensing and radar
altimetry Satellite positions obtained from GPS measurements can be used to
improve and/or simplify the orbit computations for these space vehicles or even
replace the orbit integration by discrete orbit positions.
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Applications of Positioning from Space 2.8

RECREATIONAL APPLICATIONS

It is expected that the cost of GPS receivers will continue to decrease. At a price
level of several hundred dollars, a GPS receiver will be affordable for
non-professional users. At the same time, advances in microelectronics will have
reduced the volume, weight, and complexity of receivers.

In this case, recreational activities will provide a huge market for these low cost,
portable, and easy-to-use receivers.

Low to medium accuracy positions (tens to hundreds of metres) will be used by
yacht and boat owners, hikers and bikers, safari participants, and many others.
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Applications of Positioning from Space 2.9

MILITARY APPLICATONS

The Global Positioning System is primarily designed for real-time military
positioning. Military applications encompass airborne, marine, and land
navigation. GPS will serve as a stand-alone system and as a part of integrated
navigation systems. This figure shows a list of the main military applications. In
addition, the GPS satellites carry sensors to detect and monitor nuclear detonations.
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Extraterrestrial Positioning Systems 3.0

EXTRATERRESTRIAL POSITIONING SYSTEMS

In the last twenty years or so, geodetic positioning accuracy has increased by
over two orders of magnitude. A similar improvement has been seen in navigation
capability. These improvements are chiefly attributable to the development of
systems based on the so-called ‘extraterrestrial’ instrumentation techniques. In this
chapter, we briefly review these techniques. We include some techniques that are
no longer used for positioning purposes in order to give a historical perspective and
also describe two systems, Geostar and NAVSAT, that have been proposed but have
not yet been implemented. We concentrate on the physical principles and the
instrumentation used in these techniques but also include details on the accuracies of
the techniques and their applicabilty to the range of positioning needs. We conclude
this chapter with some ‘crystal-ball gazing’ on future concepts of satellite
positioning.
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Extraterrestrial Positioning Systems 3.1

TECHNIQUES USED IN EXTRATERRESTRIAL
POSITIONING

An extraterrestrial positioning system is a system for establishing
positions of points on or near the surface of the earth which utilizes electromagnetic
radiation either emitted or reflected from an object in orbit about the earth or at
some greater distance. Included under this definition is traditional positional
astronomy (Chapter 1) used for both geodetic and navigational purposes. All
other extraterrestrial techniques rely on space technology and have been developed
since 1957. Currently used space techniques include the Transit, Argos, and GPS
radio positioning systems, satellite and lunar laser ranging, and very long
baseline interferometry. In addition to providing positional information, these
techniques contribute a variety of useful geodetic and geophysical information,
including the coefficients describing the earth's gravity field and the orientation of
the earth's crust with respect to its rotation axis.

Other space techniques have been used in the past to obtain useful positions.
These techniques include satellite photography, C- and S-band radar
systems, and the GRARR (Goddard Range and Range Rate), SECOR
(Sequential Collation of Range), and Minitrack systems. Some of these latter
techniques, although not presently achieving useful terrestrial positions, are still
utilized for spacecraft tracking and orbit determination.

Although not directly providing terrestrial coordinates, the techniques of
satellite altimetry and satellite-to-satellite tracking should also be
mentioned. These techniques provide useful information about the sea surface, the
geoid, and the external gravity field of the earth.
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Extraterrestrial Positioning Systems 3.2

OPTICAL SYSTEMS

Optical systems are those systems which utilize the visible part of the
electromagnetic spectrum. This definition would encompass astronomical
positioning using a theodolite or sextant and also laser ranging. However, we will
not consider these techniques in this section. Conventional astronomical positioning

has been discussed in Chapter 1, and laser ranging will be discussed later in this
chapter.

Optical systems range in accuracy and complexity from simple binoculars to 60
cm tracking cameras. They have been used in the past for both satellite tracking
(i.e., orbit determination) and terrestrial positioning but only the tracking cameras
provided geodetically-useful results [Henriksen, 1977]. A tracking camera records
a photographic image or a series of images of a satellite, either from a flashing
beacon or via reflected sunlight, together with the images of background stars. The
time of exposure is also precisely recorded. The positions of the satellite images on
the processed film are subsequently measured with respect to stars in the field of
view. If the positions of the stars are known, then the topocentric right ascension
and declination of the satellite can be determined. Three such determinations
combined with the known coordinates of the camera are sufficient for determining

the orbit of the satellite. Additional observations can be used to improve the orbit's
accuracy.

Alternatively, if the orbit of the satellite is known, it is possible to determine the
geocentric coordinates of the camera. Two techniques have been used. In the
geometric method, two or more cameras simultaneously record satellite images
and the camera positions are then determined by triangulation. In the dynamic
method, observations are not necessarily synchronized but precise knowledge of the
satellite orbit is required. Several three-dimensional networks were established
using these techniques [Henriksen, 1977]. One of them was the BC-4 worldwide
satellite triangulation network, a network of 45 stations whose coordinates were
established through observations of the balloon satellite PAGEOS, using Wild BC-4
cameras. The relative positions of the stations were determined with an estimated
accuracy of about 5 m. Greater accuracy in position determination using satellite
photography is not readily achievable due to a number of error sources. Chief
among these are scintillations of the satellite due to atmospheric turbulence and
distortions in the photographic emulsion. Consequently, in geodesy, satellite
photography has been superseded by other techniques.

Optical systems are still an important source of information for satellite orbit
determination and surveillance. They figure prominently, for example, in the U.S.
Air Force's Spacetrack System and its Ground-based Electro-Optical Deep Space
Surveillance (GEODSS) System.
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Extraterrestrial Positioning Systems 3.3

EARLY RADIO RANGING AND DIRECTION
FINDING SYSTEMS

The radio portion of the electromagnetic spectrum also found early use in
satellite geodesy. It was the study of the Doppler shift of the radio beacons in the
early satellites that led to the first real improvement in the determination of the
shape of the earth in over 100 years. Several radio systems were developed for
satellite tracking and orbit determination. In the United States, these systems
included C- and S-band radar, the Goddard Space Flight Center Range and
Range Rate (GRARR) system, and NASA's Minitrack system. In addition to
their role in orbit determination, the systems were utilized for tracking camera
calibration and directly for geodetic positioning. The U.S. Army's Sequential
Collation of Range (SECOR) system, on the other hand, was developed
specifically for positioning purposes.

The C- and S-band radars are operated by the U.S. Department of Defense and
by NASA. Radar pulses directed at a satellite are returned by skin reflection or via
a transponder, and the two-way pulse travel time is measured. Range accuracies of
2 to 5 m can be obtained. Radars can also provide angular position to about 20".

The GRARR system relies on a transponder in the satellite to respond to an
S-band signal transmitted from an antenna on the ground. Superimposed on the
carriers by phase modulation are 6 to 8 frequencies between 8 Hz and 500 kHz. The
relative phases of the transmitted and received modulations are used to infer the
range to the satellite. The multiple modulation frequencies are used to remove the
inherent cycle ambiguity. The phase rate or Doppler shift of the received carrier is
also measured. The range accuracy of GRARR is about 5 m.

Minitrack, or more fully Prime Minitrack, was NASA's first tracking system. It
consists of a pair of crossed interferometers which measure the relative phase of a
nominally 136 (formerly 108) MHz signal transmitted by suitably-equipped
satellites as received at the two ends of the interferometer. The same principle is
used in the U.S. Naval Space Surveillance System and in very long baseline
interferometry (see later in this chapter). With Minitrack, the altitude and azimuth
of a satellite can be determined to about 20".

The SECOR system, which was operated between 1962 and 1970, consisted of
four ground stations each transmitting modulated signals on 420.9 MHz to a
transponder on certain satellites. The transponders returned the signal on 449 and
224.5 MHz. By measuring the relative phase of the transmitted and received
585.533 kHz modulation, the range to the satellite could be determined. An
additional three modulation frequencies provided ambiguity resolution. Range
accuracies of 3 to 10 m were obtained.
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Extraterrestrial Positioning Systems 3.4

TRANSIT SATELLITE POSITIONING

Experiments performed by scientists at the Johns Hopkins University Applied
Physics Laboratory (ARL) following the launch of Sputnik 1 showed that it was
possible to determine the satellite's orbit by analysing the Doppler shift of the
satellite's radio transmissions. It was subsequently realized that if the position of a
satellite could be determined by measuring the Doppler shift at a station of known
position, then it should be possible to determine the position of the station if the
position of the satellite is known. This realization led to the development by ARL
of the U.S. Navy Navigation Satellite System, commonly known as Transit.

The first prototype Transit satellite was launched in 1961. Following
deployment of a number of test satellites, the system was declared operational in
1964 and became classified. However, in 1967 Transit was declassified and became
available for civilian use.

The Transit system consists of three components: the satellite tracking and
control facilities, the satellites themselves, and the users. The Transit satellites are
controlled by the U.S. Naval Astronautics Group (NAG) at Point Mugu, California.
Four tracking stations in the U.S. record Doppler measurements on each pass of
every operational satellite. These data are sent to Point Mugu where the orbit of
each satellite is determined and extrapolated into the future. Twice a day, this
ephemeris is transmitted by one of two injection stations to the satellite where it is
stored in memory for subsequent rebroadcast.

Six Transit satellites are presently fully operational, including one launched in
May 1967. Of these six, four are of the older Oscar type and two are of the
advanced NOVA class. Another Oscar has been stored in orbit for future use. The
satellites are in circular, polar orbits with altitudes of roughly 1100 km and their
nodes more or less evenly spaced around the equator. Their corresponding orbital
period is about 107 minutes. Each satellite transmits two harmonically related
carrier frequencies, one at 400 MHz, the other at 150 MHz. Both frequencies are
actually offset from these nominal values by -80 ppm to make receiver operation
simpler. The use of two frequencies permits correction for the dispersive effect of
the ionosphere (see Chapter 9). Superimposed on both carriers by balanced phase
modulation is a broadcast message containing the orbit information previously
injected into the satellite by the NAG. The message is continuously transmitted as a
series of two-minute paragraphs, each paragraph consisting of 6103 binary bits.
From the message, a new instantaneous orbit can be computed every two minutes.

The received signals are compared with the local oscillator frequency generated
in the user's receiver and the Doppler shift, or frequency difference, is integrated to
yield the observable. By combining these Doppler counts with the satellite orbit
data, accurate coordinates of the receiver can be determined.

The Soviet Union operates a system similar to Transit, called Tsicada.
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Extraterrestrial Positioning Systems 3.5

PRINCIPLE OF DOPPLER POSITIONING

The Doppler effect, discovered by Christian Doppler a nineteenth century
Austrian physicist, is familiar to anyone who has waited patiently at a railway level
crossing for a train to pass. The pitch of the train's horn or whistle changes as the
train passes. It starts out high, changing imperceptibly as the train approaches, then
drops noticeably as the train goes through the crossing, and maintains a lower pitch
as the train recedes in the distance. This same phenomenon which is so readily
apparent at audio frequencies also affects electromagnetic waves. The frequencies
of both radio and light waves are shifted if the source (transmitter) and the observer
(receiver) are in relative motion.

The classical explanation of the effect is that the observer receives more wave
crests per second, i.e., the frequency is increased if the source and the observer are
moving closer together, whereas fewer wave crests per second are received, i.e., the
frequency is decreased, if the source and the observer are moving farther apart. If
the relative speed of the source and observer is much less than the speed of light,
then the received frequency is given approximately as

f,=1f, (1- 1/cdS/dt)

where [ is the frequency at the source, c is the speed of light, and S the distance or
range between the source and the observer; dS/dt is the range rate.

Returning to the train at the level crossing, you may have noticed that the closer
you are to the track, the faster the change in pitch of the horn. And even if you
could not see or feel the train, you can tell when it passes the crossing (the point of
closest approach) by noting the instant when the pitch of the horn is mid-way
between the high and low extremes (fy). Therefore by monitoring the frequency of

the received sound as the train passes and knowing its assumed constant speed, you
can establish your position in a two-dimensional coordinate system where the
X-axis, say, runs along the track and the y-axis runs perpendicular to it. The origin
may be assigned arbitrarily. This is the principle of Doppler positioning.

