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1. INTRODUCTION

The purpose of this paper is to introduce the principles of GPS theory, and to provide a
background for more advanced material. With that in mind, some of the theoretical treatment
has been simplified to provide a starting point for a mathematically literate user of GPS who
wishes to understand how GPS works, and to get a basic grasp of GPS theory and
terminology. It is therefore not intended to serve as a reference for experienced researchers;
however, my hope is that it might also prove interesting to the more advanced reader, who
might appreciate some “easy reading” of a familiar story in a relatively short text (and no
doubt, from a dlightly different angle).

2. GPSDESCRIPTION

In this section we introduce the basic idea behind GPS, and provide some facts and statistics
to describe various aspects of the Global Positionining System.

2.1 THEBASICIDEA

GPS positioning is based on trilateration, which is the method of determining position by
measuring distances to points at known coordinates. At a minimum, trilateration requires 3
ranges to 3 known points. GPS point positioning, on the other hand, requires 4
“pseudoranges’ to 4 satellites.

This raises two questions: (&) “What are pseudoranges?’, and (b) “How do we know the
position of the satellites?” Without getting into too much detail at this point, we address the
second question first.

2.1.1 How do we know position of satellites?

A signal is transmitted from each satellite in the direction of the Earth. This signal is encoded
with the “Navigation Message,” which can be read by the user's GPS receivers. The
Navigation Message includes orbit parameters (often called the “broadcast ephemeris’), from
which the receiver can compute satellite coordinates (X,Y,Z). These are Cartesian coordinates
in a geocentric system, known as WGS-84, which has its origin at the Earth centre of mass, Z
axis pointing towards the North Pole, X pointing towards the Prime Meridian (which crosses
Greenwich), and Y at right angles to X and Z to form a right-handed orthogonal coordinate
system. The agorithm which transforms the orbit parameters into WGS-84 satellite
coordinates at any specified time is caled the “Ephemeris Algorithm,” which is defined in
GPS textbooks [e.g., Leick, 1991]. We discuss the Navigation Message in more detail later
on. For now, we move on to “ pseudoranges.”

2.1.2 What are pseudoranges?

Time that the signa is transmitted from the satellite is encoded on the signal, using the time
according to an atomic clock onboard the satellite. Time of signal reception is recorded by
receiver using an atomic clock. A receiver measures difference in these times:
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pseudorange = (time difference) x (speed of light)

Note that pseudorange is amost like range, except that it includes clock errors because the
receiver clocks are far from perfect. How do we correct for clock errors?

2.1.3 How do we correct for clock errors?

Satellite clock error is given in Navigation Message, in the form of a polynomial. The
unknown receiver clock error can be estimated by the user aong with unknown station
coordinates. There are 4 unknowns; hence we need a minimum of 4 pseudorange
measurements.

2.2 THE GPS SEGMENTS

There are four GPS segments:

* the Space Segment, which includes the constellation of GPS satellites, which
transmit the signals to the user;

« the Control Segment, which is responsible for the monitoring and operation of the
Space Segment,

» the User Segment, which includes user hardware and processing software for
positioning, navigation, and timing applications,

* the Ground Segment, which includes civilian tracking networks that provide the
User Segment with reference control, precise ephemerides, and real time services
(DGPS) which mitigate the effects of “selective availability” (atopic to be
discussed later).

Before getting into the details of the GPS signal, observation models, and position
computations, we first provide more information on the Space Segment and the Control

Segment.

2.2.1 Orhit Design

The satellite constellation is designed to have at least 4 satellites in view anywhere, anytime,
to auser on the ground. For this purpose, there are nominaly 24 GPS satellites distributed in
6 orbital planes. So that we may discuss the orbit design and the implications of that design,
we must digress for a short while to explain the geometry of the GPS constellation.

According to Kepler's laws of orbital motion, each orbit takes the approximate shape of an
elipse, with the Earth’s centre of mass at the focus of the ellipse. For a GPS orbit, the
eccentricity of the elipse is so small (0.02) that it is amost circular. The semi-mgjor axis
(largest radius) of the ellipse is approximately 26,600 km, or approximately 4 Earth radii.

The 6 orbita planes rise over the equator at an inclination angle of 55° to the equator. The
point a which they rise from the Southern to Northern Hemisphere across the equator is
called the “Right Ascension of the ascending node’. Since the orbital planes are evenly
distributed, the angle between the six ascending nodes is 60°.
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Each orbital plane nominaly contains 4 satellites, which are generally not spaced evenly
around the ellipse. Therefore, the angle of the satellite within its own orbital plane, the “true
anomaly”, isonly approximately spaced by 90°. The true anomaly is measured from the point
of closest approach to the Earth (the perigee). (We note here that there are other types of
“anomaly” in GPS terminology, which are angles that are useful for calculating the satellite
coordinates within its orbital plane). Note that instead of specifying the satellite’s anomaly at
every relevant time, we could equivalently specify the time that the satellite had passed
perigee, and then compute the satellites future position based on the known laws of motion of
the satellite around an €llipse.

Finally, the argument of perigee is the angle between the equator and perigee. Since the orbit
is nearly circular, this orbital parameter is not well defined, and aternative parameterisation
schemes are often used.

Taken together (the eccentricity, semi-major axis, inclination, Right Ascension of the
ascending node, the time of perigee passing, and the argument of perigee), these six
parameters define the satellite orbit. These parameters are known as Keplerian elements.
Given the Keplerian elements and the current time, it is possible to calculate the coordinates
of the satellite.

GPS satellites do not move in perfect ellipses, so additional parameters are necessary.
Nevertheless, GPS does use Kepler's laws to its advantage, and the orbits are described in
parameters which are Keplerian in appearance. Additional parameters must be added to
account for non-Keplerian behaviour. Even this set of parameters has to be updated by the
Control Segment every hour for them to remain sufficiently valid.

2.2.2 Orhit design consequences

Severa consequences of the orbit design can be deduced from the above orbital parameters,
and Kepler's laws of motion. First of all, the satellite speed can be easily calculated to be
approximately 4 km/s relative to Earth’s centre. All the GPS satellites orbits are prograde,
which means the satellites move in the direction of Earth’s rotation. Therefore, the relative
motion between the satellite and a user on the ground must be less than 4 km/s. Typica
values around 1 km/s can be expected for the relative speed aong the line of sight (range
rate).

The second consequence is the phenomena of “repeating ground tracks’ every day. It is
straightforward to calculate the time it takes for the satellite to complete one orbital
revolution. The orbital period is approximately T = 11 hr 58 min. Therefore a GPS satellite
completes 2 revolutions in 23 hr 56 min. Thisisintentional, since it equals the sidereal day,
which is the time it takes for the Earth to rotate 360°. (Note that the solar day of 24 hr is not
360°, because during the day, the position of the Sun in the sky has changed by 1/365.25 of a
day, or 4 min, dueto the Earth’ s orbit around the Sun).

Therefore, every day (minus 4 minutes), the satellite appears over the same geographical
location on the Earth’s surface. The “ground track” is the locus of points on the Earth’'s
surface that is traced out by a line connecting the satellite to the centre of the Earth. The
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ground track is said to repeat. From the user’s point of view, the same satellite appears in the
same direction in the sky every day minus 4 minutes. Likewise, the “sky tracks’ repeat. In
general, we can say that the entire satellite geometry repeats every sidereal day (from the point
of view of aground user).

As a corollary, any errors correlated with satellite geometry will repeat from one day to the
next. An example of an error tied to satellite geometry is “multipath,” which is due to the
antenna also sensing signals from the satellite which reflect and refract from nearby objects.
In fact, it can be verified that, because of multipath, observation residuals do have a pattern
that repeats every sidereal day. As a consequence, such errors will not significantly affect the
precision, or repeatability, of coordinates estimated each day. However, the accuracy can be
significantly worse than the apparent precision for this reason.

Another conseguence of thisis that the same subset of the 24 satellites will be observed every
day by someone at a fixed geographical location. Generaly, not al 24 satellites will be seen
by auser at afixed location. Thisis one reason why there needs to be a globa distribution of
receivers around the globe to be sure that every satellite is tracked sufficiently well.

We now turn our attention to the consequences of the inclination angle of 55°. Note that a
satellite with an inclination angle of 90° would orbit directly over the poles. Any other
inclination angle would result in the satellite never passing over the poles. From the user’s
point of view, the satellite’s sky track would never cross over the position of the celestial pole
in the sky. In fact, there would be a “hol€” in the sky around the celestial pole where the
satellite could never pass. For a satellite constellation with an inclination angle of 55°, there
would therefore be a circle of radius at least 35° around the celestial pole, through which the
sky tracks would never cross. Another way of looking at this, is that a satellite can never rise
more than 55° elevation above the celestial equator.

This has a big effect on the satellite geometry as viewed from different latitudes. An observer
at the pole would never see a GPS satellite rise above 55° elevation. Most of the satellites
would hover close to the horizon. Therefore vertical positioning is slightly degraded near the
poles. An observer at the equator would see some of the satellites passing overhead, but
would tend to deviate from away from points on the horizon directly to the north and south.
Due to a combination of Earth rotation, and the fact that the GPS satellites are moving faster
than the Earth rotates, the satellites actually appear to move approximately north-south or
south-north to an oberver at the equator, with very little east-west motion. The north
component of relative positions are therefore better determined than the east component the
closer the observer isto the equator. An observer at mid-latitudes in the Northern Hemisphere
would see satellites anywhere in the sky to the south, but there would be a large void towards
the north. This has consequences for site selection, where a good view is desirable to the
south, and the view to the north isless critical. For example, one might want to select asitein
the Northern Hemisphere which is on a south-facing slope (and visa versa for an observer in
the Southern Hemisphere).

2.2.3 Satellite Hardware

There are nominally 24 GPS satellites, but this number can vary within a few satellites at any
given time, due to old satellites being decommissioned, and new satellites being launched to
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replace them. All the prototype satellites, known as Block I, have been decommissioned.
Between 1989 and 1994, 24 Block 11 (1989-1994) were placed in orbit. From 1995 onwards,
these have started to be replaced by a new design known as Block [IR.  The nominal
specifications of the GPS satellites are as follows:

» Lifegod: 7.5 years

* Mass: ~1tonne (Block IIR: ~2 tonnes)

* Size: 5 metres

* Power: solar panels 7.5 m* + Ni-Cd batteries

e Atomic clocks: 2 rubidium and 2 cesium

The orientation of the satellites is always changing, such that the solar panels face the sun, and
the antennas face the centre of the Earth. Signals are transmitted and received by the satellite
using microwaves. Signals are transmitted to the User Segment at frequenciesL1 = 1575.42
MHz, and L2 = 1227.60 MHz. We discuss the signalsin further detail later on. Signals are
received from the Control Segment at frequency 1783.74 Mhz. The flow of information is a
follows. the satellites transmit L1 and L2 signals to the user, which are encoded with
information on their clock times and their positions. The Control Segment then tracks these
signals using receivers at special monitoring stations. Thisinformation is used to improve the
satellite positions and predict where the satellites will be in the near future. This orbit
information is then uplinked at 1783.74 Mhz to the GPS satellites, which in turn transmit this
new information down to the users, and so on. The orbit information on board the satellite is
updated every hour.

