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ABSTRACT

GPS is used for navigation and positioning purposes by a diverse set of users. However
the position measured by a commercial GPS receiver is subject to errors from various
sources. These sources of errors in GPS navigation (satellite clock, receiver clock,
atmospheric and multipath errors) induce biases in the measurement of pseudo range and

degrade system accuracy in case of commercial GPS receivers.

In the current research endeavor different error sources and their impact on GPS
position accuracy is critically analyzed. Besides this different currently used techniques
to reduce these errors for improved GPS positioning are also studied and analyzed.
Special emphasis is given to atmospheric errors. In this regard a tropospheric error

correction model is simulated on real captured GPS data and results are analyzed.
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CHAPTER1 INTRODUCTION

1.1  Objective of the Thesis

There are two major objectives of the thesis. First one is to assess the impacts of
the different error sources on GPS positioning. These errors include the orbits
inaccuracies, satellite and receiver clocks drift, the ionosphere and troposphere delay,
multipath, and receiver noise. Each of these errors is investigated thoroughly and also the

currently used techniques to mitigate these errors are explored.

The second objective is how to apply the different techniques used to mitigate the
errors developed up till now in order to obtain an improved GPS navigation solution.
Special focus was kept on Differential GPS and methods to remove and/or mitigate the
atmospheric errors. In this regard a correction modal for the error caused by the
troposphere is simulated on actual acquired GPS data and results were analyzed and

recorded in the Simulation and Comparison of Results chapter of this thesis.

1.2  Organization of the Thesis
The thesis consists of six chapters. The brief description of these remaining

chapters is as follows.

In order to understand the error sources of GPS it is imperative to be familiar with
the fundamentals of GPS. In this regard Chapter 2 starts with an introduction of GPS,

including a description of the three constituent parts, namely, the control segment, the



space segment, and the user segment. The GPS signal is described in detail and the

services provided by the GPS are also discussed.

Chapter 3 commences with a diégram which shows some of the important error
sources and their impacts. In the remaining part each category of error is further

elaborated in detéil.

Chapter 4 is reserved to discuss the research work being carried out in the exciting
field of GPS accuracy by contemporary researchers and authors. Different methods and
models devised by various researchers are highlighted and their potential to mitigate GPS

errors is also elaborated.

Chapter .5 presents the simulation work performed in Matlab and the resuits
obtained. It also depicts different diagrams obtained in Matlab, when the actual captured
GPS data, was analyzed. The results are compared, findings are discussed and any

shortcomings are analyzed.

Chapter 6 provides the conclusions and recommendations for future research.



CHAPTER 2 BRIEF DESCRIPTION OF GPS

2.1 The Global Positioning System (GPS)

2.1.1 General Overview

The ‘Global Positioning System (GPS) is a U.S. space-based global navigation
satellite system maintained by U.S Department of Defense. The GPS, formally called
NAVSTAR (Navigation Satellite Timing and Ranging) GPS by the U.S Department of
Defense was basiqally developed for U.S military as a military navigating system for
guiding missiles, ships and aircrafts towards their targets. The GPS evolved from four
previous satellite systems: transit, a U.S. Navy system developed by Johns Hopkins
Applied Research Lab; Timation, developed at the Naval Research Lab; Project 621B, an
Air Force Study Program; and the Defense Navigation Satellite System. It was researched
in the 1960s and was officially established as a program in 1969 and approved for
development in December 1973. The first satellite was launched in February of 1978, and
the entire constellation of 24 satellites was completed in December 1993. All system

components reached full operational capébility in the spring of 1995.

Due to the tremendous accuracy potential of this system, and the latest
improvements in receiver technology, the GPS (Global Positioning Systems) has.
revolutionized navigation and position location for more than a decade [1]. GPS works in
any weather conditions, anywhere in the world, 24 hours a day. There are no subscription

fees or setup charges to use commercial GPS services.
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2.1.2 System Description

The GPS consist of the following three major segments, which are explained

below: -

2.1.2.1 Space Segment

There are a total of 32 GPS satellites in GPS Space Segment in which 24 satellites
are currently operational divided into six orbits and each orbit has four satellites. Each
orbit makes a 55-degree angle with the equator, which is referred to as the inclination
angle. The orbits are separated by 60 degrees to cover the complete 360 degrees. The
satellites have an average orbit altitude of 20,200 km above the surface of earth and
complete one orbit in approximately 11 hours and 58 minutes. The system is designed so
that at least five satellites are visible at any point on the earth's surface having a clear
view of the sky. These satellites are travelling at speed of roughly 11,265 km (7,000
miles) per hour. They are constantly moving, making two complete orbits in less than 24
hours. The constellation is constantly being replaced and upgraded and some of the

satellites are kept as spare for emergency situations.