In the case of a Transit satellite (or any other satellite for that matter), the
position of a receiver can be established by continuously recording the Doppler shift
of the received signals (or the number of cycles of the Doppler frequency which is a
more precisely obtained observable). Subsequently these data are combined with
accurate coordinates of the satellite to determine the position of the receiver. As
with the passage of a train, a single satellite pass can provide at most only two
coordinates of the receiver's position. Whereas this may be satisfactory for
navigation at sea where the height above the reference ellipsoid is approximately
known, three-dimensional positioning requires observing multiple satellite passes.
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Extraterrestrial Positioning Systems 3.6

TRANSIT DOPPLER MEASUREMENTS

The approximate frequency of a received satellite radio signal (ignoring
relativistic effects) is given by
f.=1f (1-1/cdS/dt) ,

where f; is the frequency of the signal measured at the satellite, c is the speed of
light, and dS/dt is the range rate. The Doppler shift frequency, f. - f

S,
approximately proportional to the range rate, the component of the satellite's
velocity vector along the line of sight from the receiver. The maximum range rate
of a Transit satellite is about 7.4 km s™! implying a maximum Doppler shift when
the satellite rises or sets of 25 ppm of the transmitted frequency. This corresponds
to 8.4 kHz at a frequency of 400 MHz.

is

The Doppler shifts may be measured by differencing the received frequencies
from constant reference frequencies in the receiver. For most Transit receivers,
these frequencies are 400 MHz and 150 MHz precisely. The satellite transmitter
frequencies are approximately 80 ppm lower than the receiver reference
frequencies in order that the Doppler shift does not go through zero. If the
transmitter frequencies were not offset, the receiver would have difficulty
distinguishing between positive and negative Doppler shifts. A record of the
Doppler shift of a Transit signal during a typical pass is shown in the upper part of
this figure. The point of closest approach of the satellite, when the Doppler shift is
zero, occurred 6 minutes after the receiver locked onto the signal.

Most Transit Doppler receivers count the number of accumulated cycles of the
Doppler frequency (actually, f, - f,) rather than measure the instantaneous Doppler

frequency itself, since counting cycles can be carried out more precisely than
measuring the instantaneous frequency. The counter is read out at intervals and the
data stored. The counter is reset either after each two minute paragraph or at the

end of the pass. Sequential differences in counter readings actually constitute a
series of biased range differences.

The curves in this figure are based on actual data collected from Oscar 19 by a
Canadian Marconi CMA-722B receiver near Ottawa, Canada, on 30 J uly 1983.

Suggested further readings:

Bomford, G. (1980). Geodesy. 4th ed., Oxford University Press, Oxford, Ch. 7,
Section 7.

Stansell, T.A. (1978). The Transit Navigation Satellite System. Magnavox
Government and Industrial Electronics Company, Torrence, Ca, U.S.A.
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Extraterrestrial Positioning Systems 3.7

ARGOS

Another satellite system which uses the Doppler effect for positioning is Argos
[Service Argos, 1978], a cooperative project of the French Centre National d'Etudes
Spatiales (CNES), NASA, and the U.S. National Oceanic and Atmospheric
Administration (NOAA). However, in contrast to the Transit system, the
transmitters are operated by the users and the receivers are in the satellites. An
Argos transmitter on an instrumented ‘platform’ of some sort (oceanographic or
navigation buoy, radiosonde balloon, remote weather station, etc.), periodically
emits a 401.65 MHz signal carrying information from the platform's sensors. One
of two passing U.S. TIROS/N-class weather satellites picks up this signal and
records its Doppler shift along with the sensor data. These data are subsequently
played back when the satellite is in range of one of three tracking stations: Wallops
Island, Virginia; Gilmore Creek, Alaska; or Lannion, France. The tracking stations
relay their data to NOAA's National Environmental Satellite Service in Suitland,
Maryland, where they are sorted and then passed on to the Argos Data Processing
Centre at CNES in Toulouse, France. CNES computes the position and velocity of
the platform from the recorded Doppler shifts. This information along with the
sensor data is conveyed to the operator of the platform by telex or letter. The
two-dimensional (latitude and longitude) positions and velocities are claimed to be

accurate to =3 km and £0.5 m s’} (30), respectively. Up to 4000 platforms

requiring location service can be handled by the Argos system assuming these are
uniformly distributed over the earth's surface.

The Argos receiving system was first implemented on the prototype TIROS/N
spacecraft, orbitted in 1978. Subsequent TIROS/N satellies, NOAA-6 through
NOAA-10, have also carried the Argos Data Collection System.

Position determination from signals uplinked to a satellite is also utilized in the
COSPAS-SARSAT search and rescue system [McPherson, 1981].
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Extraterrestrial Positioning Systems 3.8

GLOBAL POSITIONING SYSTEM

Although GPS will be dealt with at length in the succeeding chapters of this
manual, a brief introduction to the system will be given here to put it in context with
the other extraterrestrial positioning techniques.

The NAVSTAR (NAVigation Satellite Time And Ranging) Global Positioning
System (GPS) is a satellite-based positioning system currently under development
by the United States Department of Defense. Work on the system began in 1973 as a
result of the merger of the U.S. Navy's TIMATION Program and the U.S. Air
Force's 621B Project. Both of these programs had been established in the
mid-1960s to develop a passive navigation system using measured ranges.

GPS consists of three segments: the satellites, the control system, and the users.
When fully deployed in the early 1990s, the satellite segment will consist of a
constellation of 18 operational (Block II) satellites plus 3 in-orbit spares. The
satellites are arrayed in 6 orbital planes inclined 55° to the equator. Each orbit is
circular with a nominal altitude of 20 183 km. The corresponding orbital period is
12 sidereal hours, one half of the earth's period of rotation. Each satellite transmits
two radio frequencies for positioning purposes; L; on 1575.42 MHz, and L, on

1227.6 MHz. The carrier frequencies are modulated by two pseudo-random noise
codes and a navigation message. The carrier frequencies and the modulations are
controlled by on-board atomic clocks.

The control system consists of monitor stations on Diego Garcia, Ascension
Island, Kwajalein, and Hawaii, and a master control station at the Consolidated
Space Operations Center at Colorado Springs, Colorado. The purpose of the
control system is to monitor the health of the satellites, determine their orbits and
the behaviour of their atomic clocks, and inject the broadcast message into the
satellites.

The user segment consists of all mlhtary and civilian users. Appropriate
receivers track the codes or the phase of the carriers (or both) and in most cases also
extract the broadcast message. By aligning a receiver-generated replica of the code
with the arriving signal, the range to the satellite can be determined. If the ranges
to four satellites are combined with the orbit descriptions (see Chapter 1; the fourth
range is required to account for the behaviour of the receiver's clock), the receiver
can determine its three-dimensional geocentric coordinates. For precise geodetic
work, carrier or code frequency phase is measured and recorded for future
processing.

As of the date of writing this manual, 10 prototype (Block I) GPS satellites have
been launched. Extensive civilian _positioning tests and even production work have
been carried out. Although the primary goal of GPS is to provide ground, sea, and
air units of the U.S. and its NATO allies with a unified, hlgh-premsmn all-weather,
instantaneous positioning capability, in its present test phase GPS is freely available
to anyone to use. GPS will continue to be available to civilians, perhaps with certain
restrictions (see Chapter 4), once the system is declared operational.
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Extraterrestrial Positioning Systems 3.9

SATELLITE LASER RANGING

The principle of satellite laser ranging (SLR) is illustrated in this figure. A
short pulse of intense laser light is directed via a fully-steerable telescope to a
satellite carrying a corner-cube retroreflector. The reflector directs the light back
to the SLR system where the returning photons are collected by a telescope and
detected by a sensitive photomultiplier tube. By measuring the elapsed time
between transmission and reception of the laser pulse, the range to the satellite can
be determined.

The first SLR systems began operating in the early 1960s. At the present time
there are over 25 fixed, precision SLR systems worldwide. In addition, NASA has
developed and deployed 8 MOBLAS-class mobile systems and 4 TLRS easily
transportable systems; a further two transportable systems, MTLRS-1 and -2, have
been built in Europe.

Most SLR systems now use short pulse length (100 ps) neodymium YAG lasers
with an output at 532 nm and a power of a few mJ per pulse. Some systems still use
the more powerful (several joules per pulse) but wider pulse width (several
nanoseconds) ruby lasers with output at 694 nm. Most SLR systems have separate
telescopes for transmitting and receiving; some use a single telescope. The
receiving telescopes used range in size from 28 cm diameter to a metre or more.
The receiving sensitivities of systems range from a single photon to more than 100
photons. The best single shot range accuracy is about 2 cm r.m.s.

SLR data are usually analysed using the dynamical approach in which data from
many stations spanning periods from about 5 to 30 days are combined. Station
positions, orbital elements, and various biases are determined simultaneously. The
lengths of global intersite baselines have been determined to precisions of 3 to 5 cm.
The SLR networks also provide accurate values of the earth rotation parameters.

Over 135 retroreflector-equipped satellites have been placed in earth orbit. Of
these, the most fruitful have been the dedicated LAGEOS and Starlette satellites.

Recently, Japan launched the third fully reflecting satellite, the Experimental
Geodetic Payload, ‘Ajisi.’

Laser ranging to the earth's natural satellite, the moon, is also carried out by a
few specially equipped stations. Reflectors were deployed on the lunar surface by
the crews of Apollo 11, 14, and 15 and remotely by two Soviet Luna landers.

Suggested further reading;:

Degnan, J.J. (1985). "Satellite laser ranging: Current status and future prospects."
IEEE Transactions on Geoscience and Remote Sensing, Special Issue on
satellite geodynamics, Vol. GE-23, No. 4, pp. 398-413.
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Extraterrestrial Positioning Systems 3.10

VERY LONG BASELINE INTERFEROMETRY

Very long baseline interferometry (VLBI) is the most accurate of all the
extraterrestrial positioning techniques. It was initially developed by astronomers as
a tool to improve the resolution of radio telescopes. However, it was realized even
before the first successful tests of the concept in 1967 by independent teams of
Canadian and American astronomers that it would be an ideal geodetic instrument.

VLBI uses the principle of wave interference and is analogous to the familiar
Young's double slit experiment of classical optics. Signals from a radio source,
usually the random noise signals of a quasar or other compact extragalactic object,
are received at the antennas of two or more radio telescopes. These signals are
amplified and translated to a lower frequency band under control of a hydrogen
maser frequency standard (see Chapter 7). The translated signals are digitized,
time-tagged, and recorded on wide bandwidth magnetic tape. Subsequently the tape
recordings are played back at a central processing site. The processor is a
computer-controlled cross-correlator which delays and multiplies the signals from
the tapes recorded at a pair of radio telescopes. The output of the processor is a
sampled cross-correlation function equivalent to the fringes of Young's experiment.

The primary observable of geodetic VLBI is the group delay, the difference in
arrival times of the quasar signal wavefronts at the radio telescopes. In principle,
the delay can be measured in the correlation process by noting the time offset
between a pair of tape recordings required to achieve maximum correlation. The
phase (delay) of the correlation function and its time rate of change, the delay
rate, are also measured. In practice, the group delay is obtained from
measurements of the phase delay at different frequencies.

The primary component of the measured group delays is the geometric delay,
© = (B-s) / ¢, where B is the baseline vector connecting two radio telescopes, s is the
unit vector in the direction of the radio source, and c is the speed of light. From
observations of a dozen or more radio sources during a nominal 24-hour session,

the three components of the baseline vector can be retrieved. A number of biases in
the data must be carefully measured or modelled.