2.2.4 The Control Segment

The Control Segment, run by the US Air Force, is responsible for operating GPS. The main
Control Centreisat Falcon Air Force Base, Colorado Springs, USA. Severa ground stations
monitor the satellites L1 and L2 signals, and assess the “health” of the satellites. As outlined
previously, the Control Segment then uses these signals to estimate and predict the satellite
orbits and clock errors, and this information is uploaded to the satellites. In addition, the
Control Segment can control the satellites; for example, the satellites can be maneuvered into
a different orbit when necessary. This might be done to optimise satellite geometry when a
new satellite is launched, or when an old satellite fails. It is also done to keep the satellites to
within a certain tolerance of their nominal orbital parameters (e.g., the semi-mgjor axis may
need adjustment from time to time). As another example, the Control Segment might switch
between the severa on-board clocks available, should the current clock appear to be
malfunctioning.

2.3 THEGPS SIGNALS
We now briefly summarise the characteristics of the GPS signals, the types of information that
is digitally encoded on the signals, and how the U.S. Department of Defense implements
denial of accuracy to civilian users. Further details on how the codes are constructed will be
presented in Section 3.

2.3.1 Sgnal Description
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The signals from a GPS satdlite are fundamentally driven by an atomic clocks (usually
cesium, which has the best long-term stability). The fundamental frequency is 10.23 Mhz.
Two carrier signals, which can be thought of as sine waves, are created from this signa by
multiplying the frequency by 154 for the L1 channel (frequency = 1575.42 Mhz; wavelength =
19.0 cm), and 120 for the L2 channel (frequency = 1227.60 Mhz; wavelength = 24.4 cm). The
reason for the second signal is for self-calibration of the delay of the signal in the Earth’s
ionosphere.

Information is encoded in the form of binary bits on the carrier signals by a process known as
phase modulation. (This is to be compared with signals from radio stations, which are
typically encoded using either frequency modulation, FM, or amplitude modulation, AM).
The binary digits 0 and 1 are actually represented by multiplying the electrical signals by
either +1 or -1, which is equivalent to leaving the signal unchanged, or flipping the phase of
the signal by 180°. We come back later to the meaning of phase and the generation of the
binary code.

There are three types of code on the carrier signals:
» TheC/A code
e TheP code
» The Navigation Message

The C/A (“course acquisition”) code can be found on the L1 channel. As will be described
later, this is a code sequence which repeats every 1 ms. It is a pseudo-random code, which
appears to be random, but isin fact generated by a known algorithm. The carrier can transmit
the C/A code at 1.023 Mbps (million bits per second). The “chip length”, or physical distance
between binary transitions (between digits +1 and —1), is293 metres. The basic information
that the C/A code contains is the time according to the satellite clock when the signal was
transmitted (with an ambiguity of 1 ms, which is easily resolved, since this corresponds to 293
km). Each satellite has a different C/A code, so that they can be uniquely identified.

The P (“precise”) code isidentical on both the L1 and L2 channel. Whereas C/A is a courser
code appropriate for initially locking onto the signal, the P code is better for more precise
positioning. The P code repesats every 267 days. In practice, this code is divided into 7 day
segments; each weekly segment is designated a “PRN” number, and is designated to one of
the GPS satellites. The carrier can transmit the P code at 10.23 Mbps, with a chip length of
29.3 metres. Again, the basic information is the satellite clock time or transmission, which is
identical to the C/A information, except that it has ten times the resolution. Unlike the C/A
code, the P code can be encrypted by a process known as “anti-spoofing” , or “A/S’ (see
below).

The Navigation Message can be found on the L1 channel, being transmitted at a very slow rate
of 50 bps. It is a 1500 hit sequence, and therefore takes 30 seconds to transmit. The
Navigation Message includes information on the Broadcast Ephemeris (satellite orbital
parameters), satellite clock corrections, almanac data (a crude ephemeris for all satellites),
ionosphere information, and satellite health status.

2.3.2 Denial of Accuracy



8 GEOFFREY BLEWMITT: BASICSOF THE GPS TECHNIQUE

The U.S. Department of Defense implements two types of denia of accuracy to civilian
users. Selective Availability (S/A), and Anti-Spoofing (A/S). S/A can be thought of as
intentional errors imposed on the GPS signal. A/S can be thought of as encryption of the P
code.

There are two types of S/A: epsilon, and dither. Under conditions of S/A, the user should be
able to count on the position error not being any worse than 100 metres. Most of the time, the
induced position errors do not exceed 50 metres.

Epsilon is implemented by including errors in the satellite orbit encoded in the Navigation
Message. Apparently, this is an option not used, according to daily comparisons made
between the real-time broadcast orbits, and precise orbits generated after the fact, by the
International GPS Service for Geodynamics (IGS). For precise geodetic work, precise orbits
are recommended in any case, and therefore epsilon would have minimal impact on precise
users. It would, however, directly impact single receiver, low-precision users. Even then, the
effects can be mitigated to some extent by using technology known as “differential GPS’,
where errors in the GPS signa are computed at a reference station at known coordinates, and
are transmitted to the user who has appropriate radio receiving equipment.

Dither is intentional rapid variation in the satellite clock frequency (10.23 MHz). Dither,
therefore, looks exactly like a satellite clock error, and therefore maps directly into
pseudorange errors. Dither is switched on at the moment (1997), but recent U.S. policy
statements indicate that it may be phased out within the next decade. As is the case for
epsilon, dither can be mitigated using differential GPS. The high precision user is minimally
effected by S/A, since relative positioning techniques effectively eliminate satellite clock error
(aswe shall seelater).

Anti-Spoofing (A/S) is encryption of the P-code. The main purpose of A/S is prevent “the
enemy” from imitating a GPS signal, and therefore it is unlikely to be switched off in the
foreseeable future. A/S does not pose a signficant problem to the precise user, since precise
GPS techniques rely on measuring the phase of the carrier signal itself, rather than the
pseudoranges derived from the P code. However, the pseudoranges are very useful for various
algorithms, particularly in the rapid position fixes required by moving vehicles and kinematic
surveys. Modern geodetic receivers can, in any case, form 2 precise pseudorange observables
onthe L1 and L2 channels, even if A/Sis switched on. (We briefly touch on how thisis done
in the next section). As a consequence of not having full access to the P code, the phase
noise on measuring the L2 carrier phase can be increased from the level of 1 mm to the level
of 1 cm for some types of receivers. This has negligible impact on long sessions for static
positioning, but can have noticeable effect on short sessions, or on kinematic positioning.
Larger degradation in the signal can be expected at low eevations (up to 2 cm) where signa
strength is at a minimum.

3. THE PSEUDORANGE OBSERVABLE
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In this section, we go deeper into the description of the pseudorange observable, an give some
details on how the codes are generated. We develop a model of the pseudorange observation,
and then use this model to derive a least-squares estimator for positioning. We discuss formal
errors in position, and the notion of “Dilution of Precision”, which can be used to assess the
effect of satellite geometry on positioning precision.

3.1 CoDE GENERATION

It helps to understand the pseudorange measurement if we first take a look at the actual
generation of the codes. The carrier signal is multiplied by a series of either +1 or -1, which
are seperated by the chip length (293 m for C/A code, and 29.3 m for P code). This series of
+1 and -1 multipliers can be interpreted as a stream of binary digits (0 and 1).

How is this stream of binary digits decided? They are determined by an algorithm, known as
alinear feedback register. To understand alinear feedback register, we must first introduce the
XOR binary function.

3.1.1 XOR: The“ Exclusive OR’ Binary Function

A binary function takes two input binary digits, and outputs one binary digit (0 or 1). More
familiar binary functions might be the “AND” and “OR” functions. For example, the AND
function gives a value of 1 if the two input digits are identicd, that is (0,0), or (1,1). If the
input digits are different, the AND function givesavalue of 0. The OR function gives avaue
of 1if either of the two input digits equals 1, that is (0,1), (1,0), or (1,1).

The XOR function gives a vaue of 1 if the two inputs are different, that is (1,0) or (0,1). If
the two inputs are the same, (0,0) or (0,1), then the valueis 0.

What is XOR(A,B)? Remember this: Is A different to B? If so, the answer is 1.
« If A#B,then XOR(A,B)=1
» If A=B,then XOR(A,B) =0

The XOR function can be represented by the “truth table” shown in Table 1.

Input Input Output
A B XOR(A,B)
0 0 0
0 1 1
1 0 1
1 1 0

Table 1. Truth table for the XOR function.

3.1.2 Linear Feedback Registers
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Linear feedback registers are used to generate a pseudorandom number sequence. The
seguence is pseudorandom, since the sequence repeats after a certain number of digits (which,
as we shall see, depends on the size of the register). However, the statistical properties of the
seguence are very good, in that the sequence appears to be white noise. We return to these
properties later, since they are important for understanding the measurement process. For
now, we look at how the register works.

CyC|e, N Ay = XOR(AN_]_,C N—l) Bn = AN Cn=Bna
1 initialise: 1 1 1
2 XOR(1,1) = 0 1 1
3 XOR(0,1) = 1 0 1
4 XOR(1,1) = 0 1 0
5 XOR(0,0) = 0 0 1
6 XOR(0,1) = 1 0 0
7 XOR(1,0) = 1 1 0
8(=1) XOR(1,0) = 1 1 1
(pattern repeats)

Table2. A 3 stage linear feedback register. The output isin column C.

Table 2 illustrates a smple example: the “ 3 stage linear feedback register.” The “state” of the
register is defined by three binary numbers (A, B, C). The state changes after a specific time
interval. To start the whole process, the intial state of afeedback register is always filled with
1; that is, for the 3 stage register, the initia stateis (1, 1, 1). The digits in this state are now
shifted to the right, giving (blank, 1, 1). The digit (1) that is pushed off the right side is the
output from the register. The blank is replaced by taking the XOR of the other two digits
(1,1). Thevaue, inthiscase equals 0. The new state is therefore (0, 1, 1). Thisprocessis
then repeated, so that the new output is (1), and the next stateis (1, 0, 1). The next output is
(1) and the next state is (1, 1, 0). The next output is (0), and the next state is (0, 1, 1), and so
on.

In the above example, the outputs can be written (1, 1, 1, O, ....). This stream of digits is
known as the “linear feedback register sequence.”  This sequence will start to repeat after a
while. It turns out that during a complete cycle, the feedback register will produce every
possible combination of binary numbers, except for (0, 0, 0). We can therefore easily
calculate the length of the sequence before it starts to repeat again. For a 3 stage register,
there are 8 possible combinations of binary digits. This means that the sequence will repeat
after 7 cycles. The sequence length is therefore 7 bits. More generally, the sequence length
is:

L(N) =2"-1

where N is the size of the register (number of digitsin the state). For example, a 4 state linear
feedback register will have a sequence length of 15 hits.

3.1.3 C/A Code
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The C/A code is based on the 10 stage linear feedback register sequence, for which the
sequence length is L(10) = 2'°-1 = 1023 hits. The C/A code really has a repeating sequence
of 1023 bits; however the design is slightly more complicated than presented above. The C/A
code is actualy a “Gold code’, which is derived by taking the XOR of the output from 2
linear feedback registers. Unique C/A codes can be generated for each satellite by selecting
different pairs of cells from each register to define the output.