2.1.2.2 Control Segment

The Control Segment primarily consists of a Master Control Station (MCS) at
Falcon Air Force Base (AFB) in Colorado Springs, USA as well as Six Monitor Stations
(MS) and Four Ground Antennas (GA) at various locations around the world. The

monitor stations are located at Falcon AFB, Hawaii, Kwajalein, Diego Garcia and



Ascension islands. The MCS is the central processing facility for the Control Segment

and is responsible for monitoring and managing the satellite constellation.

2.1.2.3 User Segment

The User Segment is the ultimate segment in the chain of system components. It
is the GPS receiver, consisting of an antenna, signal tracking circuitry, user interface,
power, and a microprocessor to control the operation of the receiver. There are many
receivers now commercially available ranging from low-cost, single-frequency sets to

expensive dual-frequency devices.

2.1.3 GPS Satellite Signals and Data

GPS signals are transmitted on two radio frequencies in the UHF band. These
frequencies are respectively known as L1 with frequency 1575.42 MHz and L2 having
frequency 1227.60 MHz. The UHF band ranges from S00MHz to 3GHz in the frequency

band. The spectrum of the GPS signal is shown in figure 2.1 below.

Figure 2.1 The GPS Signal Spectrum



The GPS signals consist of the following three parts which are described in detail below

12].

2.1.3.1 Carrier

The carrier wave with frequency L1 or L2 and which carries information from

satellite to GPS receiver.

2.1.3.2 Navigation Data

This part of GPS signal contains information about satellite orbits. This
information is uploaded by the ground stations in the GPS Control Segment to all
satellites with bit rate of 50 bps. The navigation message contains vast amount of
information that is used by GPS receivers to optimize the acquisition of satellite signals
and calculate user’s position. The navigation message includes data unique to the

transmitting satellite as well as data common to all satellites.

The navigation data are transmitted on the L1 frequency which is superimposed
on both the P (Y) code and the C/A code which will be discussed in the next subsection.
In the generic GPS receiver the navigation message is extracted by a 50 bps BPSK
demodulator that follows the C/A code correlator. The narrow bandwidth of the
navigation message ensures a high SNR ratio at the demodulator input and
correspondingly low probability of bit errors in the navigation message [2]. The
navigation message consists of 25 frames of data with each frame consisting of 1,500
bits. Each frame contains 5 subframes, each having length 300 bits. Further each

subframe composed of 10 words, where each word having length 30 bits. However,



some information is contained in the sequence of frames, and the complete data set
requires 12.5 minutes for transmission. The most important elements of the message are
repeated in every frame. Figure 2.2 depicts the overall structure of an entire navigation

message.

Figure 2.2 GPS Navigation Data Structure

2.1.3.3 Spreading Sequence

Each satellite has two unique spreading sequences or codes. The first one is the
C/A (Coarse Acquisition) code, while the other one is known as precision code (P(Y))
[3].

2.1.3.3.1 C/A Code

The C/A (Course-Acquisition) codes are also known as Pseudo-random noise
sequences, or simply PRN sequences. The C/A code consists of 1023 bits out of which

512 are ones and 511 are zero distributed at random. As explained on the next page PRN



sequence is pseudorandom not random because its generation is entirely deterministic [3].

The sequence has a chipping rate of 1.023 MHz that repeats every 1 millisecond. A

different PRN code is assigned to each GPS satellite which is selected from a unique

family of sequences known as Gold codes, described by Robert Gold in 1967. The Gold

codes have been chosen as they have very good autocorrelation and low cross correlation

properties which can used in signal detection. They are specific sequences of

pseudorandom numbers and can be generated using two tapped linear feedback shift

registers (LFSR). The two 10 bit shift registers are called G1 and G2 and generate the

maximum length pseudo noise (PN) codes with a length of 2° - 1 = 1,023 bits. The C/A

code generator circuit in block diagram form is shown in figure 2.3. The polynomial and

initial state for the C/A code are as follows: -

"C/A Code G1

1+X +X

11111111111

C/A Code G2

+X+ X+ X+ X+ X+ X

[itt1ttttt

Table 2.1 GPS Code Generator Polynomials and Initial States
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"
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Figure 2.3 C/A Code Generator



As evident from figure 2.3 the unique code for each SV (Space Vehical) is the result of
exclusive-OR of a delayed version of G2 output sequence and the G1 direct output
sequence. The C/A-code is transmitted only on L1 and is not encrypted and is therefore
available to all GPS users. Employing the exclusive-OR of two maximum length shift
registers, as shown above; there are 1023 possible gold codes for the GPS C/A code
generator architecture. But not all the sequences have low cross correlation properties.
Therefore, only 37 Gold codes with the best possible properties have been selected for
the GPS space segment. Low cross-correlation of the sequence is imperative because the
GPS receiver has to distinguish between signals from as many as 12 satellites at the same

time using correlation techniques.