The radio frequencies used for geodetic VLBI are in the microwave portion of
the electromagnetic spectrum. The Mark-III VLBI system [Clark et al., 1985] uses
14 frequencies at S band (2.2 - 2.3 GHz) and X band (8.2 - 8.6 GHz); the two bands
being used in order to correct for ionospheric delay (see Chapter 9).
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Extraterrestrial Positioning Systems 3.11

NEW TECHNOLOGIES: ACCURACY VS. DISTANCE

The relative positioning accuracy of extraterrestrial techniques has improved by
over two orders of magnitude during the past twenty years or so. Centimetre-level
accuracy is available from SLR and VLBI, and from GPS when dual-frequency
receivers are used. For baselines longer than about 5 km, these techniques exceed
the capabilities of the conventional techniques of EDM and traversing. Although
not an extraterrestrial technique, inertial surveying systems are also capable of
relatively high accuracy. Routine accuracies approaching 10 cm over very short
baslines have now been obtained. Even the venerable Transit system is capable of
achieving relative position accuracies of better than 50 cm on baselines shorter than
100 km. In general, the accuracy of all these techniques falls off with increasing
baseline distance due to incomplete modelling of the particular biases that affect
each technique. Only the techniques of SLR and VLBI have accuracies which are
almost independent of baseline length.

The accuracies shown in this figure refer to the length of the baseline between
points, after accounting for any scale differences between the coordinate systems
employed. The accuracies of the components of a three-dimensional vector
baseline will in general not be the same as the length accuracy due to the way errors
in bias modelling map into the components. For example, relative heights
determined by VLBI or GPS are not as accurate as the relative horizontal
components because of incomplete modelling of atmospheric delays. In addition,
there may be difficulty in accessing the desired coordinate system. Accurately
positioning a baseline in the conventional terrestrial (CT) system using one of the
extraterrestrial techniques, requires accurate knowledge of the variations in the spin
of the earth and the motion of the pole of rotation. Uncertainties in these
parameters will map into components of a baseline vector purported to be in the
CT-system. Global networks of VLBI and SLR stations are being used to monitor
the rotation of the earth and to establish fiducial points in the CT-system.
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Extraterrestrial Positioning Systems 3.12

GPS AND OTHER SYSTEMS

A useful comparison may be made between GPS and some of the other satellite
positioning systems presently in use or proposed for the future. The systems in use
at present, including GPS, Transit, and the Russian equivalents GLONASS and
Tsicada, were initially designed as military systems. They are one-way systems;
i.e., signals are transmitted from the satellites to the receivers. This is a desirable
feature from the military point of view as the user does not give away his position
by transmitting any signals. The satellites must also be able to function for extended
periods without any signal contact from the control stations. These features make
one-way systems complex and place a high demand on the satellites and receivers.
Nevertheless, these systems have been highly successful, especially within the
civilian user community which dominates the military users in number (with the
possible exception of GLONASS about which little is known except that it uses
signal formats, carrier frequencies, and satellite orbits similar to those of GPS).

Civilian systems need not impose radio silence on the user or require the
satellites to operate autonomously during a crisis. Consequently two-way systems
are possible. The complexity of the system can then be transferred from the
satellites and the receivers to the control segment. Two of the proposed two-way
systems are Geostar and NAVSAT. Geostar requires two-way communication
between the user and the satellites. NAVSAT requires continuous two-way
communication between the satellites and the control stations. These systems are
described on the following pages of this chapter.
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GEOSTAR

Geostar is one of several satellite-based positioning systems [Anon., 1986] that
have been proposed by commercial interests. The concept of the system has evolved
since 1983 when it was first proposed. The current design [O'Neill, 1984] calls for
two geosynchronous satellites to relay two-way signals between a central
computational facility, ‘Geostar Central,” and user terminals. Spread-spectrum
signals are transmitted to one satellite which retransmits the signals to the user
terminals. The user terminals transmit identically-coded signals back through both
satellites to the central facility using a time-division multiple-access scheme, adding
a unique digital identification code for security and billing purposes. The two-way
travel times of the signals via each of the two satellites are then determined for each
of the user terminals. By combining the two ranges with height information
obtained from a digital terrain map, the two-dimensional coordinates of a land- or
sea-based user can be determined as often as required. Accuracy is improved by
combining data from a fixed reference station within 200 km of a user terminal.
The system also has a message capability. Messages can be sent from the central
facility to users or vice versa. For aircraft in flight, height information can be
supplied by the pilot or through automatic interrogation of an encoding altimeter.
The two satellites would cover the continental U.S. and peripheral regions. Four
additional satellites could provide essentially worldwide coverage (except at high
latitudes). The system is estimated to have sufficient capacity to serve a user
population of 50 million user terminals.

As all of the positioning computations are performed at the central facility, the
user terminals can be kept very simple. A terminal consists of a transceiver to relay
the radio signals and processing and message storage integrated circuits. Messages
and position information are displayed on a liquid crystal panel and outgoing
messages entered on a calculator-like keypad. Hand-held versions of the terminal
will be powered by penlight batteries, weigh about half a kilogram, and could cost
as little as $US 450 (1984 dollars) if produced in quantities of the order of 100 000.

Initial tests of the Geostar concept were carried out in the fall and winter of
1983/84 using ‘pseudo-satellites’ on mountain tops in the vicinity of Lake Tahoe,
Nevada. Those tests, using pedestrians, automobiles, and aircraft, demonstrated a
positioning accuracy of about one metre. The first true satellite test (of message
capability from user terminals to Geostar Central) began in March 1986 with the
launch of GTE Spacenet's GStar 2 communication satellite. The satellite carries a
one-way Geostar transponder called LinkOne. Unfortunately, both the primary and
backup LinkOne L-band receivers failed in May 1986 [Anon., 1986].
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NAVSAT

NAVSAT is a multipurpose positioning system proposed by the European Space
Agency [ESA, 1985]. It would offer a capability similar to GPS, but it would be a
civilian system and would forego certain features required in military systems and
hence operate with much simpler satellites and receivers. The system would consist
of three segments: the satellites, the ground control facilities, and the users.

With a design principle similar to that adopted for Geostar, the space segment
complexity has been transferred from the satellites to the ground. The satellites
simply rebroadcast signals received from a network of up to six control stations.
~ Each station continuously transmits signals, using C-band frequencies, to those
satellites in view. When a satellite passes out of range, control is passed to a
neighbouring station. The signals consist of a strong continuous wave (cw) carrier,
pseudo-random noise (PRN) code with a chipping rate (see Chapter 4) of about 5
MHz, and a low bit rate message stream containing ephemeris and other data. The
satellites rebroadcast these signals on the primary navigation frequency of 1.596
GHz and on a C-band frequency to be used primarily for satellite control. All
satellites transmit on the same frequency and use the same PRN code. A time
division multiple access format is used in order that the satellites not interfere with
each other. Each satellite transmits in sequence a signal burst lasting 133 ms, every
~2 seconds. Frequency stability of the signals is obtained by use of synchronized
atomic standards at the control stations. No atomic clocks are used in the spacecraft.

The configuration of the satellite constellation has been modified since
NAVSAT was first proposed. The current design (see this figure and Chapter 5 for
an explanation of orbit terminology) calls for a mixture of satellites in geostationary
and highly elliptical orbits. Six satellites in geostationary orbit and six satellites in
elliptical orbits would provide coverage in the northern hemisphere; an additional
six satellites in elliptical orbits would extend the coverage worldwide. Orbit details
are given in the figure. The satellites in geostationary orbit could be
communications satellites carrying the additional NAVSAT transponders.

Three classes of users are envisaged: those requiring (moderate) positioning or
navigation accuracy of ~100 m; those requiring a (high) accuracy of ~5-10 m; and
those requiring geodetic accuracy. The moderate accuracy user would be served by
a simple Doppler mode receiver accessing only the cw carriers. The high accuracy
user would have a pseudo-range receiver accessing the PRN signals with Doppler
aiding. Geodetic accuracy could be obtained by recording the carrier phase over an
extended time interval in a similar fashion to that used with GPS.

Extensive design studies for NAVSAT have been prepared, however as of this
date there are no firm deployment plans.
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THE FUTURE OF SATELLITE POSITIONING

With the advent of the Global Positioning System, we are entering an era of
accurate positioning, available on demand, twenty-four hours per day, every day of
the year from any location in the world. Although there will possibly be some
initial restrictions on the real-time accuracy available to civilian users, GPS will
bring about a revolution in the practice of positioning, impacting not only
surveyors, geodesists, and navigators but the general public at large. In the future,
accurate positions will be a cheap, readily available commodity, much as time is
today.

GPS will be accompanied and eventually supserseded by other satellite systems.
Already GLONASS, the Soviet Union's equivalent to GPS, is in operation and the
first tests with the civilian Geostar system have taken place. A number of other
civilian systems are on the drawing boards.

The near-term trend in satellite positioning will be toward smaller, cheaper, and
more easily-operated receivers. A hand-held GPS receiver not much larger than a
standard deck of playing cards is under development by Rockwell Collins for the
U.S. Department of Defense. The single-channel receiver with a pop-up antenna
will make use of the latest gallium arsenide very high speed, very large scale
integrated circuit technology. We foresee a natural evolution toward even smaller,
more accurate receivers. Eventually, we may even have the ‘wrist locator,” a cheap
($10 in current funds), accurate (1 mm) device that would be as ubiquitous as
today's electronic wrist watches [Vanicek et al., 1983]. Such devices will influence
our future daily lives in ways that are presently impossible to predict.
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GPS Basic Concepts 4.0

GPS BASIC CONCEPTS

This chapter is the ‘crossroad’ of this Guide to GPS Positioning. In the first
three chapters, we have concentrated on placing the Global Positioning System in
context. From Chapter 5 onward, we will be dealing in some detail with various
aspects of GPS. In this chapter, we describe the basic concepts upon which we will
base these more detailed discussions. In going over these basic concepts, this
chapter also provides a more or less complete and self-contained initial overview of
GPS. The material in this longest chapter in the Guide can be grouped under seven
topics:

« Satellites. The first nine figures describe the GPS satellite itself; the present
(1986) constellation of seven prototype satellites; the final 21-satellite constellation,
and how and when it is likely to be deployed; what sort of coverage each of these
constellations provides; and the ground tracking stations required to manage the
GPS constellation.

e Signals. The next figure quickly reviews the concepts behind the rather
complicated GPS signal structure.

e Measurements. The next five figures review propagation and
range-measuring concepts, and introduce the two types of GPS measurements —
pseudo-ranges and carrier beat phase measurements.

« Receivers. The next two figures describe the components and functions of a
typical GPS receiver.

« Positions. The next four figures present the concepts involved in static and
kinematic positioning; relative positioning; multi-receiver positioning; and relative
kinematic positioning.

e Accuracy. The next three figures introduce the relationship between the GPS
satellite constellation geometry and positioning accuracy; the Dilution of Precision
(DOP) concept; and the effect of constrained solutions.

« Impact. So far the material in this chapter has previewed the remainder of the
Guide. In this final set of five figures, we discuss the policies and effects of the
United States Government Federal Radionavigation Plan; the possible size of the
GPS user community; the features of GPS that will form the basis for its impact on
the positioning professions and on society at large; and a speculative look at the
future of high-technology positioning capabilities.
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GPS Basic Concepts 4.1

GPS SATELLITE

So far three generations of GPS satellites have been planned. These are known
as the ‘Block I,” ‘Block II,” and ‘Block III”’ satellites.

Eleven Block I satellites were constructed and launched between 1978 and 1985.
These are the prototype satellites presently in use.

Construction of the 28 Block II satellites is nearing completion. Launch of 21 of
these will signal the beginning of the GPS operational era.

Some Block II GPS satellites will weigh 845 kg (upon insertion into final orbit).
Other Block II GPS satellites will be heavier, having a NUDET (NUclear
DETection) module on board. Block II satellites are designed to fulfill their
function for 7.5 years. This figure shows what these satellites look like in orbit.

Some of the basic functions of these satellites are:

(a) Receive and store information transmitted by the ‘control segment,’ i.e., by the
operators of the system.