In summary, the C/A code is a unique Gold code on each satellite, which is a pseudorandom
sequence of bits with a repeating sequence length of 1023. C/A bit transitions occur at 1.023
Mhz. Note that the fundamental frequency in the satellite is 10.23 Mhz, so this represents one
transition every 10 cycles. At this rate of bit transitions, the full sequence of 1023 bits is
transmitted in 1 ms. Therefore, the sequence repeats 1000 times per second. The chip length
(distance between bit transitions) is 293 m. Therefore, the sequence repesats every 300 km.

3.1.4 P Code

The P code is also generated from a combination of two different registers, in such away that
it repeats every 266.4 days. Each 7 day section isassigned a“PRN code.” Satellites are often
identified by their PRN number; however, the user should beware that any given satellite can
have its PRN code changed. Therefore, PRN codes should not be used in place of Satellite
Vehicle Numbers (SVN) when talking about particular satellites. (For example, if someone
writes software which identifies satellites using PRN numbers, there might be a problem in
orbit modelling, for example, PRN 2 is assigned to a Block |1 satellite now, but to aBlock IR
satellite next year). There are 38 possible PRN codes; given that there are 24 nominal
satellites, some PRN codes are left unused. The PRN sequence is reset at Saturday midnight,
defining the start of “GPS week.”

3.1.5 GPSsignal transmission and reception

Let us now summarise how the GPS signal is transmitted from space, and then received on the
ground. The GPS signal starts in the satellite as a voltage which oscillates at the fundamental
clock frequency of 10.23 Mhz. (If selective availability ison, thissigna isthen “dithered” so
that the frequency varies unpredictably). This signal is then separately multiplied in frequency
by the integers 154 and 120, to create the L1 and L2 carrier signals. The signas are then
multiplied by +1 and —1 according the algorithms described above to generate the C/A code
(on L1) and the P code (on both L1 and L2). These codes are unique to each satellite. Finally,
the Navigation Message is encoded onto the signal. The signals are boosted by an amplifier,
and then sent to transmitting antennas, which point towards the Earth. These antennas are
little more than exposed electrical conductors which radiate the signa into space in the form
of electromagnetic waves.

These electromagnetic waves pass through space and the Earth’s atmosphere, at very close to
the speed of light in a vacuum, until they reach the recelver’s antenna. The waves create a
minute signal in the antenna, in the form of an oscillating voltage. The signa is now pre-
amplified at the antenna, to boost the signal strength, so that it is not overcome by noise by the
time it gets to the other end of the antenna cable. The signal then enters the receiver, which
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then measures it using a process known as “autocorrelation.” It is beyond the scope of this
paper to go into the details of receiver design, so our description will be kept at the level
required to understand how the observable model can be devel oped.

3.2 AUTOCORRELATION TECHNIQUE

We have described how the GPS satellites construct the GPS signals. Actualy, the receiver
aso generate GPS-like signals internally. The receiver knows precisely what the transmitted
GPS signal is supposed to look like at any given time, and it generates an electronic replica, in
synchronisation with the receiver’s own clock. The receiver then compares the replica signal
with the actual signal. Since the GPS signal was actually created in the satellite some time
previously (about 0.07 seconds ago, due to the speed of light), the receiver’s replica signd
must be delayed in to match up the incoming signal with thereplicasignal. Thistime delay is
actually what the receiver is fundamentally measuring. Clearly, this represents the time taken
for the signal to pass from the satellite to the receiver, but it aso includes any error in the
satellite clock, and any error in the receiver clock. One can see that the time delay is therefore
related to the range to the satellite. We return to this model later, and now turn our attention
to how the receiver matches the two signals.

The time difference is computed by autocorrelation.  The first bit from signal one is
multiplied by the first bit of signal two. For example, if the first bits from the two signals
both have values -1, then the result is (-1) x (-1) = +1. Similarly, if both bits have vaues
+1, then the result is +1. On the other hand, if the two bits disagree, theresult is (+1) x (-1) =
-1. This process is repeated for the second pair of bits, and so on. The result can be written
as a sequence of +1 (where the bits agree) and -1 (where the bits disagree). This sequence is
then summed, and divided by the total number of bitsin each signal. For example, if signal
A can be written (+1, -1, -1, +1, -1), and signa B can be written (+1, +1, -1, -1, +1), then
multiplication gives (+1, -1, +1, -1, —-1); the sum of which gives —1; then dividing by the
number of bits (5) gives —0.2. Notethat if the two signals matched perfectly, the result would
be +1. If thetwo signals were completely random, we should expect aresult close to zero.

This is why the GPS signals are designed to look random. When the two signals are not
properly matched in time, the result of autocorrelation gives an answer close to zero; if the
signals are matched in time, the result is close to +1 (but not exactly, since area signal aso
has noise, so some hits are incorrect). One can see that the larger the number of bits that are
compared, the better the resolution. This is because the random bits will average to zero
better, the more bits we compare.

The Gold codes have the property that the autocorrelation is constant until we get to within
one chip of the correct answer. Within that window of +1 chip, the autocorrelation function
looks like an equilatera triangle, with a value of 1 at its peak (assuming no noise). We can
therefore use the known triangular shape as a model to help us find the time displacement that
maximises the autocorrelation. (More sophisticated receivers account for the fact that
multipath distorts the shape of this triangle, and can thus reduce the effect of multipath).
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Now that we have found the peak autocorrelation, the inferred time displacement between the
two signals is multiplied by the speed of light. This observation is called the pseudorange.
The pseudorange measurement is described schematically in Figure 1.

3.3 PSEUDORANGE OBSERVATION EQUATIONS
3.3.1 Smplified Pseudorange Model
Receivers record data at regular, specified intervals (say, every 30 seconds, as instructed by
the receiver user). It isthe reading of the receiver clock time T, which is used to say exactly
when the measurement is sampled. Therefore, the value of T a a measurement epoch is
known exactly, and is written to the data file along with the observation. (What is not known,
isthe truetime of measurement). The actual observation to satellite s can be writted:

P =(T-T)¢
where T is the known reading of the receiver clock when signal is received, T° is the reading

of the satellite clock when the signal was transmitted, and c is the speed of light (in a vacuum)
= 299792458 m/s.

Satellite
clock, Ts

Transmitted signal

Received signal, driven by satellite clock Ts

=

| } Replica signal, driven by receiver clock T
Receiver —— (T-TS) —
clock T

Figurel: A schematic diagram showing how the GPS pseudorange observation
isrelated to the satellite and receiver clocks.

The modelled observation can be developed by setting the clock time T equal to the true
receivetimet plusaclock bias 7, for both the receiver and satellite clocks:

T=t+r1

TS =S+ 7°

Substitution gives the pseudorange as a function of the true time the signal was received:
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P(t) =((t+7) - (t°+7°))c
=(t-t%)c+cr-cr®
=p°(t,t3)+ cr - cr®

where p® (t, t°) is the range from receiver (at receive time) to the satellite (at transmit time).
This model is simplified; for example, it assumes the speed of light in the atmosphere is ¢, and
it ignores the theory of relativity; but this simplified model is useful to gain insight into the
principles of GPS. From Pythagoras Theorem, we can write:

(%) = [5(t%) ~x®)” + (y°(t%) - y0) + (y°(t%) - yv)°

The Navigation message allows us to compute the satellite position (x°, y*, z°) and the
satellite clock bias 7°. Therefore we are left with 4 unknowns, the receiver position (X, v, 2)
and the receiver clock bias .

We note here one complication: that the satellite position must be calculated at transmission

time, t°. Thisis important, because the satellite range can change as much as 60 metres from
the time the signal was transmitted, to the time the signal was received, approximately 0.07
seconds later. If the receive time were used instead, the error in computed range could be tens
of metres. Starting with the receive time, t, the transmit time can be computed by an iterative
algorithm known as “the light time equation,” which can be written as follows:

t3(0) =t=(T-1)

sin _,_ P(L,15(0)
r@=t-fn

sion . PO(EE3(D)
t5(2) =t —

where the satellite position (and hence the range 0° (t, t °)) is calcul ated at each step using the
Keplerian-type elements from the Navigation Message, and the algorithm is stopped once the
computed range converges (i.e., don’t change by more than a negligible amount). Although
more rapidly converging methods have been implemented, the above method is probably the
easiest to understand.

Note that the above algorithm starts with the true receive time, which requires the receiver
clock bias. We usually don’'t know in advance what the biasis, but for most receiversit never
gets larger than a few milliseconds (beyond which, the receiver will reset its clock). If we
assume it is zero in the above computation, the error produced is a few metres, which is much
smaller than typical point positioning precision of approximately 50 metres with S/A switched
on. We can therefore safely ignore this effect for now, and return to it later when we discuss
the more precise carrier phase observable.
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We now look at our system of simplified observation equations from 4 satellites in view of the
receiver. Using the above notation, we can write the pseudoranges to each satellite as.

P'= (¢ -2+ (- )2+ (2~ 22 %+ cr - o
P2= (€= X2+ (Y- Y2+ (=22 e+ cr- o
P = (4= X2+ (- yP+ (F- 22 e+ o1 cF
Pé= (4= X2+ (' -y + (£~ 22 e+ o7 o

(Note that in this and subsequent equations, the superscripts next to the satellite coordinates
are meant to identify the satellite, and should not be confused with exponents). In the
following section, we proceed to solve this system of equations for the 4 unknowns, (X, y, z, 1)
using familiar least squares methods. Although thisis not strictly necessary for 4 unknowns
with 4 parameters, it does generalise the solution to the case where we have m> 4 satellites
inview.

4. POINT POSITIONING USING PSEUDORANGE

4.1 LEAST SQUARESESTIMATION

41.1 Linearised Mod€

We solve the point positioning problem by first linearising the pseudorange observation
equations, and then using the familiar methods of |east-squares analysis. For completeness, we
summarise the linearisation procedure and the development of the least squares method
specifically for the GPS point positioning problem. First, we assume we can write the actual
observation to be the sum of a modelled observation, plus an error term:

Pobserved = Pmodel + n0i$
= P(x,y,2,1) +Vv

Next, we apply Taylor's theorem, where we expand about the model computed using
provisiona parameter values (Xo, Yo, Zo, 7o), and ignore second and higher order terms.

P > P >
P(x,Y,2.T) P0G, Y0, 20,To) + (X = %0) =+ (y - VO)E +Hzmz) o +(1-1) =
= Pomputed +fo +£Ay+fAz+fAT
X & oz o

Note that the partial derivatives in the above expression are also computed using provisiona
values (Xo, Yo, 20, To). The residual observation is defined to be the difference between the
actual observation and the observation computed using the provisional parameter values:
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AP=P,_ . ~P

ol computed

:fo+£Ay+£Az+£AT +V
X oz o

¥

This can be written in matrix form:

AX

Ap:(f Ll f) by
X & & &) Az

At

We get such an equation for each satellite in view. In general, for m satellites, we can write
this system of m equations in matrix form:

+V

V7 =7 R, S S
X & &
Apl 0"32 0"32 0"32 0"32 AX Vl
AP? X & a A | ay| |2
APs = d:)B d:)B d:)B 0“33 + V3

Az
d(oyo”’zdrm

AP™ : : : :
L
x & o o

The equation is often written using matrix symbols as:
b=Ax+v

which expresses a linear relationship between the residua observations b (i.e., observed
minus computed observations) and the unknown correction to the parameters x. The column
matrix v contains all the noise terms, which are aso unknown at this point. We call the above
matrix equation the “linearised observation equations”.