2.1.3.3.1.1 Correlation Properties of C/A code

Correlation is the product integration of received signal with the replica of
transmitted waveform. Fundamentally, correlation is a statistical process and is
essentially the measure of similarity. The correlation characteristics are used for the
optimum detection of signals in white noise and are particularly important in the
detection of GPS signals that are buried in noise. This property is used in the receiver to
determine the propagation time by correlating the received signal with an internally
generated copy of the transmitted signal. The time shift for the highest correlation is a

measure of the propagation time.

One of the most important properties of the C/A codes is their high autocorrelation
peak and low cross-correlation. However, in order to detect the presence of a weak

signal, the peak of the autocorrelation of the weak signal must be stronger than the cross-
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correlation peaks of the strong signals. Theoretically if the codes are orthogonal, the cross
correlation values will be zero. However, the Gold codes are only near orthogonal codes,

so the cross correlation values of the C/A codes are not zero but rather have small values.

Auto-correlation means the multiplication and integration of the signal with the
delayed version of itself. The auto correlations characteristics of the GPS PRN codes are
fundamental to the signal demodulation process [1]. The general formula for auto

correlation function (ACF) is defined as: -
RI(1)= [ fIOf1(t+o )dt Q.1
Where t = the phase shift of the replica function.

The GPS uses codes that have similar auto-correlation and power spectrum
properties as the random binary codes, but the GPS codes are deterministic, periodic, and
predictable and are easily reproduced by suitably equipped receivers. The auto correlation
function of a maximum length PRN sequence is an infinite series of triangular functions,
with the peaks depicting the value of maximum correlation and have period of NTC

seconds as shown in figure 2.4. Mathematically ACF for C/A can be defined as: -

+=1023

j Gi(t) Gi (t+r)dt (22)

RG (1) =
O Toore )

Where Gi(t) = C/A code Gold code sequence as a function of time t for i SV.
TCA = C/A code chipping period (977.5 n sec) and t = phase of the time shift in the

autocorrelation function RG (1)
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Figure 2.4 Auto-Correlation Function
In Figure 2.5 the autocorrelation of one set of C/A code for a satellite is plotted in
Matlab environment. The maximum autocorrelation value is 1023, which corresponds to

the number of chips in one set of the C/A code.

1200
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400 - -1
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-200 I t 1 I
[ 500 1000 1600 2000 2500

Figure 2.5 The Autocorrelation of C/A code (Matlab Diagram)

The cross-correlation values between two C/A Codes are very small; hence the
GPS satellites can simultaneously broadcast signals at the same frequency. This property

makes it easy to find out when two similar codes are perfectly matched. From Figure 2.5
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it can be seen that the correlation peak value is much more significant than other
correlation values. The high peak value helps the receiver to acquire the GPS signal. The
secondary peaks in the autocorrelation are at least approximately 24 dB lower than the
higher peaks. When the receiver code phase aligns with the incoming signal code phase,

there is a +30 dB improvement in the SNR.

2.1.3.3.2 P (Y)-Code

The P (Precise) code is a 10.23 MHz PRN code sequence that is 267 days in length.
But the P code is normally encrypted and available only to authorized users. Once
encrypted, the P code is known as the Y code. It is modulated onto both L1 and L2
carrier. The P(Y) code is generated by the same principle as C/A code, except 4 shift
register having 12 cells each are used. However, it will not be discussed further as it is

beyond the scope of this project.

2.1.4 GPS Satellite Signal Modulation

The satellite signal structure is explained with the aid of a block diagram as shown in
figure 2.6 [1]. The L1 frequency (154 x fo) is modulated by both C/A code and P(Y) code
and the navigation message data, whereas the L2 frequency (120 x fo) is modulated by
only the P(Y) code and the navigation message data. The frequency fo is called the
nominal reference frequency and is equal to 10.23 MHz. Both the C/A codes and P(Y)
codes as well as the L1 and L2 frequencies are subjected to the encrypted dither
frequency of SA. The SA is used to limit the GPS accuracy for C/A code users and hence
cannot be corrected by SPS users as explained in section 2.1.6; however it can be

removed by PPS users also explained in section in 2.1.6.
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BPSK .