(b) Do limited data processing on board by means of its own microprocessor.

(c) Maintain very accurate time by means of several oscillators (two cesium, two
rubidium) carried on board.

(d) Transmit information to the user by means of various signals.

() Manoeuvre by means of thrusters controlled by the system operators.

The activities of the satellites are powered by batteries charged by solar panels
which when deployed have an area of 7.25 m?.

The Block III GPS satellites are presently at the design stage. It is planned that

they will be available for launch, to replace the Block II generation, beginning in the
late 1990s.
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GPS Basic Concepts 4.2

GPS PROTOTYPE SATELLITE STATUS

At present GPS is in a testing stage. Only 10 prototype satellites have been
successfully launched. Of these, only seven are presently functioning. Of these
seven, three have various ‘health’ problems. There are several ways of identifying
the individual satellites:

« the NAVSTAR number in the first column is the number in the sequence of
GPS satellite launches;

» the second column shows the position of each satellite in space (see the
following figure);

» the PRN code number denotes which of the available 37 seven-day segments of
P-code pseudo-random-noise signal is presently used by each particular satellite;

* the IRON number is the Inter Range Operation Number. This is a random
number assigned by the joint U.S./Canadian North American Air Defence
Command (NORAD) to identify selected objects. At one time this was a
sequential series of numbers, rather than the random numbers now assigned.

« the fifth column gives the number of the satellite in the NASA sequential file;

« the international identifier consists of the launch year, the sequence number of
the launch in that year, and a letter. The letter A identifies the primary payload
for that launch. Subsequent letters are used for other objects placed in orbit by
the launch, such as booster rockets and other debris.

Three of the 10 satellites placed in orbit (NAVSTAR numbers 1,2, and 5) have
failed. All satellites, and GPS satellites in particular, have redundant systems (spare
components) built in, so that when certain components fail, the spares can be
switched on in their place from the ground. The GPS prototype satellite component
that has suffered the most failures is the clock. Each GPS prototype satellite has
been launched with several clocks on board. Even so, a satellite will eventually run
out of working clocks. The clock modules on board the first four satellites were not
as reliable as those of later design on subsequent launches.

Those satellites with health problems are NAVSTAR numbers 3,4, and 8. The
design lifetime of these prototype satellites is 5 years, determined by the mean time
between failure of the electronic systems and their redundant backup spares; the
aging of the power supply components, consisting of solar panels and rechargable
batteries; and the supply of ‘fuel’ for the jets used to reposition the satellites in orbit.
NAVSTAR numbers 3 and 4 have far exceeded this design lifetime. To extend the
life of these two as long as possible, the GPS Joint Program Office has decided not to
risk operating the electronics at low power levels (occurring when the satellite is in
the earth's shadow, operating entirely on battery power). From late 1986, these
satellites will be turned off during their eclipse periods. NAVSTAR number 8
began showing high frequency erratic oscillator behavior in November 1985, which
was suspected to have come from a module located after the clock. This prevented
some receivers from holding lock on this satellite's signal. The problem was
corrected in mid-1986 by switching in a spare circuit.
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GPS Basic Concepts 4.3

PROTOTYPE SATELLITE ORBITS

The seven functioning satellites are in two orbital planes (labelled A and C), and
in positions within the planes labelled 1,2, and 3 for plane A, and 1,2,3, and 5 for
plane C. Two adjacent positions are separated by an angle of 60° (reckoned in the
orbital plane).

The prototype constellation has been selected in this way to give the best possible
coverage, for the given number of satellites and their orbital characteristics, over
two military test areas; the southwestern continental United States, and off the
northeast coast of the United States in the North Atlantic. In fact this provides an
uninterrupted period of about five hours per day during which GPS can be used
over almost all of North America.

Presently (April 28, 1986) in Fredericton, New Brunswick, this five-hour
period falls between 3 am and 9 am Universal Time. We see from the figure that the
sequence of satellite risings is as follows:

orbit position C-5 rises (NAVSTAR 11, PRN 3)
orbit position C-3 rises (NAVSTAR 4, PRN 8)
orbit position A-3 rises ( NAVSTAR 3, PRN 6)
orbit position C-2 rises (NAVSTAR 8, PRN 11 )
orbit position A-2 rises ( NAVSTAR 6, PRN 9)
orbit position A-1 rises ( NAVSTAR 10, PRN 12)
orbit position C-1 rises ( NAVSTAR 9, PRN 13 ) .

e L] e [ ] e e e

Due to the orbit configuration, orbit position C-5 sets below the horizon about ten
minutes before positions A-1 and C-1 rise. Thus the maximum number of visible
satellites is six out of the seven now available. We see that this occurs during the
period from the rise of A-1 and C-1, and the set of A-3.

This situation differs from one part of the world to another.

Because the GPS satellites circle the earth once every 12 hours, configurations
repeat themselves every twelve hours (successively in opposite hemispheres). The
orbital periods are 12 hours of sidereal time, and due to the difference between
sidereal and solar time, the satellites appear about four minutes earlier each day.

Thus each month the coverage period will advance by two hours, or roughly 30
minutes per week.
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GPS Basic Concepts 4.4

GPS SATELLITE LAUNCH SCHEDULE

Prototype satellites have been launched by rockets, while operational satellites
were supposed to have been launched by space shuttles. The full contingent of
operational satellites was to have been in space by the end of 1988.

Due to the delays resulting from the space shuttle Challenger disaster, shuttle
flights will not begin again before early 1988. The shuttle program was designed to
replace supposedly more expensive rocket launching of satellites into orbit, not only
for NASA but for the U.S. military as well. With the problems and delays in the
shuttle program, a return to rocket launches appears likely. The USAF has
contracted four design studies for conventional rocket launching GPS (and other)
satellites. Rocket launches may start in late 1988.

Three scenarios are shown here. If shuttle-only launches are used, it may take as
long as four years to place the full GPS constellation of 18 satellites in orbit. If a
combination of shuttle and rocket launches is used, the most optimistic date for
achievement of the full constellation is late 1989. The most likely guess, using both
shuttle and rocket launches, is early 1991.

For a continuous three-dimensional navigation capability, at least 4 satellites
have to be everywhere visible simultaneously at all times. Four satellites enable the
user to eliminate unknown time offset between satellite and user oscillators.
Similarly, for two-dimensional navigation capability, 3 simultaneously visible

satellites are necessary. Dates when these capabilities may be reached are shown
here.

GPS can be used in the navigation mode, three dimensional or two dimensional,
even before these dates with the understanding that the coverage will not be
continuous in time. This temporal discontinuity affects stationary applications less
dramatically. It results only in the necessity of spending more time ‘observing’ the
satellites thus making the position determinations more expensive.
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GPS CONSTELLATION IN 1990

The final constellation is going to appear in the late 1980s or early 1990s. With
this final constellation, at least four satellites will be visible simultaneously at any
time from any point on the earth's surface. This constellation consists of 18 satellites
arranged three in each of six orbit planes. In addition active spares are planned.
These spares will be three additional satellites in orbit, making a total of 21. Up to
three satellites may fail before it would be necessary to launch a replacement
satellite. When all 21 satellites are working properly, the coverage provided by this
constellation is better than it would be with only the minimum of 18 satellites.

The satellites are in circular orbits approximately 20 000 kilometres above the
earth's surface. This is more than three times the earth's radius. At this height, the
satellite revolves around the earth once every twelve hours. For an observer on the
surface of the earth, any particular satellite will be above the horizon for about five
of these twelve hours. At various times of day, and at various locations, the number

of satellites above the horizon may vary between a minimum of four and a
maximum of ten.

The coverage provided by this ‘18 + 3’ constellation is not perfect — at certain
localities, and at certain times of day, when only four satellites are available, the
satellite geometry provides much worse positioning accuracy than usual. Such

occurrences are brief (lasting less than 10 minutes usually). They are referred to as
outages.

Constellations proposed earlier included:

» 24 satellites in three orbital planes of eight satellites each. This would have
provided fewer outages than the current proposal, but was shelved when budget
cuts reduced the number of satellites to 18;

18 satellites in three orbital planes of 6 satellites each. This resulted in more
serious outages than the one currently adopted.
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GPS Basic Concepts 4.6

DEPLOYMENT OF 21-SATELLITE CONSTELLATION

All 6 orbital planes are inclined by 55° to the equatorial plane and rotated by 60°
with respect to their neighbouring planes. Thus their separation in right ascension

o is 60°.

The angular measure used for describing the position of a satellite in its orbit is
called argument of latitude. 1t is reckoned in the orbital plane in the direction of
satellite motion referred to the point of satellite ascension through the equatorial

plane. The argument of latitude is the sum of the argument of perigee ® and true
anomaly f and could more properly be called argument of satellite. (Note that

the argument of latitude replaces both w and f when the orbit is circular and the

perigee is not defined.) The separation of satellites in argument of latitude within
each orbital plane is 120°. Satellites in any plane are ahead (in argument of latitude)
of corresponding satellites in the adjacent plane to the west by 40°.

The 3 active spares — numbers 19, 20, 21 — are in orbital planes labelled 1, 5,
and 3, and have arguments of latitude of 30°, 310°, and 170°, respectively, at the
instant when satellite number 1 ascends through the equatorial plane. Note that the
satellite numbering used here corresponds to none of the numbering systems used

for the prototype satellites. Also, the labelling of orbital planes is different from
that used for the prototype satellites.
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SATELLITE GROUND TRACKS

These are plots of satellite tracks created by projecting satellite positions onto
the earth along the earth's radii. The earth's globe is then mapped onto a cylinder

tangent to the globe along the equator. If a point (¢, A) on the earth's surface lies on

the track, then the corresponding satellite would be in the zenith of that point at the
instant shown by the time graduation of the track. Two plots are shown:

« The top plot is for the present seven prototype satellites, for two hours on April
28, 1986. Recalling Figure 4.03, this is a period during which all seven satellites
are visible at Fredericton. Note that satellites as far away as over Japan, Alaska,
Hawaii, and Greece are visible.

« The bottom plot is for the planned 18-satellite constellation (omitting the three
active spares). It is assumed that these 18 satellites were in orbit on April 28,
1986, and the plot is for the same two-hour period as the top plot. The satellites
identified by bold numerals would be visible from Fredericton during this
two-hour period.

These plots show nicely the relation between the maximum latitude of the track,
i.e., the maximum latitude at which the satellite appears in the zenith, and the
inclination of the satellite's orbital plane. In fact, this maximum latitude equals to
the inclination of the orbital plane with respect to the equatorial plane. This, of
course, does not mean that the satellite is not visible above the maximum latitude,

only that points above ¢ = i never experience the satellite in their zenith. Therefore,
the top plot (of the prototype satellites) shows that they reach latitudes of 63° (the

inclination of the prototype orbits), while the bottom plot shows maximum latitudes
of 55° (the planned inclination for the Block II satellites).

Note that the 4 minutes per day regression of the satellites appears as an eastward
shift of the tracks by approximately 1°.

These plots were prepared using program MacSat, available from the Geodetic

Research Laboratory, Department of Surveying Engineering, University of New
Brunswick.
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GPS Basic Concepts 4.8

SATELLITE POLAR PLOTS

Polar plots (more correctly polar coordinate plots) of satellite orbits are often
used to inspect visually the quality of a satellite configuration. These plots are
produced by projecting satellite positions from the centre of the earth onto the
celestial sphere and displaying the pertinent half of the celestial sphere as a circle.
These plots are created by interpreting the azimuth and zenith distance (90° minus
elevation) of the satellite at any instant of time as viewed by the observer as polar
coordinates. By joining the positions computed for given time increments during a
specified period of time, projected tracks are created. Individual points on those
tracks are then labelled by the appropriate time. Here we have simplified the plot
by taking only the start time (03:00 UT) and/or end time (05:00 UT) of each plotted
track as a time mark. We note that the 4 minute daily regression would appear, on
these plots, as a 4 minute shift of these time marks.