4.1.2 The Design Matrix

The linear coefficients, contained in the “design matrix” A, are actualy the partia derivatives
of each observation with respect to each parameter, computed using the provisiona parameter
values. Note that A has the same number of columns as there are parameters, n =4, and has
the same number of rows as there are data, m=4. We can derive the coefficients of A by
partial differentiation of the observation equations, producing the following expression:
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%=X Y%~y -7

p p o
%=X Y%~y -7 |
p p p
Al %=X y%-y %-7
p p p
%=X YooY' ZH=Z
p p p

Note that A is shown to be purely a function of the direction to each of the satellites as
observed from the receiver.

4.1.3 The Least Squares Solution

Let us consider a solution for the linearised observation equations, denoted X. The
“estimated residuals’ are defined as the difference between the actual observations and the
new, estimated model for the observations. Using the linearised form of the observation
equations, we can write the estimated residuals as:

V=Db-AX

The “least squares’ solution can be found by varying the value of x until the following
functional is minimised:
I =>v=vTv=(b-Ax) (b-Ax).
i=1
That is, we are minimising the sum of squares of the estimated residuas. If we vary x by a
small amount, then J(x) should aso vary, except at the desired solution where it is stationary

(since the dope of a function is zero at a minimum point). The following illustrates the
application of this method to derive the least squares sol uti on

0
& (b- A% 0
5(b—A>2)T(b—A>2)+(b—Ax) 5( ) 0
(-AX)"(b-AR)+(b-AR) (-AR) =0
(-2Ax)" (b %)=0

) 0

0

Thelast lineis called the system of “normal equations’. The solution to the normal equations
istherefore:

%= (ATA)'lATb
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This assumes that the inverse to ATA exists. For example, m=>4 is a necessary (but not
sufficient) condition. Problems can exist if, for example, a pair of satellites lie in the same
line of sight, or if the satdlites are al in the same orbital plane. In amost al practica
Situations, m=>5 is sufficient. Alternatively, one parameter could be left unestimated (e.g.,
the height could be fixed to sea-level for a boat).

4.2 ERROR COMPUTATION

4.2.1 The Covariance and Cofactor Matrices

If the observations b had no errors, and the model were perfect, then the estimates X given by
the above expression would be perfect. Any errors v in the origina observations b will
obviously map into errors vy in the estimates X. It is aso clear that this mapping will take
exactly the same linear form as the above formula

v, =(ATA) ATy

If we have (a priori) an expected value for the error in the data, g, then we can compute the
expected error in the parameters. We discuss the interpretation of the “covariance matrix”
later, but for now, we define it as the (sguare) matrix of expected values of one error
multiplied by another error; that is, Cj = E(viv;). A diagonal element C;; is called a*“variance,”
and is often written as the square of the standard deviation, Ci = E(v%) = g°>. We can
concisely define the covariance matrix by the following matrix equation:

C=EWwW").

Let us for now assume we can characterise the error in the observations by one number, the
variance & = E(V#), which is assumed to apply to al m observations. Let us also assume that
all observations are uncorrelated, E(vivj) = 0 (for i #j). We can therefore write the covariance
matrix of observations as the diagonal matrix, C,= ¢?l, where | isthe mx m identity matrix:

o> 0 0

2 :

C = 0 o . :
. 0

0 0 2

mxm

Under these assumptions, the expected covariance in the parameters for the least squares
solution takes on a simple form:
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E(vv )

E(( ATA) ((A A) 1ATV)T)

((AT ATWTA(ATA) )

(ATA) AT E(wT)A(ATA)”

(aTA)"ATC,A(ATA)”
=(ATA) AT(o%)A(ATA)”
=o*(ATA)"

= g2 x (cofactor matrix)

Note that the “cofactor matrix” (ATA)™ aso appears in the formula for the least squares
estimate, X . The “cofactor matrix” is also sometimes called the “covariance matrix,” where it
isimplicitly understood that it should be scaled by the variance of the input observation errors.
Since GPS observation errors are a strong function of the particular situation (e.g., due to
environmental factors), it is common to focus on the cofactor matrix, which, like A, is purely
a function of the satellite-receiver geometry at the times of the observations. The cofactor
matrix can therefore be used to assess the relative strength of the observing geometry, and to
quantify how the level of errors in the measurements can be related to the expected level of
errors in the position estimates.

It should therefore be clear why A is called the “design matrix”; we can in fact compute the
cofactor matrix in advance of a surveying session if we know where the satellites will be
(which we do, from the amanac in the Navigation Message). We can therefore “design” our
survey (in this specific case, select the time of day) to ensure that the position precision will
not be limited by poor satellite geometry.

4.2.2 Interpreting the Covariance Matrix
The covariance matrix for the estimated parameters can be written in terms of its components:

¢ =o?(ATA)"

2

o, Oy Oy Oy
=2 T yx Jyz Uy; Oy
Ox Oy 0, Of
UTX aTy UTZ UT ?

As an example of how to interpret these components, if the observation errors were at the
level of o= 1 metre, the error in y coordinate would be at the level of g, metres; if the

observation errors were o= 2 metres, the error in'y would be 2g, metres, and so on.
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The off-diagonal elements indicate the degree of correlation between parameters. If g, were
negative, this means that a positive error in y will probably be accompanied by a negative
error in z, and visa versa. A useful measure of corrélation is the “correlation coefficient,”
which is defined as

o;

‘g

Py =
g

2
]
The correlation coefficient is only a function of the cofactor matrix, and is independent of the
observation variance, ¢°. Its vaue can range between -1 to +1, where O indicates no
correlation, and +1 indicates perfect correlation (i.e., the two parameters are effectively
identical). Severa textbooks show that the “error elipse’ in the plane defined by the (z, y)
coordinates (for example) can be computed using the elements 0%, g7, and o, .

4.2.3 Local Coordinate Errors

Applications tend to focus on horizontal and vertical position. Also, height, h, tends to have
largest error than horizontal coordinates. It is therefore more convenient to look at errorsin
local geodetic coordinates; that is to transform geocentric coordinates (u,v,w) to loca
topocentric coordinates (n, e, h). For this, we have to transform the covariance matrix, using
the laws of error propogation. Consider the rotation matrix G which takes us from small
relative vector in geocentric system into the local system at latitude ¢ and longitude A:

AL = GAX

An —-singcosAd -singsinA cosg )\ AX
Ne| = -sinA cosA 0 || Ay
Ah cosgcosAd  cosgsind  sing/\Az

Obviously, matrix G would aso transform the errorsin AX into errorsin AL :
v, =Gvy

We now derive how to transform the covariance matrix of coordinates from geocentric system
to the local system. This procedure is sometimes referred to as the “law of propogation of
errors’:

C, = E(VLVI)
= E(Gv,)(6v.))
= E(vav;GT)
= GE(v,v})G
= GC,G'

For future reference, the general form of the resulting equation C, = GC, G is applicable to
any problem involving an affine transformation (i.e., multiplication of a column vector by any
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rectangular matrix, G). Note that for this particular problem, Cx is really the 3x3 submatrix
taken from the original 4x4 matrix (which aso included coefficients for the clock parameter
7). The covariance matrix inthelocal system C_ can be written in terms of its components:

2

Une anh

ol O

2
O Opre On

We could then use this covariance, for example, to plot error ellipsesin the horizontal plane.
4.2.4 Dilution of Precision

We can now define the various types of “dilution of precision” (DOP) as a function of
diagonal elements of the covariance matrix in the local system:

VDOP =0,
HDOP = /02 + 0
PDOP=,0? +0? + 0’

TDOP =0,

— 2 2 2 2 2
GDOP=\/an+ae+ah+c g,

where, for example, VDOP stands for “vertical dilution of precision,” H stands for horizontal,
P for position, T for time, and G for geometric. As an example of how to interpret DOP, a
standard deviation of 1 metre in observations would give a standard deviation in horizontal
position of HDOP metres, and a standard deviation in the receiver clock bias of TDOP
seconds. If VDOP had a value of 5, we could expect pseudorange errors of 1 metre to map
into vertical position errors of 5 metres, and so on. As we have seen, the cofactor matrix and
therefore the DOP values are purely a function of satellite geometry as observed by the
receiver. A “good geometry” therefore gives low DOP vaues. A “bad geometry” can give
very high DOP values. Asagenera rule, PDOP vaues larger than 5 are considered poor. If
there are fewer than a sufficient number of satdlites to produce a solution, or if 2 out of 4
satellites lie in approximately the same direction in the sky, then the cofactor matrix becomes
singular, and the DOP values go to infinity. The above formulas assume that all 4 parameters
(x, y, z, 7) are being estimated. Of course, if fewer than these are estimated, for example if
height is not estimated, then the modified DOP values would get smaller, and they would no
longer be generadly infinity for only 3 satellitesin view.

4.2.5 Mission Planning

Mission planning is the term used to describe the pre-analysis of the satellite geometry in
advance of a survey. Essentidly, it typicaly involves using commercia software to plot the
DOP values as a function of time at a given geographical location. Since most applications
involve local to regiona distances, it is not too important which station’s location is used for
this analysis, since the satellites will appear approximately in the same position in the sky for
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al stations. Onething that can vary alot from station to station is the “elevation mask”. Most
software alow the user to specify which parts of the sky obstruct the view of the satellites
(e.g., dueto trees, buildings, or mountains). The elevation mask can substantially change the
DOP vaues, so careful attention should be paid to this. Even if the elevation mask went
down to the horizon, the user may wish to set it to 15 degrees all around, as research shows
that data below 15 degrees is usually plagued by multipathing errors and other problems, such
as cycle dlips, and a low signal to noise ratio. As mentioned previously, the user might only
be interested in horizontal position, where the height is known adequately in advance (e.g., for
aboat at sea). Most software allow for DOP values to be computed under the assumption that
height is fixed.

5. THE CARRIER PHASE OBSERVABLE

5.1 CONCEPTS

We now introduce the carrier phase observable, which is used for high precision applications.
We start with the basic concepts, starting with the meaning of “phase’, the principles of
interferometry, and the Doppler effect. We then go on to describe the process of observing
the carrier phase, and develop an observation model. Fortunately, most of the model can be
reduced to what we have learned so far for the pseudorange. Unlike most textbooks, we take
the approach of presenting the model in the “range formulism”, where the carrier phase is
expressed in units of metres, rather than cycles. However, there are some fundamental
differences between the carrier phase and the pseudorange observables, as we shall see when
we discuss “ phase ambiguity” and the infamous problem of “cycle dlips’.

5.1.1 The Meaning of “ Phase,” “ Frequency” and “ Clock Time’

“Phase” is simply “angle of rotation,” which is conventionaly in units of “cycles” for GPS
anadysis. Consider a point moving anti-clockwise around the edge of acircle, and draw aline
from the centre of the circle to the point. Asiillustrated in Figure 2, the “phase” ¢(t) at any
given timet can be defined as the angle through which this line has rotated.