fo x 120 T — Modulator -

L P(Y) Code & Data L2 signal

fo = 10.22999998543 MHz or P(Y) code or 1227.6 MHz
+ SA dither BPSK C/A Code & Data N
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ox - L1 signal
90° Modulator » 1575.42 MHz

P(Y) Code Wl Il
Generator I P(Y) Code & Data

Switch P—J
C/A Code

2

| e
g

R T C/A Code @ Data
50 bps
Data P
Generator

Figure 2.6 GPS Satellite Signal Structure

As evident from the above-mentioned block diagram the 50 bits per second (bps) data
is combined with both the C/A code and the P(Y) code prior to modulation with the
L1 carrier. The combination is performed by an exclusive-OR process denoted by &
and the modulation is based on the Bi-phase Shift Keying (BPSK) method. The P (Y)
code @ data is modulated in phase quadrature with the C/A code @ data on the L1
frequency. Figure 2.7 illustrates the method of C/A code © data and clarifies that the
exclusive OR process is equivalent to binary multiplication of two one bit values. The
BPSK technique reverses the carrier phase when the modulating code changes from
logic 0 to 1 or 1 to 0. The C/A-code spreads the L1 signal power over a 2.046 MHz

bandwidth centered at 1575.42 MHz.



14

1 0 1 CI/A Code
0 1 50 Hz data
1 0 CI/A Code @ Data

Figure 2.7 GPS Code Mixing with Data

2.1.5 GPS Orbits

A GPS user needs accurate information about the positions of the GPS satellites in
order to determine its position. Therefore, it is important to understand the
characterization of GPS orbits. The orbital parameters of a satellite are represented by
various methods. The GPS ephemeris message not only includes the six orbital
parameters but also the time of their applicability and a characterization of how ﬂley
change over time. With this information the GPS receiver can compute the corrected
integral of motion for the SV in order to solve the navigation problem. The following
table defines the orbital elements that are used in the algorithms by which a GPS receiver
computes the position vector of a satellite (xs, ys, zs) in the ECEF coordinate system,
these parameters will be further discussed in the simulation section. Three of the elements
define the shape of satellite orbits, whereas three define orientation of the orbit in ECEF

coordinate system.
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1. toe Reference time of ephemeris

2. Ja Square root of semi-major axis

3. e Eccentricity

4. Io Inclination angle (at time foe)

5. Qo Longitude of the ascending node (at weekly epoch)
6. Q Argument of perigee (at time foe)

7. Mo Mean anomaly (at time fo¢e)

8. di/dt Rate of change of inclination angle

9. Q Rate of change of longitude of the ascending node
10 An Mean motion correction

11 Cuc Amplitude of cosine correction to argument of latitude
12 Cus Amplitude of sine correction to argument of latitude
13 Cre Amplitude of cosine correction to orbital radius

14 Crs Amplitude of sine correction to orbital radius

15 Cic Amplitude of cosine correction to inclination angle
16 Cis Amplitude of sine correction to inclination angle

Table 2.2 GPS Ephemeris Data Definitions

In case of GPS satellites, the orbits are nearly circular with eccentricities of no

larger than 0.02 and semi-major axes of approximately 26,560 km. The remaining orbital

parameters vary between satellites so that the constellation provides nearly uniform

coverage of the entire earth.

GPS almanac data and ephemeris data transmitted by the satellites also include

the osculating Keplerian orbital elements. The Keplerian orbital elements in the GPS

ephemeris message are augmented by "correction parameters” that allow the user to

estimate the Keplerian elements fairly accurately during the periods of time between

updates of the satellite's ephemeris message. In order to carry out necessary computation

it is important to know the rotation rate of the Earth. According to WGS-84, this rotation

rate is Qe = 7.2921151467 x 10° rad/sec.
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2.1.6 GPS Theory and Principle of Operation

The GPS SV broadcasts two carrier frequencies called L1, the primary frequency at
1575.42 MHz, and L2, the secondary frequency at 1227.6 MHz. The satellite signals are
transmitted using direct sequence spread spectrum (DSSS) techniques, employing two
different ranging codes used as spreading functions as explained in the section 2.1.3.3.
These codes broadcasted by the satellites enable a GPS receiver to measure the transit
time of the signals and thereby determine the distance between a satellite and the user.
The navigation message provides data to calculate the position of each satellite at the
time of signal transmission. From this information, the user position coordinates and the
user clock offset are calculated using simultaneous equations. Four satellites are normally
required to be simultaneously in view for the receiver to solve the equations for three-
dimensional (Latitude, Longitude, Altitude) positioning purposes while three satellites

are necessary for two dimensional (Latitude, Longitude) positions [4].