These plots correspond to the track plots of the previous figure. Both plots are
for Fredericton, April 28, 1986, 03:00 to 05:00 UT. The top plot is for the present
constellation. The bottom plot assumes that the final 18-satellite constellation was
available for the same day and time.

These plots represent a handy tool to judge the satellite configuration at any
given instant. For instance, the top plot shows that between the setting of PRN 3 at
4:07, and the rise of PRN 12 at 4:18 the configuration is poor; the remaining four
satellites are bunched together (just past the middle of their two-hour tracks)
towards the northwest, and all are at a relatively high elevation. However, once
PRNSs 12 and 13 have risen but remain at low elevations, and the other satellites have
progressed further along their tracks, particularly PRNs 6 and 8 moving away from
the bunching region, the configuration improves considerably.

A comparison between the two plots indicates the limits of the present
constellation. The top plot shows that all seven of the prototype satellites are visible
during the two hour period, and the bottom plot shows that only six of the
18-satellite constellation would be visible for the same period. However, the
distribution of these six is far better, leading to a better configuration throughout
the period, than is the case for the top plot. Also, satellite 4 rises before satellite 5
sets, so that there would always be at least five satellites visible. The conclusion is

obvious — what counts is not only how many satellites you can see but also how they
are distributed spatially around you.

These plots were prepared using program MacGEPSAL, available from the

Geodetic Research Laboratory, Department of Surveying Engineering, University
of New Brunswick. '
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GPS Basic Concepts 4.9

GPS CONTROL STATIONS

The five control stations, spaced almost evenly around the world, perform three
functions:

« All five stations are monitor stations, tracking all GPS signals for use in
controlling the satellites and predicting their orbits. The tracking is done by
means of two-frequency receivers equipped with cesium oscillators.
Meteorological data are also collected to allow for the most accurate evaluation
of tropospheric delays. Positions of these monitor stations are known to a very
high accuracy.

» Three of the stations (Ascension, Diego Garcia, and Kwajalein) are capable of
transmitting data up to the satellites, including new ephemerides, clock
corrections, and other broadcast message data, and command telemetry.

* One station (Colorado Springs) is the Master Control Station.

Tracking data from the monitor stations are transmitted to the Master Control
Station for processing. This processing involves the computation of satellite
ephemerides and satellite clock corrections. The master station is also responsible
for controlling orbital corrections when any satellite strays too far from the
assigned position. The Master Control Station would also initiate the necessary
manoeuvres to have a dead satellite replaced by a spare.
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GPS SIGNAL STRUCTURE

Every satellite transmits two frequencies for positioning: 1575.42 MHz, and
1227.60 MHz. The two carriers, called L1 and L2, are coherent and modulated by
various signals.

A pseudo-random noise (PRN) code, known as the C/A-code, consists of a
sequence of plus ones and minus ones, emitted at the frequency f_/10 = 1.023 MHz,

which repeats itself every millisecond. A second pseudo-random noise (PRN) code,
known as the P-code, consists of another sequence of plus ones and minus ones,
emitted at the frequency f = 10.23 MHz, which repeats itself only after 267 days.

The 267 days are chopped into 38, seven-day segments. Of these, one week segment
is not used, five are reserved for use with ground stations, called pseudolites,
leaving 32, seven-day segments, each assigned to a different satellite. The Y-code,
a PRN code similar to the P-code, can be used instead of the P-code. However, the
equation which generates the P-code is well known and unclassified, while the
equation which generates the Y-code is classified. Therefore, if the Y-code is used,
unauthorized users of GPS (generally anyone except military users of the United
States and its allies) will no longer have access to the P- (or Y-) codes.

The L1 carrier is modulated by two codes (C/A-code and either P-code or
Y-code), while L2 contains only the P-code or Y-code.

The codes are modulated onto the carriers in a conceptually simple way. If a
code value is minus one, the carrier phase is shifted by 180°, and if it is plus one,
there is no change in the carrier.

Both carriers carry the broadcast satellite message, a low frequency (50 Hz)
stream of data designed to inform the user about the health and position of the

satellite. These data can be decoded by the receiver and used for positioning in real
time. :
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PROPAGATION OF ELECTROMAGNETIC WAVES

The electromagnetic wave transmitted from the satellite to the receiver may be
represented as

y = A cos(ot - kx + ¢) ,

where A is the signal amplitude, ® is the radian frequency (® = 2xf), k is the

propagation wavenumber related to the free space wavelength (k = 2m/A), t is the
elapsed time measured from the instant of transmission at the satellite, x is the
distance travelled from the satellite to the receiver, and ¢ is the bias term. In any
other propagation medium than in free space, the wavelength may be different from
the free space wavelength. This is usually denoted by using the symbol [ for the

propagation wavenumber in other than free space, and reserving k for the free
space propagation wavenumber.

The distance travelled by the wave between the satellite and the receiver may be
determined by either of two methods. If both the frequency and the exact instant of
transmission from the satellite are known, then a measurement of elapsed time
(between signal transmission and reception) allows one to compute the distance by

distance = velocity of propagation X elapsed time .

This pseudo-range technique requires accurate time information.

The other method of distance determination is to measure the number of phase
cycles over the transmission path. This can be done by mixing the incoming signal

with the known signal frequency. Then, at any given instant, the propagation path
distance is given from

phase = kx = 21t/A x
x = phase X A/27 .

This method requires that the frequency of the satellite signal be accurately known
and that the phase of the signal can be accurately tracked.
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TWO-WAY AND ONE-WAY RANGING

Ranging by means of an electromagnetic signal can be done in either of two
modes: two-way ranging, or one-way ranging. Two-way ranging is conceptually
the more simple. Timing of the range measurement is controlled only by one clock,
situated in the transmitter-receiver. At the far end of the ranging line is a device
that simply responds to the incoming signal. If this is a passive device (a target or
reflector), it simply reflects the incoming signal back to the receiver. If this is an
active device (transponder), it generates a return signal only upon reception of an
incoming transmission from the transmitter-receiver, and in such a way that the
timing relationship between the incoming and ‘reflected’ signals is constant and
known. The measurement is the number of ‘ticks’ of the system clock between the
transmission of the original signal and the reception of its return — the two-way
time of travel. One of the disadvantages of two-way ranging is revealed if we
consider the active or passive reflector to be a reference station. One
transmitter-receiver tends to monopolize the use of one (or more) such reference
stations. The number of simultaneous users is limited, most often to one.

One-way ranging, as used in GPS, is more complicated. Each terminal,
transmitter and receiver, is controlled by a separate clock. The transmitter clock
generates the signal. The receiver clock detects when the signal arrives. Both
clocks must keep the same time. An error in the synchronization of the two clocks

of 1 us creates an error in range of 300 metres.

Since it is practically impossible to keep the two clocks perfectly synchronized
physically, it is usually done mathematically. In general each clock will run at its
own rate, keeping its own time. However, if the relationship between the two time
bases defined by the clocks is known, then they can still be said to be synchronized.
The problem, of course, is to find the relationship between the two time bases. GPS
works only because we can assume that all GPS satellite clocks are synchronized
(mathematically, not physically) among themselves. This is achieved by careful
monitoring of differences in satellite clock timing by GPS ground station monitors,
and including the resulting mathematical corrections in the satellite message
broadcast to all users. Users can then assume that all the simultaneous GPS ranges
measured by their receiver are related to the same (ficticious) clock at the satellite
end of the range measurements. As we will see, synchronizing the receiver clock to
this common fictitious satellite clock is then a ‘piece of cake’ (more or less).
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PULSED AND CONTINUOUS WAVE RANGING

Range measurement systems use either pulsed signals or continuous wave (CW)
signals. There are advantages and disadvantages to either method. Either method
can be used with one-way or with two-way ranging. GPS is a one-way ranging
system capable of both pulsed-type range measurements (pseudo-ranging using one
of the codes), and continuous wave-type ranging (carrier beat phase measurements).

The top figure considers the concept of pulsed signal one-way ranging.
‘Snapshots’ of the signal pulse travelling from transmitter (GPS satellite) to receiver
(user) are shown for three epochs. The one-way travel time is t, - ty, where t, is

measured by the receiver clock, and t; by the transmitter clock. Provided the two

clocks are perfectly synchronized, the range can be determined unambiguously
from

p =C (t2 - to).
One of the disadvantages of the pulsed ranging is the sparse information content —
pulses arrive only at discrete intervals rather than continuously. GPS pseudo-

ranging shares this sparseness: code epochs occur at discrete intervals rather than
continuously.

Representation of the continuous wave one-way ranging concept is more
complicated. The transmitter is now an oscillator that continuously generates a
wave whose phase varies both in time and in space. We now need two sets of
‘snapshots’:

(a) of the phase variation in time, viewed from a fixed point in space, and

(b) of the phase variation in space, viewed at a fixed epoch in time.

We assume the transmitter and receiver oscillators are perfectly synchronized in
frequency and phase. In this case, plots of type (a) at both transmitter and receiver
will be identical. To simplify the concept, consider plots of type (b) immediately
after turning on the CW transmitter: i.e., ‘snapshots’ at three epochs as for the
pulsed system. The range measurement made at t, is given by the difference

between the phase of the incoming signal received from the transmitter, and the
phase of the internal oscillator in the receiver. The total phase difference involved
in the range measurement includes the number of full wavelengths, or cycles of
phase, between the transmitter and receiver,in the snapshot at t,. However, all we

can directly measure is the fractional phase difference, between 0° and 360°, or
within one cycle of the signal. We must determine the integer cycle count some way
other than by directly measuring it. This cycle ambiguity problem is the most
serious drawback to CW range measuring systems. The main advantage is the
continuous information density — the CW wave is always available for measuring,
not only at discrete epochs as for pulses.



L861 A2y _‘soteoossy §do ueipeuz) @

(Juaurdanseaw
d8uea-opnasd)
Aefop oy,

< uﬂlv

AEYNERER
Ul pajeauds
9pod jo eorday

flo
neoe

rrrr

dJI[[9)BS WIOJJ
SUIALLIR 3P0))

SLINFWZINSVEN dDNVI-OTNESd

vi'y




GPS Basic Concepts 4.14

PSEUDO-RANGE MEASUREMENTS

A GPS receiver can make basically only two kinds of measurements:
pseudo-range, and carrier beat phase.

Pseudo-range is the time shift required to line up a replica of the code
generated in the receiver with the received code from the satellite multiplied by the
speed of light. Ideally the time shift is the difference between the time of signal
reception (measured in the receiver time frame) and the time of emission (measured
in the satellite time frame). In fact, the two time frames will be different, which
introduces a bias into the measurement. These biased time delay measurements are
thus referred to as pseudo-ranges.

Pseudo-ranges are measured by a correlation detector that controls a delay lock
loop which maintains the alignment (correlation peak) between the
receiver-generated code replica and the actual incoming code. In simple terms, the
code correlation concept involves generating a replica of the code sequence (the
sequence of +1 and -1 values) within the receiver, and aligning this replica in time
(correlate) with the incoming signal.

The pseudo-range measurement is then the delay which must be added to epochs
of the receiver clock to keep the replica and incoming code aligned (correlated).

A rule of thumb for the precision of pseudo-range measurements (that is, the
precision with which the correlation peak can be maintained) is 1% of the period
between successive code epochs. For the P-code, successive epochs are 0.1
microsecond apart, implying a measurement precision of 1 nanosecond. When
multiplied by the speed of light, this implies a range measurement precision of 30
centimetres. For the C/A-code, the numbers are ten times less precise, or a range
measurement precision of 3 metres. ‘
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GPS Basic Concepts 4.15

CARRIER BEAT PHASE MEASUREMENTS

Carrier beat phase is the phase of the signal which remains when the
incoming Doppler-shifted satellite carrier is differenced (beat) with the constant
frequency generated in the receiver. This observable is obtained as a by-product of
the correlation channel or from a squaring channel. A squaring channel multiplies
the received signal by itself to obtain a second harmonic of the carrier, which does
not contain the code modulation.