Phase is intimately connected with our concept of time, which is always based on some form
of periodic motion, such as the rotation of the Earth, the orbit of the Earth around the Sun
(“dynamic time”), or the oscillation of a quartz crystal in a wristwatch (“atomic time”). Even
our reprentation of time is often based on rotation, such as the angle of the hands on the face
of a clock. Angles of rotation give us our measure of “time.” In this way, phase can be
thought of as a measure of time (after conversion into appropriate units). We can write this
formally as:

T(t) =k(g(t) - ,)
where T(t) is the time according to our clock at time t (whatever the clock may be), ¢o =

#(0) is so that the clock reads zero whent = O, and k is a calibration constant, converting the
units of cycles into units of seconds. Indeed, we can take the above equation as the definition
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of clock time. Whether of not this clock time is useful depends on the constancy of rate of
change of phase. This brings usto the concept of frequency.

The “frequency,” expressed in units of “cycles per second,” is the number of times the line
completes a full 360° rotation in one second (which of course, is generdly a fractiona
number). This definition is somewhat lacking, since it seems to assume that the rotation is
steady over the course of one second. One can better define frequency instantaneously as the
first derivative of phase with respect to time; that is, the angular speed.

dg(t)
dt

f

We chose to treat phase as a fundamental quantity, and frequency as a derived quantity. For
example, we can say that frequency is a constant, if we observe the phase as changing linearly
in time. Constant frequency is the basis of an ideal clock. If the frequency can be written asa
constant, fo, then we can write the phase of an ideal clock as:

Pisea = ol + 0,
therefore
Toea = Kfot

Since we want our a clock second to equa a conventional second (Tigea=t), We see that an
appropriate choice for the calibration constant isk =1/ f, , where fy is the nominal frequency
of the oscillator. Going back to our original equation for clock time, we can now define clock
timeas:

t —_
fo
Signal
A
Time, t A T
A
Rotates with ¢ 0 0 Phase
frequency, f (cycles)
2 F

Figure 2: The meaning of phase.

5.1.2 How phaseisrelated to a periodic signal

At timet, the height of point A(t) above the centre of the circlein figure 2 is given by:
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A(t) = A, sin[27mp (1)]

where Ay is the radius of the circle. Since the concept of phase is often applied to periodic
signals, we can call A(t) the“signa” and Ag the “amplitude of the signal”. For example, in the
case of radio waves, A(t) would be the strength of the electric field, which oscillatesin time as
the wave passes by. Inverting the above formula, we can therefore determine the phase ¢(t) if
we measure the signal A(t) (and similarly, we could infer the clock time).

Note that, for an ideal clock, the signa would be a pure sinusoidal function of time:

Ada = A SN27
= A, sin(278 t + 2719 )
= (A, cos2/mp ) sin27f ot + (A, Sin27p ;) cos 274

= AS Sinw,t + A cosw,t

where the “angular frequency” « , = 27, has units of radians per second. For areal clock, the

signa would the same sinusoidal function of its own “clock time,” (but would generally be a
complicated function of true time):

A(T)= A sinw, T+ AS cosw, T

We note that the nominal GPS signal takes on the above form, except that the signa is
modulated by “chips’, formed by multiplying the amplitudes Ao° (for C/A code) and A (for
P code) by a pseudorandom sequence of +1 or —1. The underlying sinusoidal signa is called
the “carrier signal.” It is the phase of the carrier signa that gives us precise access to the
satellite clock time; therefore we can use this phase for precise positioning.

5.1.3 Carrier Beat Sgnal

The GPS carrier signal G(t) from the satellite is “mixed” (multiplied) with the receiver’s own
replicacarrier signal R(t). Theresult of thismixing is shown in Figure 3.
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Reference signal

VVAVWWWWWWWWWWNWY - eps signal

Reference x GPS

Beat signal

Figure 3: Producing a beat signal by mixing the carrier and replica signals

Mathematically, one can show that one would expect the result to be the difference between a
low frequency signal and a high frequency signal:

R(t) 0 G(t) = G, sin 27 (t) x R, Sin 27 (1)
G
= 253 002 ga(1) - P (1) - 052 g 1) + 9 ()]
The high frequency component can be easily filtered out by the receiver electronics, leaving

only the carrier beat signal.
B(t) = Filter{ R(t) O G(t)}

= % 008277(¢R(t) P (t))
= B, cos271(¢, (1))

where we have introduced the carrier beat phase ¢g(t), which is defined to be equa to the
difference in phase between the replica signal and the GPS signal.

¢B(t)E¢R(t)_¢G(t)

By differentiating the above equation with respect to time, we find that the “beat frequency” is
equal to the differencein frequencies of the two input signals.

dgg
dt

fB

:fR_fG

We note that the above formulas apply even when the carrier phase is modulated with codes,
provided the replica signal is also modulated (because the values of —1 will cancel when
multiplying the two signals). If the codes are not known, it is possible to square both the
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incoming signal and the replica signa prior to mixing. The problem with thisis that squaring
amplifies the noise, thus introducing larger random measurement errors.

5.1.4 Origin of the Phase Ambiguity

Our model of carrier beat phase not a complete picture, since we can arbitrarily add an integer
number of cycles to the carrier beat phase, and produce exactly the same observed beat signal.
Suppose we only record the fractional phase of the first measurement. We would have no way
of telling which integer N to add to this recorded phase so that it really did equal the
difference in phase between the replica signa and the GPS signal. This is fundamentally
because we have no direct measure of the total phase of the incoming GPS signal. We can
express this as follows:

P+N=¢;-9¢;

where we use a capital Greek symbol @ to emphasise that it represents the phase vaue
actually recorded by the receiver. Provided the receiver does keep track of how many
complete signal oscillations there have been since the first measurement, it can attach this
number of cycles to the integer portion of the recorded beat phase. However, there will till
be an overall ambiguity N that applies to al measurements. That is, we can model N as being
the same (unknown) constant for al measurements. If the receiver looses count of the
oscillations (e.g., because the signal is obstructed, or because of excessive noise), then a new
integer parameter must be introduced to the model, starting at that time. This integer
discontinuity in phase datais called a“cycle dlip.”

5.1.5 Interpretation of the Phase Ambiguity

The reader might a'so be wondering if there is some kind of geometrical interpretation for N.
It turns out that there is, but it does require some oversimplified assumptions. By definition,
the unknown value of N can be written as:

N = (integer portion of gr—@c) — (integer portion of @)

The second term is completely arbitrary, and depends on the receiver firmware. For example,
some receivers set this value to zero for the first measurement. Let us assumethisistrue, and
drop thisterm. For the sake of interpretation, let us now assume that the receiver and satellite
clocks keep perfect time. Under these circumstances, the first term would equal the integer
portion of the number of signal oscillations that occur in the receiver from the time the signal
was transmitted to the time the signal was received. We can therefore interpret N as equal to
the number of carrier wavelengths between the receiver (at the time it makes the first
observation), and the satellite (at the time it transmitted the signal). Of course, we made
assumptions about perfect clocks and the particular nature of the firmware; so we must beware
not to take this interpretation too literally.

5.1.6 Intuitive Model: The Doppler Effect
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How can phase be used to measure distance? One way hinted at above is that the phase
essentialy tells you the clock time. As we shall seein the next section, we can develop phase
in amost the same way as the pseudorange model. Another intuitive way of looking at it isto
consider the Doppler effect. We are all familiar with the acoustic version of the Doppler
effect, as we hear avehicle's at a higher pitch when it is approaching, and alower pitch when
receding. Can we use the Doppler effect to design a distance measuring device?

Imagine two perfect clocks; oneis at a fixed point, the other is approaching in avehicle. Let
both clocks be generating a sinusoidal signal. The frequency difference between the reference
signal, and the approaching signal, increases with the vehicle's speed of approach. Let us
build areceiver to mix the two signals and measure the beat signal. The beat frequency would
be a measure of the speed.

Let us count the cycles of the beat signal; or better yet, let us measure the phase (cycles plus
fractional cycles) of the beat signal. Clearly, the beat phase would be measures the change in
distance to vehicle. We can therefore (after appropriate unit conversion) write the intuitive
equation:

Beat phase = distance to vehicle + constant

This demonstrates that, although beat phase can be used to precisely measure change in
distance from one time to another, there is an unknown constant which prevents us from
knowing the full distance. This can be seen by considering moving the reference observer 10
metres away from the original position, and then repeating the experiment. The Doppler
effect is clearly exactly the same, and the number of cycles passing by would not change. The
very first value of the measured beat phase will indeed be different, but this single
measurement cannot be used to infer distance. For example, we have aready discussed that
don’t know what integer number of cycles to attribute to the first beat phase measurement.

5.2 CARRIER PHASE OBSERVATION MODEL
5.2.1 Carrier Beat Phase Modd

We now move towards a more rigorous treatment of the carrier beat phase observable,
building on our concepts of phase and signal mixing. Our notation will change dightly in
preparation for further devel opment.

To summarise what we know already, the satellite carrier signal (from antenna) is mixed with
reference signal generated by receiver’s clock. The result, after high pass filtering, is a
“beating” signal. The phase of this beating signal equals the reference phase minus the
incoming GPS carrier phase from a satellite; however, it is ambiguous by an integer number
of cycles. From this point on, “carrier beat phase” will be simply called “carrier phase” (but it
should not be confused with the phase of the incoming signal!).

Observation of satellite S produces the carrier phase observable ®©°:

() =4(T) - ¢°(T) - N°
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where ¢ is the replica phase generated by the receiver clock, and ¢° is the incoming signal

phase received from GPS satellite S The measurement is made when the receiver clock time
isT.

Now take the point of view that the phase of the incoming signal received at receiver clock
time T isidentical to the phase that was transmitted from the satellite at satellite clock time T°.

¢S (X! y! Z, T) = ¢§ansmit (XS ’ yS ’ ZS ’ Ttrsmsmit

Of course, if we adopt this point of view, then we shall eventually have to consider the model
of how long it takes a wavefront of constant phase to propagate from the satellite to the
receiver, so that we may model the appropriate satellite clock time at the time of signal
transmission, T°. We return to that |ater.

As discussed previously, we can write clock time as a function of phase and nominal
frequency:

iy =402

0

We can therefore substitute all the phase terms with clock times:

p(M) =1,T+g,
¢tsransmit (TS) = fOTtrSansmit + ¢§

Therefore, the carrier phase observabl e becomes:

CDS(T) = fT+¢, - foTS_¢§_ N*®
= 1o(T=T%)+ g, - 95 - N°

where we implicitly understand that the clock times refer to different events (reception and
transmission, respectively).