Each GPS satellite carries several high accuracy atomic clocks and transmits codes
that start at precisely known time. In order to make measurements the GPS employs the
concept of time-of-arrival (TOA) ranging to determine user’s position. Measurement is
made to calculate the time it takes for a signal transmitted by the SV at a known location
to reach a user’s receiver. By measuring the propagation time of signals broadcasted from
multiple SVs at known locations, the receiver can determine its position. Thus the
position of GPS receiver is calculated by trilateration, which is the traditional, simplest
and most accurate method of locating an unknown position from three points. So at least

three satellites are required to compute receiver position.
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To formulate the mathematics of the satellite navigation problem, it is necessary to
choose a reference coordinate system in which the states of both the satellite and the
receiver can be represented. For the purposes of measuring and determining the orbits of
the GPS satellites the Earth Centered Inertial (ECI) coordinate system is utilized in which
the origin is at the center of mass of the Earth. However for the purpose of computing the
position of a GPS receiver, it is more convenient to use a coordinate system that rotates
with the earth, this system is known as an Earth Centered Earth Fixed (ECEF) system. In
ECEF system, it is easier to compute the latitude, longitude and height parameters which
are displayed by the receiver. Latitude is the distance to North or South from Equator;
longitude is the distance to East or West from Greenwich city and height is distance from
earth surface. It has its x-y plane coincident with the Earth’s equatorial plane. In order to
carry out the required transformation, it is necessary to have a physical model describing
the Earth. The standard physical model of the Earth used for GPS application is DOD’s
World Geodetic Systemn 1984 (WGS - 84). It is a state-of-the-art global geodetic

reference system and depicts an ellipsoidal model of the Earth’s shape.

2.1.7 GPS Services
According to the Federal Radionavigation Plan the GPS furnishes two levels of

service, the Precise Positioning Service (PPS) and the Standard Positioning Service (SPS)

[5].

2.1.7.1 Precise Positioning Service

The PPS is an accurate positioning, velocity and timing service that is available

only to authorized users with cryptographic equipment and keys and specially equipped
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receivers. The PPS is primarily intended for military purposes. Access to the PPS is
controlled by two features using cryptographic techniques i.e. Selective Availability (SA)
and Anti-Spoofing (AS). Maximum GPS accuracy is obtained using the P (Y)-code that
is transmitted on both L1 and L2 Frequencies. U. S. and Allied military, certain U. S.
Government agencies, and selected civil users specifically approved by the U. S.

Government, can use the PPS.

2.1.7.2 Standard Positioning Service

The SPS is a less accurate positioning and timing service that is available to all GPS
users and is primarily intended for civilian purposes. Civil users worldwide use the SPS

without charge or restrictions.

2.1.8 GPS Observations
Three different types of measurements can be obtained when tracking a GPS

satellite: pseudorange measurement, carrier phase measurement, and instantaneous

Doppler measurement.

2.1.8.1 Pseudorange Measurement:

GPS satellites transmit signals which are labeled with the time of transmission
given in the GPS time frame. Receivers measure the time of reception of the signal
relative to the receiver clock. If the receiver clock is fully synchronized to GPS time, then
the time difference between the transmission time and the reception time is exactly the

travel time of the signal. Due to the fact that the satellite and receiver docks are usually
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not synchronized, the range determined with this procedure is affected by clock

synchronization error therefore it is referred as pseudorange.

The basic pseudorange measurement equation can be given as [6]:

p=r+rq+c(da - dar) +iong+ tropg + p, 2.3)
Where:
P measured pseudorange (m),
r geometric range (m),
rd orbital error (m),
c speed of light (m/s),
dac satellite clock error (s),
dar receiver clock error (s),
iong ionospheric error (m),
tropq tropospheric error (m), and
Pe receiver code noise plus multipath (m).

As mentioned earlier the signals transmitted by the satellites are used to measure
the Time of Arrival (TOA) at the receiver. Since the propagation speed (the speed of

light) is known, the distance (geometric range) can be calculated from the delay.
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GPS Satellite

Figure 2.8 Definition of the User-to-Satellite Vector r.

The position of the satellite, s, is known from satellite ephemeris data broadcasts
(ECEF coordinates). If a user is located at position u, the user-to-satellite vector r can

then be written as shown in Figure 2.8:

r=s-u 2.4)

Let r represent the distance between a satellite and the user,

r=||r]|=]]s-u]] (2.3)

The distance r, is determined by measuring the propagation time of a signal from the
satellite to the receiver. If the true time is dt when the signal is sent from the satellite and
the true time is dT when the signal reaches the receiver, the geometric distance r can be

written as
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r=c (dT - dt) 2.5)

where c is the speed of light.