The squaring concept is simply shown by squaring the equation of the carrier
wave to obtain

y2 = A2 cos?(wt + ¢) = AZ[1 + cosat + 20)1/2 .

Since A(t) is the sequence of +1 and -1 values representing the codei At)? = AZis
always equal to +1 and may be dropped. The resulting signal, y4, is then pure
carrier, but at twice the original frequency.

Because the wavelength of the carrier is much shorter than the wavelength of
either of the codes, the precision of carrier beat phase measurements is much higher
than the precision of code pseudo-ranges. For the GPS L1 carrier signal, the
wavelength is about 20 cm. Using the rule of thumb that phase measurements can be
made to about 1% of the wavelength, this implies a precision of 2 mm.

The two main disadvantages of carrier beat phase measurements both involve
the cycle ambiguity problem.

 Obtaining the initial number of integer cycles of the carrier between the satellite
and the receiver is very difficult, if not impossible. One way out is to take
measurements which can be assumed to have the same (unknown) initial cycle
ambiguity, and subtract one from another. More about this later.

e Maintaining an integer cycle count as the satellite-to-receiver range changes with
time is something most good quality GPS receivers can do most of the time.
However, for a variety of reasons, such as a noisy signal or a shaded antenna, any
receiver will suffer cycle slips, or the loss of a coherent integer cycle count. In
many cases painstaking postprocessing permits the detection and correction of
cycle slips. However, the possibility of cycle slips restricts the use of carrier beat
phase measurements for real-time applications.
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GPS USER EQUIPMENT COMPONENTS

The GPS user equipment package may be thought to consist of three main
segments:

o hardware
. software
»  technology development.

The hardware segment includes the electronic circuitry, RF components and
antennas, and any peripheral equipment required to operate the receiver. The main

features in this segment must include ruggedness, portability, field reliability, and
ease of operation.

The software segment includes the obvious programming and data processing
needed to convert the GPS messages into useful positioning or navigation
information. This programming must allow adequate user interaction in order to
take full advantage of the many features of GPS. It must also be adapted to ready
field use and should be designed to provide useful system status and progress
messages to the operator. Also included in the software segment are the programs
developed independent of the GPS receiver which can evaluate such factors as
satellite availability and precision confidence levels.

Automatically included in the user equipment package is the technology which
went into the various hardware and software components. This technology spans
every area related to GPS, such as receiver design improvement, analysis and
modelling of the various antenna and propagation effects and their incorporation
into the data processing software, development of reliable communication link
systems for short- to long-range differential GPS operation, and monitoring of the
developing trends in equipment cost and performance.
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GENERIC GPS RECEIVER

The satellite receiver is the piece of hardware used to track the satellites, i.e., to
receive the satellite signals described above. A basic GPS receiver configuration
consists of

. antenna and preamplifier

. radio frequency (RF) section

°  microprocessor

. terminal or control and dlsplay unit
*  recording device

°  power supply

Antenna and preamplifier: Antennas used for GPS receivers have broadbeam
characteristics, thus they do not have to be pointed to the signal source like satellite
TV dishes. The antennas are rather compact and may be tripod or vehicle mounted.
The actual position determined is the phase centre of the antenna which then has to
be properly related to the survey mark.

Radio frequency section: The RF section contains the signal processing
electronics in a combination of digital and analog circuits. Different receiver types

use somewhat different techniques to process the signal. The different approaches
are

*  code correlation
*  code phase and frequency
e carrier signal squaring.

The RF section consists of channels using either of these three appproaches to
track a received GPS signal. The number of channels varies between 1 and 7 for
different receivers.

Control unit: The control unit enables the operator to interact with the
microprocessor. Its size and type varies greatly for different receivers, ranging
from a hand-held unit to a video monitor with full size keypad.

Recording device: Either tape recorders or floppy disks are utilized to record
the observations and other useful information extracted from the received signal.

Power supply: Most receivers need low voltage DC power; only a few require
AC power.
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GPS Basic Concepts 4.18

STATIC AND KINEMATIC POSITIONING

GPS can be used to position static objects or moving objects. Although the
observations (ranges) are the same, the fact that the antenna is either stationary or
moving introduces significant differences.

If the antenna is stationary, we can observe many repeated ranges to each of
several satellites. This gives us redundant observations, overdetermined solutions
(e.g., least squares), and consequently a higher accuracy of the determined position.
When the antenna moves, we can only get instantaneous ‘fixes’ (from usually 4
ranges observed simultaneously or almost simultaneously) with no redundancy.

In the static case, we may get either a real-time result, where each new
observation is processed so as to give an improvement to the previously determined
position, or observations may be processed after the field campaign is over. We
speak of a postprocessed solution.

In kinematic positioning, the real-time solution is normally sought. This
solution consists of one position (fix) at a time. The resulting string of fixes

(discretized track of the vessel) can be also postprocessed using one of a number of
existing smoothing operations.



4.19

Il
@ RELATIVE POSITIONING

(1))
( (1) ) Receiver 2

Receiver 1

Two (or more) receivers observe GPS signals
simultaneously

Some errors are common (or similar) in the
measurements made by all receivers

When solving for relative positions AX, AY, AZ,
these errors are eliminated or reduced

Relative positions are more accurately
determinable than absolute positions

© Canadian GPS Associates, April 1986



GPS Basic Concepts 4.19

RELATIVE POSITIONING

When a higher accuracy is required, then relative positioning must be used. In
this operational mode, two antennas are positioned with respect to each other and
two receivers (at the ends of the observed baseline) are operated simultaneously.
The higher accuracy achieved in this mode occurs because several errors burdening
the observed ranges are either identical or at least similar at both ends of the
baseline. These errors then get either eliminated or, at least, significantly reduced
when relative positions are sought.

One particularly intriguing and promising mode of relative positioning, first
suggested by Ben Remondi of the U.S. National Geodetic Survey, is relative
semi-kinematic positioning. The idea is to use one stationary instrument and rove
around with the other instrument. As long as no cycle slips occur in either receiver,
accuracies of better than one cycle (20 cm) of the carrier beat phase signal can be
continuously maintained in the relative positions between the stationary and roving
receiver. This suggestion has two implications:

+ kinematic applications may benefit from the much higher carrier measurement
accuracies, rather than being limited to code measurement accuracies, and
 a much wider spectrum of GPS applications has been opened up. Setting out

surveys, and aerotriangulation without ground control are two that are under
investigation at present.
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MULTI-RECEIVER POSITIONING

Accuracy of results can be significantly improved when several receivers are
deployed in a network positioning mode. A network is a geometrically stronger
configuration than a single baseline because of redundancy — the individual
baselines connected into the network have to satisfy the conditions imposed by the
geometry. This redundancy is used to control the effect of different errors, random
as well as systematic, contained in the observations. We note that even with only
two receivers available, it is preferable to connect desired baselines into a network,
thus improving the accuracy of the positions.

When several receivers are deployed, one is faced with unique logistic problems
concerning the pattern in which these are moved around and observing periods at
individual stations. Under these circumstances, it is advisable to pay particular

attention to the optimization of observing schedules to achieve the best accuracy
with the most economical means.
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RELATIVE KINEMATIC POSITIONING

If a very accurate kinematic position is needed, the point positioning mode
described earlier may not be good enough. Then the concept of relative
(differential) positioning can be used. The idea is to use one stationary antenna as a
reference point. The stationary antenna's receiver then tracks at least the same
satellites (preferably all visible satellites) as the moving receiver does. Accurate
knowledge is assumed of the stationary receiver's position and clock behavior. The
discrepancies between the measured ranges to each satellite, and the ranges
computed from the ‘known’ stationary receiver position and clock (that is the range
misclosures), and the resulting apparent changes in the position of the stationary
receiver are due to temporal variations in the orbital information, atmospheric
delays, and clock performance.

Either the position offsets or the range misclosures can be transmitted to the
moving receiver through a real-time communication link. Studies have
demonstrated that better results, and an easier implementation of the corrections,
result when the range misclosures are used rather than position offsets. The moving
receiver applies the range misclosures to correct the equivalent measurements it has
made. This real-time correction improves both the accuracy and the reliability of
kinematic positions. Real-time relative kinematic positioning accuracies of a few
metres under most GPS error scenarios appear feasible.

The stationary receiver may be regarded as a pseudo-satellite (pseudolite) and
made to transmit signals and messages coded the same way as those transmitted by
the satellites. This has the added advantage of providing one more range
meaurement signal (between pseudolite and user). On the other hand, pseudolite
signals at the GPS frequency are limited to line of sight applications. The pseudolite
concept is being considered for such applications as aircraft landing approaches.
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GPS GEOMETRY AND ACCURACY

The accuracy with which positions are determined using GPS depends on two
factors: the satellite configuration geometry, and the measurement accuracy. The
usual term for GPS measurement accuracy is the user equivalent range error
(UERE), which represents the combined effect of ephemeris uncertainties,
propagation errors, clock and timing errors, and receiver noise.

The effect of satellite configuration geometry is expressed by the dilution of
precision (DOP) factor, which is the ratio of the positioning accuracy to the
measurement accuracy, or

oc=DOP-c o
where o o is the measurement accuracy (standard deviation), and

o is the positioning accuracy (e.g., standard deviation in one coordinate).

DOP is a scalar representing the contribution of the configuration geometry to the
positioning accuracy. There are many varieties of DOP, depending on what
particular coordinate, or combinations of coordinates, we are considering the
accuracies of. The more common DOPs are:

* VDOP - o is the standard deviation in height (Vertical)

L4

HDOP - o is the accuracy in 2D Horizontal position

L

PDOP - ¢ is the accuracy in 3D Position

TDOP - ¢ o is the standard deviation in Time

HTDOP - ¢ is the accuracy in Horizontal position and Time

GDOP - 6 is the accuracy in 3D position, and time (Geometrical)

Where does the DOP come from? Recall the confidence ellipsoid discussed in
Chapter 1. The standard deviation in one coordinate (say height) is represented by
the distance from the centre to the surface of the ellipsoid along the local vertical
direction (the height axis). According to the above equation, it is also equal to

VDOP - 6 . For horizontal positioning, in confidence ellipsoid terms, we want to
express the ‘size’ of the horizontal ellipse: one reasonable measure is square root of
the sum of squares of the two axes of the horizontal ellipse. This is HDOP-c_. In

general, any DOP is equivalent to the square root of the sum of the squares of the
confidence region axes corresponding to the parameters being assessed.
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DILUTION OF PRECISION

The dilution of precision, or DOP, is a measure of the geometrical ‘strength’ of
the GPS satellite configuration. This will change with time, as the satellites travel
along their orbits, and from place to place, since the satellite configuration is
position-dependent.

This figure shows five different DOPs plotted for Fredericton for April 28,
1986. The present constellation of seven prototype GPS satellites was used, with a
mask angle of 5°. These DOP plots correspond to the satellite configuration
described in Figures 4.03, 4.07, and 4.08.

We want the DOP to be as small as possible. Assuming a measurement accuracy
of 10 m, and a DOP value of 5, our positioning accuracy is 50 m. If the DOP value
is close to unity, then our positioning accuracy is close to our 10 m measurement
accuracy (a most blessed state!).

What can these DOP plots tell us? First we note that the GDOP plot has a spike at
about 04:00. Recalling Figure 4.08, this occurs when PRN 3 sets at 4:07 and ends
when PRNs 12 rises ten minutes or so later. What is the problem during this
period? We note that PDOP, TDOP, and VDOP all contain the same spike, but
HDOP does not. Because both TDOP (time) and VDOP (height) contain the spike,
a common configuration weakness is suspected: when all satellites are too high in
elevation, the solutions for time and for height become highly correlated, meaning
that neither is well determined. Recalling the discussion of Figure 4.08, that
appears to be the case here. Note that if our objective was horizontal positioning,
we need not be concerned about this spike.