We note that any term containing the superscript S are different for each satellites, but all
other terms are identical. Receivers are designed and calibrated so that the phase constant ¢@o
isidentical for all satellites; that is, there should be no interchannel biases. Receivers should
also sample the carrier phase measurements from all satellites at exactly the same time. (If the
receivers have multiplexing electronics to save on cost, then the output should have been
interpolated to the same epoch for all satellites). The time TS will vary slightly from satelliteto
satellite, since the satellite transmission time must have been different for all signals to arrive
a the same time. We aso note that the last three terms are constant, and cannot be separated
from each other. We can collectively call these termsthe “ carrier phase bias,” which is clearly
not an integer.
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In preparation for multi-receiver and multi-satellite analysis, we now introduce the subscripts
A, B, C, etc. to indicate quantities specific to receivers,, and we introduce superscriptsj, k, I,
etc. to identify satellite-specific quantities. We write the carrier phase observed by receiver A
from satdlitej:

OL(T,) = fo(Ty = T') + 6o, — 8o’ — N

Note that data should be sampled at exactly the same values of clock time (called “epochs’)
for dl receivers, so dl values of Ta are identical at a given epoch. However receivers clocks
do not al run at exactly the same rate, therefore the true time of measurement will differ
dightly from receiver to receiver. Also, note that each receiver-satdlite pair has a different
carrier phase ambiguity.

5.2.2 Range Formulation

It is convenient to convert the carrier phase model into units of range. This simplifies
concepts, models, and software. In the range formulation, we multiply the carrier phase
equation by the nominal wavelength.

Li(Ta) =A@ 4(T,)

= Aofo(Ta=T1) + Ao(Bop = 85 ~NJ)
Ta=T') + Ao(@0s — 40’ — N
=T, - T') +B}

where we still retain the name “ carrier phase” for L (T,), which isin units of metres. We see
immediately that this equation is identical to that for the pseudorange, with the exception of
the “ carrier phase bias,” B) which can be written (in units of metres):

B/E\ E/]o(¢oA - ¢oj - N/{\)

Note that the carrier phase bias for (undifferenced) data is not an integer number of
wavelengths, but also includes unknown instrumental phase offsets in the satellite and
receiver.

We have not mentioned yet about any differences between carrier phase on the L1 and L2
channel. Although they have different frequencies, in units of range the above equations take
on the same form. Actually, the clock bias parameters would be identical for both L1 and L2
phases, but the carrier phase bias would be different. The main difference comes when we
develop the model in terms of the propagation delay, which is a function of frequency in the
Earth’ sionosphere.

5.2.3 Observation Model
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We note that the first term in the carrier phase model is simply the pseudorange, and the
second term is a constant. We have already devel oped asimplified model for pseudorange, so
we can therefore write amodel for carrier phase as follows:

LJA(TA) = C(TA - Tj) + Bﬁi\

= ph(tt)) +or, —cr +Z,~ 1+ B

In the above expression, we have explicitly included the delay on the signal due to the
troposphere Z) and the ionosphere —1) (the minus sign indicating that the phase velocity
actualy increases). Models for the atmospheric delay terms are beyond the scope of this text.

The model for pseudorange can be similarly improved, with the small difference that the
ionospheric delay has a positive sign.

PI(T)=dT,~T')
=Pty t)) +er, —or +Z) +1)

This is because, from physics theory, any information, such as the +1 and —1 “chips’ which
are modulated onto the carrier wave, must travel with the “group velocity” rather than “phase
velocity”. According to the theory of relativity, information can not be transmitted faster than
c. From the physics of wave propagation in the ionosphere, it can be shown that the group
delay is (to avery good first order approximation) precisely the same magnitude, but opposite
sign of the phase delay (which isreally a phase “advance’).

5.2.4 Accounting for Time-Tag Bias

Before proceeding, we return to the problem posed in our discussion of the pseudorange
model, that we typically do not know the true time of signal reception ta which we need to
caculate the satellite-receiver range term pl (t,,t') precisely. From section 3.3.1, the true
time of reception can be written:

ta=Ta— T4

where the epoch Tp is known exactly, asit is the receiver clock time written into the data file
with the observation (and hence called the “time-tag”). However, the receiver clock bias 7,
is not known initialy, but could be as large as milliseconds. The problem is that, due to
satellite motion and Earth rotation, the range will change by several metres over the period of
a few milliseconds, so we must be careful to account for this for precision work (especialy
when using the carrier phase observable). For precision work (1 mm), we should use a value
T, that isaccurateto 1 ps.

There are various approaches to dealing with this in GPS geodetic software, which typically
use some combination of the following methods:
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» use values of the receiver clock bias computed in a first step using a pseudorange point
position solution at each epoch;

* iterate the |least-squares procedure, processing both carrier phase and pseudorange data
simultaneously, and using estimates of the clock bias to compute the true receive time, and
therefore the new range mode!;

« useanestimate £ of the true transmit time t! to compute the satellite position.

fi =T -7

:(TA -P) /c) +7!

where the satellite clock bias 7! is obtained from the Navigation Message. One can then
directly compute the range term and true receive time with sufficient precision, provided
the approximate station coordinates are known to within 300 m (corresponding to the 1 s
timing requirement). Interestingly, thisisthe basis for “time transfer,” sinceit alows one
to compute the receiver clock bias using pseudorange data from only one GPS satellite.
(For precise time transfer, two GPS satellites are always in operation with no S/A switched
on.) Asamethod for computing range for precise positioning, thisis not often used,
perhaps for the reason that it is not a pure model, as it depends on pseudorange data and
approximate positions.

» one can take amodelling “short cut” to avoid iteration by expanding the range model as a
first order Taylor series. Since this method often appears in the development of the
observation equation in textbooks, we discuss it in more detail here.

5.2.5 A Note on the Range-Rate Term

The observation equation can be approximated as follows:

LL(T,) = ph(ty,t))+cr, —cr) +2Z), 1) +B)
:pL(TA—TA,tj)+CTA—CTj +ZJA_|/{\+B/E\
:ij(TA’t'j)_pLTA_CTj +ZJA—|A+BA
:ij(TA,t'j)+(C—,'0L)TA—CTj +ZjA—|i+BL

where we see that the effect can be accounted for by introducing the modelled range rate (i.e.,
the relative speed of the satellite in the direction of view). The “prime” for the satellite
transmit time t'! (which is used to compute the satellite coordinates) is to indicate that it is
not the true transmit time, but the time computed using the nominal receive time Ta. A first
order Taylor expansion has been used. The higher order terms will only become significant
error sources if the receiver clock bias is greater than about 10 ms, which does not usually
happen with modern receivers. In any case, clock biases greater than this amount would result
inaworse error in relative position due to the effect of S/A (see section 5.3.1).

Textbooks sometimes include a“range rate” term in the development of the phase observation
model, even though, strictly speaking, it is unnecessary. After al, the first line line of the
above equation is correct, and the lack of a priori knowledge of the receiver clock bias can
easily be dedt with by least-squares iteration, or prior point positioning using the
pseudorange. On the other hand, it is nevertheless instructional to show the above set of
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equations, since it does illustrate that it is more correct to use (c—pL)as the partia

derivatives with respect to the receiver clock in the design matrix, rather than simply using ¢
(section 4.1.2). Thisis crucia if one is not initialising clocks using point position solutions
or iteration (asistypical, for example, with the GIPSY OASIS Il software). It is not important
if initialisation of 7, isachieved with 1 ps accuracy.

In the expressions to follow, we shall not explicitly include the range rate term on the
assumption that time-tag bias has been handled one way or another.

5.3 DIFFERENCING TECHNIQUES

5.3.1 Single Differencing

Satellite j
. g/
PA’
Station A Station B
j j k
records L \J and |_Ak records Lgland Lg
at epochs 1, 2, 3, ... atepochs 1,2, 3, ...

Figure4: Single differencing geometry

The purpose of “single differencing” is to eliminate satellite clock bias. Consider the
observation equations for two receivers, A and B observing same satellite, j:
L, =pl+cr,-cr'+Z,-1,+B)
L, = pL+cry—cr' +Z) -1} + B}
The single difference phase is defined as the difference between these two:
Al =L~ L
:(p"A+crA—crj +Z) = 1)+ B};)—(pJB +Cry—crl +Z) 1)+ Bé)
= (o - pb) +(cry - crg) = (cr’ —cr) +(zh - 2}) - (15 - 15) - (BL - B))
= AijB +CAT 5 + AZLB — Al /jAB + ABAB
where we use the double-subscript to denote quantities identified with two receivers, and the

triangular symbol as a mnemonic device, to emphasise that the difference is made between
two points on the ground. The geometry of single differencing isillustrated in Figure 4.
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An assumption has been made, that the satellite clock bias 7' is effectively identical at the
dightly different times that the signal was transmitted to A and to B. The difference in
transmission time could be as much as a few milliseconds, either because the imperfect
receiver clocks have drifted away from GPS time by that amount, or because the stations
might be separated by 1,000 km or more. Since selective availability is typically at the level
of 10°° (variation in frequency divided by nominal frequency), over a millisecond (10s) the
satellite clock error will differ by 10*%s. This translates into a distance error of 10 *%c, or 0.3
mm, a negligible amount under typical S/A conditions (however, it may not be negligible if
the level of S/A were increased; but this effect could in principle be corrected if we used
reference receivers to monitor S/A). Another point worth mentioning, is that the coordinates
of the satellite at transmission time can easily be significantly different for receivers A and B,

and this should be remembered when computing the term Apl; .

The atmospheric delay terms are now considerably reduced, and vanish in the limit that the
receivers are standing side by side. The differentia troposphere can usually be ignored for
horizontal separations less than approximately 30 km, however differences in height should be
modelled. The differential ionosphere can usualy be ignored for separations of 1 to 30 km,
depending on ionospheric conditions. Due to ionospheric uncertainty, it is wise to calibrate
for the ionosphere using dua -frequency receivers for distances greater than afew km.

Although the single difference has the advantage that many error sources are eliminated or
reduced, the disadvantage is that only relative position can be estimated (unless the network is
global-scale). Moreover, the receiver clock biasis still unknown, and very unpredictable. This
takes usto “double differencing”.

5.3.2 Double Differencing

Satellite k

Satellite j Q

Pg
PA)

Station A Station B
records |_Ai and |_Ak records Ll and LBk
at epochs 1,2, 3, ... atepochs 1,2, 3, ...

Figure5: Double differencing geometry.

The purpose of “double differencing” is to eliminate receiver clock bias. Consider the single
differenced observation equations for two receivers A and B observing satellitesj and k:

ALjAs :AijB +CAT g +AZ/{\B - Al Ai\B +AB£\B
ALI;\B :ApZB +CAT 5 +AZ§B - Al ,I;\B +AB§B
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The double difference phase is defined as the difference between these two:

OALK, =ALL, - AL,
= (Dphs +CAT g +DZ)y = Al Jy + DB ) = (Dol + CAT 5 + AZ); — Al + ABY, )
= (Api\s - A:Ol;B) + (CATAB - CATAB) + (AZ/{\B - AZZB) - (AI ,i\B - Al XB) - (ABA{.\B _ABKB)
=00, +0AZXK - 0Al K +0ABK

where we use the double-superscript to denote quantities identified with two satellites, and the
upside-down triangular symbol as a mnemonic device, to emphasise that the difference is
made between two pointsin the sky. Figure5 illustrates the geometry of double differencing.

A point worth mentioning, is that although the receiver clock error has been eliminated to first
order, the residuad effect due “time tag bias’ on the computation of the range term (section
5.2.4) does not completely cancel, and still needs to be dealt with if the receiver separation is
large.