2.1.8.2 Carrier Phase Measurement:

Ideally, the carrier phase measurement would be the number of full and fractional
cycles between the satellite and receiver antennas. However, a GPS receiver cannot
distinguish one cycle from another, so it measures the fractional phase and keeps track of
the changes in the phase. The problem is that it is only possible to measure the phase of
the last fraction of a wavelength and not the real distance. There will be an unknown
number of whole wavelengths N that cannot be measured directly. The unknown number
of wavelengths N is called the Integer ambiguity. Without determining the integer
ambiguity, the phase measurement is rather worthless until integer ambiguity is resolved.
There are many methods available to resolve the integer ambiguity and have been
documented in various research papers. For this reason the carrier phase measurement is

ambiguous, and cannot be used alone for GPS positioning [7].

The carrier phase measurement equation is:

®=r + 14+ c (d; — dt) + AN-iony + tropy + ®e (2.6)
Where:

0] observed integrated carrier phase (degree),

A wavelength in (m),

N integer ambiguity (cycles), and

P receiver carrier phase noise plus multipath (degree).
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This equation (2.6) is similar to the pseudorange equation, although there are
some differences. The most notable difference is the integer ambiguity in the phase
measurement equation. The integer ambiguity is the difference in the number of
wavelengths between the start of the receiver generated carrier phase and the signal from
the satellite. While the magnitude of the ionospheric error is the same on both the code
and phase measurements, it has an opposite sign. The ionosphere, delays the code
measurement, so the measured range is longer than the true value. In the case of the
carrier phase, the signal is advanced by the ionosphere as it propagates through the

atmosphere, so the measured range is shorter than the correct value.

2.1.8.3 Doppler Frequency Measurement:

The Doppler measurement is a measure of the difference in velocity between the
satellite and antenna, and is typically measured in L1 cycles per second. The Doppler
measurement does not have an integer ambiguity, and is in the range of =5 KHz. The

Doppler measurement is used in calculating the velocity. The equation of the Doppler is:

@' =r+r'y+c(dy—d't)—ion'y + trop’y + €'¢ 2.7

Where the dash represents the derivatives with respect to time.

The accuracy of the instantaneous Doppler measurement depends on the receiver

architecture and tracking bandwidth of the code tracking loop. Modern GPS receivers can

measure the instantaneous Doppler frequency shift with an accuracy of 5 mm/second [8].
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CHAPTER 3 GPS ERRORS SOURCES AND THEIR
EFFECT

There are a number of possible sources of errors which can degrade the accuracy
of positions computed and hence impact the performance of a GPS receiver. These error
sources can be mainly categorized into two groups, system wide errors and specific

operating environment or specific GPS receiver errors.

3.1 System Wide Sources of Errors

GPS error sources which are systematic in nature and which can be reduced
partially or wholly eliminated by means of differential correction technique are

summarized in the following figure.

Satellite Clocks

Ephemeris

Atmospheric

S/A

20 40 60 80 100
Metars

Figure 3.1 System wide Errors and their impact
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As can be seen from the above figure the major error is selective availability
(S/A), which is an intentional clock error introduced in the satellites by the US
Department of Defense to avoid unauthorized people to obtain (in their opinion) a too
accurate position. But this error is no longer an issue because in May 2000 the U.S
Government removed it. However there is no guarantee from the USA that it will not be
introduced again. The typical systematic errors that affect a pseudorange measurement

are further classified into the following subclasses:-

1 Ephemeris data

Errors in the transmitted location of the satellite

2. Satellite clock Errors in the transmitted clock

3. Ionosphere Errors in the corrections of pseudo range caused by
ionospheric effects

4. Troposphere Errors in the corrections of pseudo range caused by
tropospheric effects

Table 3.1 GPS Ranging Errors

These errors are briefly discussed in the following paragraphs one by one: -

3.1.1 Ephemeris/Orbital Error

Ephemeris errors result due to the inaccuracies in the satellites position reported by
the GPS ephemeris message. That is orbital information about satellites as given by the
ephemeris data does not match with actual satellite position in real time. The inability to
completely model the forces acting on a satellite, and the degradation due to Selective
Availability (SA) are the main reasons of orbital errors. Although the satellites are

positioned in very precise orbits, slight shifts of the orbits are possible due to gravitation
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forces and solar winds. These forces buffet the satellite, causing the true trajectory to
differ from the planned one. These forces cannot be estimated and therefore cause an
error in the calculation of satellite position from the ephemeris data. If the error is left
uncorrected it will result in inaccurate range determination and hence the location of the

user position.