This figure was prepared with the help of program MacGEPSAL, available
from the Geodetic Research Laboratory, Department of Surveying Engineering,
University of New Brunswick.
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GPS Basic Concepts 4.24

CONSTRAINED SOLUTIONS

This figure has two purposes:
« it continues the discussion of the GDOP spike identified in Figure 4.23;
- it demonstrates the effect of a constrained solution on this spike.

The top right plot is a blow-up of the GDOP plot for Fredericton from Figure
4.23, during the period of the spike. The top left plot is a contour map of GDOP
variations in space, for the instant the spike reaches its peak (at 4:08 UT). Note that
to the north and east of Fredericton, the high GDOP value does not occur.
Referring to Figure 4.08, we can see why. To the north, PRN 12 will already have
risen. To the east, PRN 3 will not yet have set.

What is a constrained solution? Let us say we have a reasonably good idea of
our height, for example, and that our primary interest is in horizontal positioning.
Then we could hold our ‘known’ height fixed and solve only for latitude and
longitude (and time offset). However, a better idea is not to hold height fixed
absolutely, but to constrain it to not vary more than a specified amount (equal to the
uncertainty in our knowledge of the height) from the ‘known’ value. The effect of
constraining height (or any other parameter or parameters) is to improve the
overall geometry — the constrained height acts rather like an added ‘observation’.

The bottom two plots show what happens to our spike when we know our height
with a standard deviation of 5 metres and use this fact by constraining the solution
for height. The GDOP spike has been cut almost in half, from just over 10 to just

over 5. This improvement appears to be over the whole of the GDOP map area on
the left-hand plots.

This figure was prepared with the help of program MacGEPSAL, available
from the Geodetic Research Laboratory, Department of Surveying Engineering,
University of New Brunswick.
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GPS Basic Concepts 4.25

U.S. GOVERNMENT FEDERAL
RADIONAVIGATION PLAN

In the United States, as in most countries, responsibility for providing
navigational services to the general public as well as the military is vested in the
federal government. The U.S. Department of Transportation (DoT), primarily
through the U.S. Coast Guard and the Federal Aviation Administration, is
responsible for civil navigation, whereas the U.S. Department of Defense (DoD)
operates navigation systems for military users. Civilian use of many of the U.S.
systems is world-wide, including some of the military systems. The systems
currently operated by either the DoT or the DoD include Loran-C, OMEGA,
Transit, VOR/DME, TACAN, ILS/MLS, radiobeacons, and GPS.

The DoT and DoD have been mandated by the U.S. Congress to reduce the
proliferation and overlap of federally-funded radionavigation systems. The
Federal Radionavigation Plan (FRP) was initiated in part to implement this
mandate. The FRP delineates policies and plans for the U.S. government-provided
radionavigation services. The plan is issued biennally, or more frequently if
necessary. The latest (3rd) edition was issued in December 1984. This edition of
the FRP confirms the decisions by the DoD to phase out military use of some
civilian navigation systems and to cease operation of selected military systems in
favour of GPS. The FRP also describes DoT plans to possibly phase out existing
civilian navigation systems in favour of GPS.

The FRP also delineates the accuracy civil users of the GPS C/A-code can expect
after the system is declared operational. It also states that there will be no direct
charges by the U.S. government for civil use of GPS services. According to the
Federal Radionavigation Plan [U.S.DoT/DoD, 1984] it is U.S. government policy
to:

Make the GPS Standard Positioning Service (SPS) continuously available

worldwide for civil, commercial and other use at the highest level of

accuracy consistent with U.S. national security interests [purposely reducing
the inherent accuracy of C/A-code ranging, a procedure termed ‘selective
availability’]. It is presently projected that a predictable and repeatable

accuracy of 100 meters (3 drms [the radius of a circle that contains at least 95

percent of all possible fixes that can be obtained]) horizontally and 156

meters (2 sigma) vertically will be made available during the first year of

full GPS operation. During the development phase of the GPS program, the
satellites will be transmitting both the PPS and SPS signals in the clear in
support of government sponsored tests. Civil users are cautioned that the
system is developmental and signal availability and accuracy are subject to
change without advance warning, at the discretion of the Department of

Defense. Therefore, until the system is declared operational, any use of the

system is at the user's own risk.
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GPS Basic Concepts 4.26

IMPACT OF GPS ON
EXISTING POSITIONING TECHNIQUES

Despite the warning that GPS is still a developmental system, and presumably
risky to use, it has already had an impact on some positioning applications. Since
static positioning does not demand continuous coverage, this has been the first
civilian market for GPS. Control surveys and offshore oil rig positioning surveys
using the Transit system are being phased out in favour of GPS. This is mainly
because the data-collection time to obtain the best achievable accuracy for GPS is
hours, and for Transit days.

The eventual impact on other positioning systems depends on two factors:
« the mandates of the US Federal Radionavigation Plan, and
« the eventual cost of GPS equipment and the market that generates.

Most military use of Loran-C and OMEGA will be phased out by 1992. This
phase-out date assumes that GPS will be fully operational by 1988. Given the recent
setback in space shuttle operations, this and other system phase-out dates may have
to be revised. A decision on future civilian use of Loran-C and OMEGA will be
made in 1987, based on consultations with national and international bodies
concerned with navigation. In any case, operation of these systems for use by
civilians is guaranteed until at least 2000. Military use of Transit is to be replaced
by GPS by 1994. At that time, U.S. government operation of the Transit system
will cease. Military use of VOR/DME (VHF Omni-directional Range/Distance
Measuring Equipment) and TACAN (Tactical Air Navigation), which provide the
basic guidance for en route air navigation in the U.S., will be phased out by 1997. A
national decision on continued operation of VOR/DME for civil use will be made in
1987. Operation of VOR/DME will continue until at least 2000. The transition
already underway to convert ILS (Instrument Landing System) facilities to MLS
(Microwave Landing System), for precision aircraft approach navigation, will
continue. Most miltary use of radiobeacons will be discontinued by 1997. A
decision on continued operation of these widely-used facilities by the civil
community will not be made for some time.

If and when GPS receiver costs drop below the costs of owning and operating
equipment for competing positioning systems, then GPS will erode the user
community for those systems. It is worth noting that the prudent navigator will
always prefer to have at least two different systems to mutually check each other's
performance. However, a system like GPS, under complete military control, will
have to overcome initial skepticism before it will be unequivocably accepted where
safety of navigation has paramount importance.
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GPS Basic Concepts 4.27

HOW MANY USERS WILL THERE BE ?

This figure compares the actual user community for Transit with that
projected for GPS.

Both Transit and GPS are military systems. However, the civilian user
community for Transit and that projected for GPS dwarf the military user
community for each. It is estimated that only about 1000 Transit receivers are in
military use, and the initial plans for GPS are for 20 000 to 30 000 military
receivers (although this could increase dramatically).

However, the number of civilian users of Transit is estimated now to be over
100 000, possibly increasing to 150 000 before the system is phased out in the mid-
1990s. By far the largest group of users is small boat owners — fisherman and
pleasure craft sailors. The rapid growth in the Transit receiver population came
during the early 1980s, when a new generation of single frequency receivers was
introduced, costing only a few thousand dollars. This was a market that no one
suspected was there, until the cheap receivers proved its existence. Beside this
group, the estimated 1000 receivers used for surveying and geodetic applications
are very small in number.

This balance is expected to be repeated for GPS. The surveying and geodetic
GPS user community may require 10 000 or more GPS receivers. However, the
same marine market that snapped up Transit receivers will likely be willing to
upgrade to GPS. This number pales beside the number of receivers required for
general aviation, which may run to several hundred thousand. This, however, is
dependent on approval from the International Civil Aviation Authority and from
the Federal Aviation Authority in the U.S. These bodies initially showed strong
resistance to GPS, but recently have softened their opposition to the system.

The largest market of all is likely to be the land navigation market. Provided
very low-cost receivers become available, the use of GPS in fleets of trucks, taxis,

railcars, and even in private automobiles would be in far larger numbers than in any
other sector.
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@ MAIN FEATURES OF GPS

HIGH ACCURACY

Single Rx Differential

P-code 20m (5 m) 5m (3 m)
C/A-code 50 m (50 m) 8 m (5 m)
Carrier (static) 1 ppm (0.01 ppm)
Carrier (kinematic) 10 cm (< 10 cm)

() = expected accuracy in 1990
LOW COST

Receiver costs (high now, low later)
Operating costs (no intervisibility requirement)

UNIFIED COORDINATE SYSTEM

Worldwide, all-weather, continuously available
GPS and local geodetic coordinates simply related
Forms the basis of land information systems

CONSEQUENCE

Widespread use of GPS
» by positioning professionals to replace or
supplement existing techniques
» in society at large for many new applications
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MAIN FEATURES OF GPS

From the user's point of view, GPS has three main attractions.

* High accuracy. There is a variety of ways in which GPS can be used, as
described earlier in this chapter. The table on this figure compares the performance
that can be expected today (1986), and once the full GPS constellation is in place
(1990). Relative static accuracies, using carrier beat phase measurements, are
typically 1 part per million today. On the other hand, single receiver C/A-code
positioning accuracy is typically S0 m. However, for some applications (aviation,
transoceanic navigation) this is high accuracy indeed in comparison with alternative
methods.

» Low cost. No one would claim that GPS receivers are low cost today (1986).
However, the real markets for GPS receivers await launching of the operational
constellation. It is expected that at that time volume production will bring the cost
of receivers down dramatically. However, receiver capital costs are not the only
costs involved in positioning applications. The fact that GPS removes the need for
intervisibility between stations decreases the number of stations that must be
established and permits the selection of locations that are convenient logistically,
rather than for intervisibility alone.

+ Unified coordinate system. This is perhaps the feature of GPS which will
have the broadest impact. If (because of the first two features mentioned) GPS
becomes widely adopted for positioning, then it would form the basis for unifying
data from heterogenous sources in position-related information systems.

The consequence of these features is that GPS will likely be used not only by
positioning professionals, such as surveyors and mappers, but also by large
segments of the general public for new position-related tasks which were not
previously feasible. The advent of a new emphasis in our society, that of the
‘position based society,” may well result.
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1986 1990 Ideal

COST $20k - $300k| $5k - $20k $10

WEIGHT / BULK | 5kg - 300kg hand held |wrist locator

AC
POWER SUPPLY | external DC| internal DC | watch battery
‘ internal DC

OBSERVING TIME |10 min-hours| —ISmin .. 0 hds

(1 min) (1 min)
REAL TIME ? No Yes Yes
ACCURACY <1 ppm 0.01 ppm 1 mm

(10 cm) (few cm)
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PRESENT AND FUTURE GPS CHARACTERISTICS

The user and potential user of GPS is mainly concerned with basic practical
questions, such as,
« how much will it cost 7 and
« what performance will I get for that cost ? .
Except as it affects cost or performance he cares little whether there are seven or 21
satellites in orbit or whether his equipment makes C/A-code or carrier beat phase
measurements. This figure attempts to address these ‘bottom line’ concerns. The
state-of-the-art today (1986) is represented in the first column. The figures in
parentheses refer to relative kinematic characteristics. By the time GPS becomes
fully operational in about 1990, the variety and number of users are expected to
mushroom dramatically. The second column (labelled 1990) speculates on what the
response of the equipment manufacturers to this market may be. It would be
reasonable to place a confidence level of about 50% on the speculations in this
column. Achievement of the characteristics identified as ideal, in the third column,
is a real possibility over the next three or four decades. This may involve GPS or
perhaps a successor system. A confidence level of about 20% on the speculations in
this third column is appropriate.