Any systematic effects due to unmodelled atmospheric errors are generally increased dightly
by approximately 40% by double differencing as compared to single differencing. Similarly,
random errors due to measurement noise and multipath are increased. Overall, random errors
are effectively doubled as compared with the undifferenced observation equation. On the
other hand, the motivation for double differencing is to remove clock bias, which would
create much larger errors.

One could process undifferenced or single differenced data, and estimate clock biases. In the
limit that clock biases are estimated at every epoch (the “white noise clock model”), these
methods become almost identical, provided a proper treatment is made of the data covariance
(to be described later). It is amost, but not quite identical, because differencing schemes
amost aways involve pre-selection of baselines in a network to form single differences, and
data can be lost by lack of complete overlap of the observations to each satellite. (This
problem can be minimised by selecting the shortest baselines in the network to process, and
by assuring that no more than one baseline be drawn to a receiver with a significant loss of
data).

5.3.3 Double Differenced Ambiguity

The double difference combination has an additional advantage, in that the ambiguity is an
integer:



GEOFFREY BLEWMTT: BASICSOF THE GPS TECHNIQUE 35

OABJ =ABJ, —ABY,
=(B.-84)-(B% - B)
— j j i i k k k k
_/]0(¢0A_¢0 _NA)_/]O(¢OB_¢O _NB)_/]O(¢0A_¢0 _NA)+/]0(¢OB_¢O _NB)
=-Ao(NL-NJ - Nk +NK)
=-A,0AN

Hence we can write the doubl e differenced phase observation equation:

DAL, = 0Aplk, +0AZ)X - OAl K - A,0AN &

From the point of view of estimation, it makes no difference whether we use a minus or plus
sign for N, so long as the partial derivative has a consistent sign (which, for the above

equation, would be —4,).

5.3.4 Triple Differencing

Satellite j, epoch i+1 Q
P4

T~
N

' N

i ~

@) Satellite k, epoch i

@ Satellite k, epoch i+1

Satellite j, epoch i Q

PA

Station B
records Lgl and LBk
at epochs 1, 2, 3, ...

Station A
records L ) and LAk
at epochs 1,2, 3, ...

Figure 6: Triple differencing geometry

The purpose of “triple differencing” is to eliminate the integer ambiguity. Consider two
successive epochs (i, i+1) of double differenced data from receivers A and B observing
satellitesj and k:

DALY, (i) = DApl (1) + DAZ S (i) = A1 g (i) = AOAN s

B

DAL (i +1) = 0Ap% (i + 1) + OAZK (i +1) - OAL K (i +1) - A,0AN K

B

The triple difference phase is defined as the difference between these two:

o(i,i + DOALE, = OALK (i + 1) — DAL (i)
=0(i,i + DOAPY, (1) + o, i + DOAZ ) (i) — &(i,i + DOAI K (i)
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where we use the delta symbol to indicate the operator that differences data between epochs.
Figure 6 illustrates triple differencing geometry.

The triple difference only removes the ambiguity if it has not changed during the time interval
between epochs. Any cycle slips will appear as outliers, and can easily be removed by
conventiona techniques. This is unlike the situation with double differencing, where cycle
dips appear as step functionsin the time series of data.

The disadvantage of the triple difference is that it introduces correlations between
observations in time. Generaly, increasing correlations in data has the property of decreasing
the data weights. With triple differencing, the degradation in precision is substantial; so triple
differenced data are inappropriate for precise surveys. On the other hand, it is a very useful
method for obtaining better nominal parameters for double differencing (to ensure linearity),
and it is a robust method, due to the ease with which cycle dips can be identified and
removed.

It can be shown that triple difference solution is identical to the double differenced solution,
provided just one epoch double differenced equation is included for the first point in a data
arc, aong with the triple differences, and provided the full data covariance matrix is used to
compute the weight matrix. This special approach can provide tremendous savings in
computation time over straightforward double differencing, while retaining robustness.

6. RELATIVE POSITIONING USING CARRIER PHASE

6.1 SELECTION OF OBSERVATIONS
6.1.1 Linear Dependence of Observations

We can usualy form many more possible combinations of double differenced observations
than there are original data. This poses a paradox, since we cannot create more information
than we started with. The paradox is resolved if we realise that some double differences can
be formed by differencing pairs of other double differences. It then becomes obvious that we
should not process such observations, otherwise we would be processing the same data more
than once. Thiswould clearly be incorrect.

Satellite k Satellite |

Satellite j Q

Station A Station B

j j k |
records L), LK L' records Lg, Lgk Lg
atepochs 1,2,3, ... atepochs 1,2, 3, ...
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Figure 7: Double difference geometry with 3 satellites.

Figure 7 illustrates the simplest example of the problem. In this example, we have 3 satellites
j, kand |, observed by two receivers A and B. If weignoretrivial examples (e.g.,
Lk =-LY,), there are 3 possible double differences that can be formed:

s =(Lh- 1) - (Lh - 1)
LKB = (LL - Lia) _(LlA - LIB)
LIKB = (LlA - LlB) - (LkA - LkB)
Note that we can form any one of these observations as alinear combination of the others:
Uy = U + L
L]/-l\B = L]/-I\<B - LIXB
Llf\B = '—ife - LKB
The data set { L, L, L',fB} is therefore said to be linearly dependent. A linearly

independent set must be used for least squares. Examples of appropriate linearly independent
setsin thisexample are:

{Ue i} =N ={Lk]a=jib# j]
(U L} = A ={0la=kib % K}
{Ug L} = A ={1B[a=1b 2 1)

6.1.2 The Reference Satellite Concept

The “reference satellite concept” involves using either set A/, A* or A' throughout the data
set. For example, double differencesin set A' all involve the satellitel. Any set is equally as
valid, and will produce identica solutions provided the data covariance is properly
constructed (see the next section). Obviously, the reference satellite itself has to have data at
every epoch, otherwise data will be lost. This can cause problems for less sophisticated
software. Typically, a reference satellite should be picked which has the longest period in
view. A better algorithm isto select areference satellite epoch by epoch.

Our simple example can be easily extended to more than 3 satellites. For example consider
satellites 1, 2, 3, 4 and 5 in view. We can pick satellite 4 as the reference satellite; therefore
our linearly independent set is:

N ={L%]a=4b% 4

={ L‘XLB J Lfs ' LfB J Lfs}
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Note that for a single baseline (i.e. 2 receivers), the number of linearly independent double
differenced observationsis s-1, where sis the number of satellites being tracked.

6.1.3 The Reference Sation Concept

However, if we have a network of more than 2 receivers, we must account for the fact that
double differenced data from the set of al baselines are linearly dependent. We therefore
introduce the “reference station” concept, where our set of double differences al include a
common reference station. This guarantees linear independence. For example, consider
satellites 1, 2, 3 and 4 being tracked by stations A, B, and C. If we pick our reference satellite
to be 3, and reference station to be B, then our chosen set is:

Ay ={L%la=3b#3c=B,d# B}

= {0 LB L L L L)

Note that the number of linearly independent double differenced observations is (s—1)(r—1),
where s is the number of satellites being tracked, and r is the number of receivers. So, in our
previous example, 3 receivers and 4 satellites gives 6 observations. This assumes that s
satellites are observed by all stations. This may not be the case, either due to obstructions,
receiver problems, or because the receivers are separated by such a large distance that the
satellite is not above the horizon for some receivers.

If using the reference station concept, it is therefore best to choose a receiver close to the
middle of alarge network, with few obstructions, and no hardware problems, otherwise the set
of double differences may not be as complete as it could be. The reference station concept is
obviously not optimal, and is seriously problematic for large networks. A better strategy for
large networks is to select short baselines that connect together throughout the entire network,
being careful not to introduce linear dependent observations, by not including any closed
polygons (such as triangles) in the network. In principle, there must be only one possible path
between pairs of stations. An even better strategy would be to optimise this choice for every
epoch.

6.1.4 Solution Uniqueness

It should be stressed that, if al stations were tracking the same set of satellites at all epochs,
then the selection of reference station and reference satellite will not matter, since an identical
solution will be produced whatever the selection. This assumes that the data weight matrix is
properly constructed (as described below) and that no data outliers are removed.

The problem of linear dependence usually introduces alevel of arbitrariness into the solutions
due to violation of the above assumptions. This problem is aso true even if the previoudy
suggested improvements are made to the reference station concept, since the user typically has
to make decisions on which baselines to process (even for more sophisticated software). This
is somewhat unsatisfactory, since it is there generally no unique solution, However,
experience shows that any reasonable selection will only produce small differencesin the final
solutions.
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There is away to produce a unique solution, and that is to process undifferenced observations,
estimating clock parameters at each epoch. As stated previously, this will produce a solution
identical to double differencing under ideal conditions. This class of softwareis not typically
available commercially; however, it is should be stressed that double differencing software
does not produce significantly inferior results for most situations. What is far more important
is the quality of the observable models, the range of appropriate estimation options, and the
ability to detect and deal with cycle slipsand outliers.

6.2 BASELINE SOLUTION USING DOUBLE DIFFERENCES
6.2.1 Smplified Observation Equations

We now show how relative coordinates can be estimated between two receivers using the
double differenced carrier phase data. We start by simplifying the observation equation,
assuming that the relative atmospheric delay is negligible for short distances between
receivers. We also drop the symbols*“ OA” of the previous section to simplify the notation.
We shall therefore use the following simplified observation equation:

LQ\(B :kaB _AON/jAlé
6.2.2 General Procedure

Processing double differenced data from two receivers results in a “basdline solution.” The
estimated parameters include the vector between the two receivers, in Cartesian coordinates
(Ax,Ay,Az) and may include parameters to model the tropospheric delay. In addition, the

ambiguity parameters N X for each set of double differences to specific satellite pairs (j, k)
must be estimated.

The observation equations therefore require linearisation in terms of all these parameters
(according to the process explained in section 4.1). Typicaly, one station is held fixed at
good nominal coordinates, which quite often come from an initial pseudorange point position
solution. We should mention, however, that due to S/A, point position solutions can have
substantial errors (100 m) which may create significant errors in the double differenced
observation model, and in the design matrix.

If we call the fixed station A, then estimating the baseline vector is equivalent to estimating
the coordinates of station B. It is convenient to formulate the problem to estimate parameters

(Xs.Ys.25). For example, consider a GPS survey between stations A and B, which observe
satellites 1, 2, 3 and 4 for every epoch in the session, where we arbitrarily pick satellite 2 as

the reference satellite. For every epoch i, we have the following linearly independent set of 3
double differenced observations:
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We therefore have the parameter set {xB,yB,zB,NAB, AB,N,i‘,;} . If any cycle dlips had

occured and could not be corrected, then additional ambiguity parameters must be added to
thelist.

Asin Section 3.4.1, the linearised observation equations can be expressed in the form
b=Ax+v

where theresidual observations are listed in the b matrix, which hasdimensions d x 1, where
d is the number of linearly independent double differenced data. The design matrix A has
dimensions d x p where p is the number of parameters, and the parameter corrections are

contained in the x matrix, which has dimensions px1. The observation errors are

represented by the v matrix, which has the same dimensionality as b. We shall discuss the
design matrix later on.

It is important to use a “weighted least squares’ approach, because of correlations in the
double differenced data. We shall not not derive the weighted least squares estimator here,
but for completeness, the solution is given here:

X:(ATWA)_lATWb

where W is the data weight matrix, to be derived later on, and b is a vector containing the
double-differenced residual observations.