Differencing observations between receivers from the same satellite can reduce
the error. This method is called DGPS (Differential Global Positioning System) method.
In this method two receivers are taken one is called reference or base station and the other
one is called rover station. The base station is at known position. Rover station
observations are subtracted from the base station and the difference computed is
considered as error. Another very effective way to handle orbital errors is to use post-
processed precise orbits. Precise orbits are derived from an extensive reference network
such as the Cooperative International GPS Network (CIGNET) resulting in the accuracy
as high as a few centimetres. The orbit data are controlled and corrected by the ground
control stations regularly and this corrected data is sent back to the receivers therefore the
ephemeris errors do not have a significant impact on the pseudorange measurements and
receiver tracking performance relative to other errors. Tests have shown that the orbital

error is generally a few metres.
3.1.2 Satellite Clock Errors

Each satellite carries atomic (rubidium or cesium) clocks which are used as the time
and frequency base for the realization of the GPS system time. Although the satellite

clocks are very accurate and stable, they are not perfect and there is still chance of errors.



Moreover, the ground control stations of GPS are constantly monitoring the behavior of
satellite clock deviations and uploading correction parameters. These parameters are then
transmitted to the GPS receivers via the satellite broadcast data, and the receivers can use

this information to compensate for satellite clock errors [9].

Differencing observations as explained earlier in section 3.1.1 from the same satellite
between two GPS receivers can reduce or eliminate the satellite clock error. An
alternative method is to leave the satellite clock offsets as an unknown which is to be
determined from parameter estimation at later stage [10]. The following equation can be

used for determining the satellite clock error from the ephemeris message.

dt =af,(t-t, F +af (t-t,. ) +af, +d, -t G.1)
where

dt satellite clock error (s),

af, second order coefficient (s™),

1 time of measurement (s),

t oe time of ephemeris (s),

af 1 first order coefficient (unitless),

afo zero order coefficient (s),

d;u relativity correction (s), and

t

ad group delay (s)
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3.1.3 Atmospheric Errors

The atmosphere affects the GPS signals up to a significant level. As a result the
electromagnetic waves are both delayed and refracted because the refractive index of
atmosphere’s constituent gases is slightly greater than unity. It is known that while
passing through the ionosphere the electromagnetic waves are slowed down inversely
proportional to the square of their frequency (1/1’"‘). That is electromagnetic waves having
lower frequencies are slowed down more as compared to electromagnetic waves with
higher frequencies. The resultant decrease in velocity increases the time taken for the
signal to reach the receiver antenna, thereby increasing the equivalent path length. At low
elevation angles refraction bends the ray-path and further increases the delay. The
atmosphere has two critical regions (ionosphere and troposphere) which induce errors in
the GPS signal. The troposphere also called the lower part of atmosphere ranges from
sea-level to 50km while the ionosphere ranges from 50 to 1500km in the space [11]. The

effect of both these regions is discussed in detail in the following subsections.

3.1.3.1 Ionospheric Errors

The ionosphere is a region of the atmosphere which starts at an altitude of 60 to
1500 km. It contains a significant number of free electrons (negative charge) and
positively charged ions [12]. The electrons and ions can be divided into four layers in the
ionosphere namely D-, E-, F1-, and F2-layer. These layers of free electrons retard the
propagation of GPS signals in free space by more than 300 ns in the worst case, resulting
in range errors of 100 meters [13]. The density of free electrons also called Total Electron

Content (TEC) depends primarily on ultraviolet light rays from the sun; consequently



28

amount of ultraviolet light determines the state of the ionosphere. In the absence of
ultraviolet light, the free electrons and positive ions recombine, which reduces free
electrons density. So the free electron density is a function of the relative position of the
sun, which makes it vary in a 24-hour cycle when observed from earth.

The total electron content (TEC) along the path from the GPS satellite to the
receiver can be defined as:

TEC = f N, ds, (3.2)
path
where
Ne is the local electron density, expressed in electrons/m’.

The ionosphere error can affect both code and carrier phase measurements, as well as
increases the probability of losing lock on the satellite. The ionospheric error also
depends on the elevation angle, magnetic activity. A typical ionospheric error ranges 5-30

meters. The equation for the phase measurement advance due to ionospheric effect is [6]:

2
dua = 227 @1 -0k, - (N, -N30,) e
1 2
where:
it frequency of band L1 or L2 (Hz) respectively,
AL A wavelength of L1 or L2 (m) respectively,
D ,D; carrier phase measurement on L1 or L2 (cycles) respectively, and

Ni, N2 integer ambiguity on L1 or L2 (cycles) respectively.
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3.1.3.2 Troposphere Errors

Troposphere is the lowest part of atmosphere and ranges up to 16 km in altitude
from the surface of the earth although the neutral atmosphere extends up to 60 km. The
main factors which cause troposphere delay include temperature, pressure and humidity.
The delay also changes with the height of the user position and the type of terrain below
the signal path can change the delay. According to Hopfield [14], there are two
component of troposphere delay namely wet delay and dry delay. The dry component
which causes delay up to 80-90% of the total delay is easier to be determined as
compared to the wet component. The following table shows in average numerically both

components of the troposphere delay under different elevation angle.