Some of the trends behind these speculations are as follows:
« Several manufacturers have developed specialized GPS Very-Large-Scale-
Integrated circuits (VLSI chips) which dramatically reduce the receiver parts count
(and hence cost and power consumption). The ultimate goal of a standard GPS
receiver-on-a-chip may well be achieved by 1990.
» A GPS receiver constructed for as little as $500 was predicted as early as 1978.
While this low cost is a prerequisite for GPS success in the consumer market,
positioning professionals will. need and want a complete package, including
warranty, servicing, data recording hardware, real-time and postprocessing
software, and training. The receiver hardware cost will likely be a minor
component in such a package.
« The U.S. Department of Defense has contracted the development of hand-held
receivers for military use. Commercial exploitation of this development is sure to
follow.
« It is becoming standard to provide carrier beat phase measurements in GPS
receivers or to use them at least internally in the receiver.
 The initial military design specification that a GPS receiver need not be capable
of tracking more than the required minimum of four satellites is being replaced
with receivers capable of tracking up to the maximum possible number of visible
satellites.
+ Dual frequency receivers not dependent on access to the P-code are expected to
become widely available over the next few years.
e Real-time communication links, and receivers capable of using them, are
beginning to emerge, making possible real-time relative GPS positioning.
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REQUIREMENTS

e accurate information
o approximate information
+ satellite selection

ORBIT DESCRIPTION — IDEAL WORLD

coordinate systems

forces acting on satellites
Kepler's laws

Keplerian orbital elements
position and velocity

ORBIT DESCRIPTION REAL WORLD

 non-central earth gravity
« third body, tides, solar radiation, drag

ORBIT DETERMINATION

* ephemeris prediction
e postcomputed ephemerides
« active control system concept

ORBIT DISSEMINATION

* broadcast ephemeris
» orbit description
* coordinate computation
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Role of Satellite Orbits 5.0

ORBIT DESCRIPTION, DETERMINATION,
AND DISSEMINATION

In this chapter we describe the role of orbital information in GPS positioning.
Orbital information is required for four major tasks involved in the GPS
positioning process: receiver position determination, planning, receiver aiding, and
satellite selection. The first requirement demands accurate orbital information.
The latter three requirements need only approximate information.

The nature of satellite orbits depends on Kepler's three laws, each of which is
discussed. The application of the Keplerian orbit description to obtain satellite
coordinates in the conventional terrestrial (CT) system is described. However,
Kepler's laws do not take into account perturbing forces acting on satellites such as
the effect of the earth's equatorial bulge, the attraction of the moon and sun, solar
radiation pressure, and atmospheric drag. Each of these effects is described.

Orbital information comes in two flavours: predicted and postcomputed. The
methods, sources, and accuracies of each type are discussed. In particular the
orbital information broadcast by the GPS satellites is described in detail.

Recommended further reading:

Broughton, D.W., R.I. Esai and P.J. Farrow (1984).
Brouwer, D., and G.M. Clemence (1961).

Buffett, B.A. (1985).

Delikaraoglou, D. and R.R. Steeves (1985).

Henriksen, S.W. (Ed.) (1977).

Kaula, W.M. (1966).

Mertikas, S.P., D. Delikaraoglou and R. Santerre (1986).

Nakiboglu, S.M., B. Buffett, K.P. Schwarz, E.J. Krakiwsky, B. Wanless (1984)..
O'Toole, J.W. (1976).

Remondi, B.W. (1985d).

Russell, S.S. and J.H. Schaibly (1978).

Steeves, R.R., D. Delikaraoglou and N. Beck (1986).

Swift, E.R. (1985). , ,

van Dierendonk, A.J., S.S. Russell, E.R. Kopitzke and M. Bimmbaum (1978).
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Role of Satellite Orbits 5.1

REQUIREMENTS FOR
ACCURATE ORBITAL INFORMATION

Accurate orbital data is essential for the reduction of the observations collected
by the GPS receivers in order to obtain the user's position, which is usually the final
product sought in GPS positioning. In the case of point position computations,
there is clearly a stricter requirement for precise orbital information since any
error in the ephemeris data will be directly transferred into an equivalent range
error, and hence it will bias the final position results in a systematic way.

For relative positioning, the effects of any uncertainties in the ephemeris
data on the final position results are somewhat alleviated because, for baselines
which are short compared with the 20 000 km GPS satellite altitudes, satellite orbit
errors tend to cancel out. The equation that defines the vector error db in the
baseline vector b, as a function of the vector errors dr; in the positions of the i

satellites used to determine b is
db X, e p, =b %, dr;,

1

with p, denoting the range to the i satellite, and e; denoting the unit vector to the

it satellite. Clearly db depends not only on the magnitudes of p, b, and dr but also

on their directions. As well, the baseline solution depends on measurements from
several satellites over an extended time period, and the satellite position errors dr,

involved will, in general, be different. The effect of one particular satellite orbit
error, say dry, is given by

db ekpk =b dl‘k )

Taking the length of the vectors in this equation, we obtain the rule of thumb shown
in the figure. This rule of thumb is an upper bound for the magnitude ||db]| of the
baseline error as a function of the ephemeris error. Evidently, on baselines a few
tens of kilometres long, the orbit error has a very small impact: accuracy of a few
centimetres can be obtained with present techniques. On longer baselines, of the
order of several hundreds of kilometres, the impact can be large enough to be a
major obstacle at present for the general use of GPS for precise geodetic and
geodynamic applications.

Relative accuracy ~ Satellite position error ~ Baseline length  Baseline error

db/b dr (m) b (km) db (cm)
1 ppm 20 10 1
100 10
1000 100

0.1 ppm 2 10 0.1
- ' 100 1

1000 10
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Role of Satellite Orbits 5.2

REQUIREMENTS FOR
APPROXIMATE ORBITAL INFORMATION

The actual computation of GPS positions requires accurate orbital information.
Other tasks involved in the use of GPS also require knowledge of satellite positions,
but at a much lower accuracy—perhaps only within a few hundred kilometres. Two
of these tasks are:

« Planning the use of GPS. Knowing when (what part of the day) to use GPS
receivers requires orbital information. During the present period of incomplete
coverage, when the satellites are visible only during short ‘windows’ each day, this
is particularly important.

« Signal acquisition. The first thing any GPS receiver must do is acquire the
satellite signals to be used.” If nothing whatever is known about the satellites to be
tracked, then the receiver must perform a ‘cold start’ and do an ‘all sky search.’
This involves selecting each of the 32 possible C/A-codes, and searching over all
possible Doppler shifted frequencies for each signal, attempting to lock on to any
one of them. Provided that at least one satellite is visible, this search may take as
long as 30 minutes. This time can be reduced considerably if the receiver knows
which satellites are visible, which limits the search to only a few of the 32 possible
codes. If the satellite positions are known as well, then estimates of the Doppler
shift can be predicted, limiting the frequency band over which the search must be
performed. In this way, the search can be reduced to a few minutes.

Once one GPS satellite signal has been acquired, the message from that satellite
provides the receiver with the approximate location of all of the other GPS satellites
(‘almanac’ data), so that their signals can be acquired very rapidly.

The approximate satellite positions computed for planning or receiver aiding
are known as satellite alerts. For planning purposes, there are several useful
graphical representations of the results:

* alinear plot against time of the elevation and azimuth (with respect to a specified
location) for each satellite.

* apolar plot, in which elevations and azimuths as a function of time for each
satellite, with respect to a specified location, are predicted and plotted.

* atrack plot, in which the satellite subpoint (the point where the line joining the
satellite to the geocentre pierces the earth's surface) is plotted on a map.

* avisibility plot, against time of day, of the number of satellites which are
visible from a specified location, or of the period during which each satellite is
visible from a specified location (shown here).

* a Dilution of Precision (DOP) plot, against time of day, showing the
changing geometrical strength of the visible GPS satellite constellation (shown
here). Area contours of DOPs at the specific time epoch are also used.
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Role of Satellite Orbits 5.3

SATELLITE SELECTION

Using the present GPS constellation of seven satellites, it is possible that as many
as six satellites will be above the observer's horizon (be visible) at once. With the
full operational GPS constellation, as many as ten satellites may be visible at any one
time. Most GPS receivers do not have the capability of tracking all visible satellites
at once. In many cases, only four satellites can be tracked simultaneously.

The question-then arises: How to select the ‘best’ satellites to be tracked? The
usual criterion to be used is to choose those satellites which will result in the most
accurately determined receiver positions. One measure of how accurately positions
are likely to be determined is the relevant Dilution of Precision factor, or DOP.
The satellite selection problem then reduces to finding those satellites which provide
the lowest DOP.

The most straightforward use of GPS is for point positioning in four dimensions
(latitude, longitude, height, and time). In this case the appropriate DOP is the
Geometrical Dilution of Precision, or GDOP. For the case of a receiver capable of
tracking four satellites simultaneously, it has been shown that GDOP is related to the
volume V of the spatial tetrahedron formed by the unit vectors from the receiver to
four satellites. GDOP is inversely proportional to this volume V, hence the satellite
selection that maximizes V also minimizes GDOP. This has provided a simple
algorithm that can be used for selection of the best available satellites to be tracked.
This algorithm is simple enough to be programmed into software contained within
~ the receiver itself.

However, for receivers capable of tracking more than four satellites
simultaneously, but still less than the maximum number of visible satellites, this
simple algorithm does not apply. Similarly if GDOP is not the most appropriate
DOP for the GPS application (for example, for two-dimensional horizontal
positioning, or for time transfer applications), then again this simple algorithm will
not necessarily yield the best satellite selection. Finally for relative positioning and
network surveying applications, the satellite selection problem is also more
complicated. It has been found that the optimal satellite selection for point
positioning will also be the optimal selection for relative positioning, when the

baselines are short. However for long baselines (say 5000 km), this is no longer the
case.

The optimal satellite selection changes with time, as satellites rise and set, and the
spatial tetrahedra which they form change in shape. One strategy is to switch
satellites whenever a new optimal selection occurs. However, there are other
criteria which may be more important, such as maintaining continuity of tracking
the same satellites for longer periods. In these cases, the satellite selection problem
has not yet been solved.
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AN IDEAL EARTH

THE IDEAL EARTH:

» Perfectly uniform spherical shape
* No atmosphere

NEWTON'S LAW OF UNIVERSAL GRAVITATION:
F = G (Mm)/r?2

mass of the earth
mass of the satellite
universal gravitational constant

distance of the satellite from the geocentre
force of the attraction

HEQEZ
T L I | I T

F a Earth's surface

Transit

Lageos

GPS Geostationary

PRACTICAL LIMITATIONS:

« Gravity never becomes zero, although the earth's
pull may become very small compared to that
of other bodies of deep space

» Gravity has a direct effect on satellite launches
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Role of Satellite Orbits 5.4

MOTION OF SATELLITES
AROUND AN IDEAL EARTH

In order to study a satellite's motion, it is convenient to start by examining the
natural laws governing the motion around an ‘ideal’ earth, which has:

« a perfectly radial gravitational field; and
* no atmosphere.

After the satellite is launched, it begins its unrestrained revolution around the earth.
This motion in a radial gravitational field is governed by Newton's gravitational
law:

F=GMm/r?

where F is the force of attraction, M is the mass of the earth, m is the mass of the

satellite, r is the distance of the satellite from the geocentre, and G is the universal
gravitational constant.

The practical implication of Newton's gravitational law is that gravity never
becomes zero. No matter where a satellite is in space, there always is a force pulling

it toward the earth, although the earth's pull may become very small compared to
that of other bodies in deep space.
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Il
GETTING A SATELLITE
* LAUNCHED AND INTO ORBIT

1. launch

2. parking orbit

i 3. transfer orbit

4. final orbit

 shuttle takes satellite up to parking orbit

 drift corrections place satellite into final orbit

‘despun’, oriented toward

earth, acquires earth command signals, sun
orientation, electronic turn on and checkout

» Payload Assist Module spins satellite up to 70 rpm
and boosts satellite into elliptical transfer orbit

» after 4 or 5 revolutions, satelllte thrusters start drift

© Canadian GPS Associates, May 1987




Role of Satellite Orbits 5.5

GETTING A SATELLITE LAUNCHED
AND INTO ORBIT

Gravity has also a direct effect on satellite launches. A minimum launch speed
of about 4 km/sec is required to put a GPS satellite in a circular orbit. Actual
ground launches make truly circular orbits extremely d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>