The covariance matrix for the estimated parametersis given by:

T -1
c,=(ATwA
The covariance matrix can be used to judge whether the theoretically expected precision from
the observation scenario is sufficient to allow ambiguities to be fixed to integer values. If
ambiguity parameters can be fixed in the model, a theoretically more precise solution can be
generated from the same data, but without estimating the ambiguities. This process will
necessarily reduce the covariance matrix, lowering the expected errors in the station
coordinates. This does not necessarily mean that the solution is better, but that it statistically
ought to be better, assuming the integers were correctly fixed. The assessment of solution
accuracy goes beyond the scope of this discussion, but basically one can compare results with
previous results (using GPS, or even some other technique). In addition, how well the data
are fit by the model is reflected in the standard deviation of the post-fit residuals.

6.2.3 The Design Matrix
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The coefficients of the design matrix can be illustrated by looking a a single row, for
example, corresponding to observation L3, (i):

Nwzﬁﬂndwndﬁndmndwndmﬂ
" ke Ky  dy  NE ONE NZ
=(d£m) X)) 0_%J
XKe A A °

As an example of one of the partia derivatives for one of the coordinates:

dpzﬁB(i)_ 14 2 2 4 4 r
ﬂ8~%Vm%%Mme%m
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X, g g X,

_ 9o () _ dps (i)
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_ Xgo ~ x* (i) _ Xgo ~ X (i)
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6.2.4 Minimum Data Requirements for Least Squares

For a least sguares solution, a necessary condition is that the number of data exceed the

number of estimated parameters
d=p

where we allow for the “perfect fit solution” (d = p). Under the assumption that all receivers

track the same satellites for every epoch, the number of linearly independent double
differencesis

d=q(r -3(s- 9
where g is the number of epochs, r the number of receivers, and s is the number of satellites.
Assuming no cycle slip parameters:

p=3+(r-1(s-1

where there are (r - 1)(s - 1) ambiguity parameters. Therefore,

q(r -3(s-D=3+(r-1(s-1)
(a-1(r-1(s-1)=3
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Now, we know that s=2 and r = 2for us form double differences. Therefore, we can deduce
that q=4 if we have the minimal geometry of 2 receivers and 2 satellites (only one double

difference per epoch!). Obviously, this minimal configuration is very poor geometrically, and
would not be recommended as a method of precise positioning.

Note that no matter how many receivers or satellites we have, g is an integer, and therefore
under any circumstance, we must have at least q=>2. That is, we cannot do single epoch
relative positioning, if we are estimating integer ambiguities. If we can find out the
ambiguities by some other means, then single epoch relative positioning is possible.
Otherwise, we have to wait for the satellite geometry to change sufficiently in order to
produce a precise solution.

For a single baseline r =2 with 2 epochs of data q=2 (which we should assume are
significantly separated in time), the minimum number of satellites to produce a solution is
condition s=4. Interestingly, this corresponds to the minimum number of satellites for point
positioning. If a tropospheric parameter were also being estimated, the condition would be
s=>5. Of course, these conditions can be relaxed if we have more than 2 epochs, however it
is the end-points of a data arc which are most significant, since they usually represent the
maximum geometrical change which we require for a good solution. In summary, one can
achieve very good results over short distances with only 4 satellites, but over longer distances
where the troposphere must be estimated, a minimum of 5 satellites is recommended (at least
some time during the session).

6.3 STOCHASTIC MODEL
6.3.1 Satistical Dependence of Double Differences

We have seen how double differences can be linearly dependent. The problem we now

address is that double differenced observations that involve a common receiver and common

satellite are Statistically dependent. For example, at a given epoch, double differences L3,

LZ and L% are correlated due to the single differenced data in common, L3,. Any
measurement error in this single difference will contribute exactly the same error to each of
the double differences. Therefore, a positive error inL%, is statistically more likely to be
accompanied by a positive error in L%,. As another example, if we are processing a network
using a reference satellite | and reference receiver A, al double differences in the linearly
independent set will be statistically dependent because of the datain common, L, .

6.3.2 Data Weight Matrix for Doubl e Differences

In a situation where data are correlated, weighted least squares is appropriate. To complete
our description of how to compute a relative position estimate, we therefore need to explain
how to compute the appropriate data weight matrix, W. The construction of W can be
generally called the “stochastic model,” which describes the statistical nature of our data (as
opposed to the “functional model” described so far, from which the observables can be
computed deterministically.)
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(As an aside for more advanced readers, some software process undifferenced observations,
estimating clock biases as “stochastic parameters’ at every epoch. It should be emphasised
that there is a equivalence between explicit estimation of “stochastic parameters,” and the use
of an appropriate “stochastic model” which, in effect, accounts for the missing parameters
through the introduction of correlations in the data. In principle, any parameter can either be
estimated as part of the functional model, or equivalently removed using an appropriate
stochastic model. To go more into this would be beyond the scope of thistext.)

The weight matrix isthe inverse of the covariance matrix for the double differenced data:
wW=C,
which has dimensions q(r —1)(s=1) x q(r —1)(s-1).

We start by assuming a covariance matrix for undifferenced data (i.e., the actually recorded
data), which has dimensions grsx grs. Typically, this is assumed to be diagonal, since the
receiver independently measures the signals from each satellite separately. We shal,
however, keep the form general. So the problem is, given a covariance matrix for
undifferenced data, how do we compute the covariance matrix for double-differenced data?
Thisis achieved using the rule of propagation of errors, which we have already seen in section
4.2.3, where geocentric coordinates were mapped into topocentric coordinates using an affine
transformation. By analogy, we can deduce that the covariance of double-differenced data can
be written:

C., =DCD'

where D is the matrix which transforms a column vector of the recorded data into a column
vector of double differenced data:
OAL =DL

Clearly, D is a rectangular matrix with the number of rows equal to the number of linearly
independent double-differenced data, and the number of columns equal to the number of
recorded data. Using our previous assumptions, D has dimensions q(r —1)(s-1) x ars. The

components of D must have values of either +1, —1, or O, arranged such that we produce a
linearly independent set of double differences (see section 6.1.1). To complete this
discussion, the double differenced data weight matrix can be written:

-1

W = (DCDT)
6.3.3 Covariance Matrix for Estimated Parameters

Aswe have already seen, for weighted |east squares we can write the computed covariance
matrix for estimated parameters as:

- -1
C =(A WA

X_
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We can now write down the full expression for the computed covariance matrix, by
substituting for the double differenced data weight matrix W':

C, = (AT(DCDT)_lA)_l

As mentioned above, for the (undifferenced) data covariance C we often use a diagonal
matrix, assuming avalue for the standard deviation of an observation. Typical redistic values
for this are several mm. Although the receiver can usualy measure the phase with better
precision than a mm, the post-fit residuals typically show several mm standard deviations, due
to unmodelled errors such as multipath.

Even using such an inflated value for measurement precision might not produce a redlistic
covariance matrix for station coordinates. This is partly due to two effects: (i) unmodelled
errors can be correlated with the parameters being estimated (an “diasing effect”), and (ii)
post-fit almost aways show some degree of time-correlation (e.g., due to multipath). A
simple, and often surprisingly effective way to deal with this problem, is to multiply the final
coordinate covariance matrix by an empirical scaling factor, inferred “by experience,”
according to the brand of software being used, the observation scenario, and the estimation
strategy used.

7. INTRODUCING HIGH PRECISION GPS GEODESY

7.1 HiGH PRECISION SOFTWARE

The observable moded discussed so far has been very basic, as it glosses over advanced
features that are important for high precision software. Severa software packages have been
developed since the 1980's that are capable of delivering high precision geodetic estimates
over long baselines. This software is a result of intensive geodetic research, mainly by
universities and government research laboratories.

Typical features of such software include:

« orbit integration with appropriate force models,

* accurate observation model (Earth model, media delay...) with rigorous trestment of
celestial and terrestrial reference systems,

« reliable data editing (cycle-dlips, outliers);

» estimation of all coordinates, orbits, tropospheric bias, receiver clock bias, polar
motion, and Earth spin rate;

» ambiguity resolution algorithms applicable to long baselines;

» estimation of reference frame transformation parameters and kinematic modelling
of station positions to account for plate tectonics and co-seismic displacements.

We can summarise the typical quality of geodetic results from 24 hours of data:
 relative positioning at the level of few parts per billion of baseline length;
» absolute (global) positioning at the level of 1 cm in the IERS Terrestrial Reference
Frame (ITRF);
* tropospheric delay estimated to a few mm;
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* GPS orbits determined to 10 cm;
» Earth pole position determined to 1 cm;
 clock synchronisation (relative bias estimation) to 100 ps.

Two features of commercia software are sometimes conspicuously absent from more
advanced packages: (i) sometimes double differencing is not implemented, but instead,
undifferenced data are processed, and clock biases are estimated; (ii) network adjustment
using baseline solutions is unnecessary, since advanced packages do a rigorous, one-step,
simultaneous adjustment of station coordinates directly from al available GPS observations.

Some precise software packages incorporate a Kalman filter (or an equivalent formulism).
This allows for certain selected parameters to vary in time, according to a statistical
(“stochastic’) model. Typically this is used for the tropospheric bias, which can vary as a
random walk in time. A filter can also be used to estimate clock biases, where “white noise”’
estimation of clock bias approaches the theoretical equivalent of double differencing.

Although many more packages have been developed, there are 3 ultra high-precision software
packages which are widely used around the world by researchers and are commonly
referenced in the scientific literature:
» BERNESE software, developed by the Astronomical Institute, University of Berne,
Switzerland;
* GAMIT software, developed by the Massachussets Institute of Technology, USA;
» GIPSY software, developed by the Jet Propulsion Laboratory, California Institute of
Technology, USA

There are several other packages, but they tend to be limited to the institutions that wrote
them. It should be noted that, unlike commercial software packages, use of the above
software can require a considerable investment in time to understand the software and how
best to use it under various circumstances. Expert training is often recommended by the
distributors.

7.2 SOURCES OF DATA AND INFORMATION

For high precision work, it is important to abide by international reference system standards
and use the best available sources of data and ancilliary information. We therefore summarise
two especially important international sources of data information for the covenience of the
interested reader:

» |ERS: International Earth Rotation Service
» Central Bureau located at the Paris Observatory, France
* Documented IERS Conventions for observation models and reference systems
e |ERS Annual Reports
* |ERS Terestrial Reference Frame for reference station coordinates
* Routine publication of Earth rotation parameters

* IGS: Internationa GPS Service for Geodynamics
» Central Bureau located at the Jet Propulsion Laboratory, USA
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* Documented IGS Standards for permanent GPS stations

» Oversees operation of global GPS network (~100 stations)
 Distributes tracking data and precise ephemerides

» Maintains on-line database with Internet access

8. CONCLUSIONS

Having read and understood this text, you should now understand the basics of GPS
positioning observation models and parameter estimation. You should aso have an
appreciation of the difference between basic positioning, and the more advanced positioning
using high precision software packages. If al has gone well, and you think the above
statements are true, then you should now have a good background knowledge and an
appropriate context to prepare you for more advanced material.