1. 90° 23 0.2 2.5
2. 20° 6.7 0.6 7.3
3. 15° 38 0.8 9.6
4. 10° 12.9 1.1 14.0
5. 5° 23.6 22 25.8

Table 3.2 Tropospheric Delay on Measured Range

The dry delay is mainly caused by the O, and N, gases present in the
atmosphere and it can be modeled up to 1% or better. On the other hand the wet delay
which causes up to 10-20% of the total delay is difficult to modal. The wet delay is due to

the presence of water vapors in the atmosphere.
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Mathematically the tropospheric delay T can be represented as

T = / (n 1)ds+ A, 34
path
where
n is the refractive index of the atmospheric gases and
Ag is the difference between the curved and free-space paths.

A number of models have been developed by different researchers to estimate
the tropospheric delay. Some of the popular models are, the Hopfield model (Hopfield,
1969), the modified Hopfield model (Goad and Goodman, 1974), and the Saastamoinen
model (Saastamoinen, 1973). However the error introduced by the troposphere is
impossible to predict in real time, being affected by the weather conditions between the
receiver and satellite (the amount of water in the line of sight to the satellite being the

major factor).

The troposphere delay is a non-dispersive in nature that is the delay effects are not
frequency dependent. It means the delay is same for both the code and phase
measurements. Without appropriate compensation, tropospheric delay will induce
pseudorange and carrier-phase errors from about 2 metres for a satellite at zenith to more
than 25 metres for a low elevation satellite. The effect is to both retard the velocity of the

signal and to refract (bend) its ray path.
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3.2 Local GPS Error Sources

There are some GPS error sources which are local to a specific operating
environment, or specific to a particular GPS receiver design. Such errors can be further
classified in to two sub class’s namely environmental error and receiver related errors.
Environmental error sources include: multipath and geometry of satellite while GPS

receiver related factor are receiver channel noise and clock error.

It should be kept in mind that local error sources cannot be eliminated by the
differential correction approach. The only way to resolve the errors is to use good GPS
receiver technology and operate in suitable: environment, in order to minimize
environmental error factors. Recent improvements in GPS receiver design has increased

the resistance to multipath and RF interference, but have not eliminated these factors

completely.

receiver antenna.

2. Satellite Geometry Errors due to the shape of the satellite visible to
user.

3. Receiver Noise Errors in the receiver's measurement of range
caused by thermal noise, software accuracy and
interchannel bias.

4. Receiver Clock Errors in the receiving clock.

Table 3.3 Local GPS Error Sources

In the following paragraphs each of the above error is described briefly.



32

3.2.1 Multipath Errors
Generally the term multipath can be defined as when replicas of a radio signal

arrives at the receiver antenna through more than one path with different delay of time
such phenomenon is known as multipath. In the case of GPS this phenomena also occurs
and introduces error in the GPS signal and ultimately in the user position measurement.
Multipath error is caused by surroundings building, hills, trees and other obstacles lays in
the way of the GPS signal. As a result, it is highly dependent upon the conditions
surrounding the receiver antenna, the type of antenna that is used, and the signal tracking
algorithms of the receiver [15]. The multipath effect can be depicted as shown in the

following figure.

signal N\_ = kRiniiinyd =
reflected 3 §
signal S~

Figure 3.2 Multipath Effect

The common numerical value of error introduced by multipath effect is 3 m for code
measurement and 0.5 cm tor phase measurement. Multipath error can be reduces up to
greater extent by selecting suitable observation site, special type of antenna and advanced
receiver having suitable tracking algorithms such as narrow correlator spacing, Multipath
Elimination Technology (MET) and Multipath Estimating Delay Lock Loops (MEDLL).
Result had shown that MEDLL was the most effective method at reducing multipath

error compared to the other methods as described earlier [16].
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Antenna based multipath mitigation involves improving the antenna gain pattern to
counter the multipath. A choke ring with a ground plane has shown best result in this
regard. Significant improvements can be achieved by developing an antenna with a very
low gain for left hand circularly polarized (LHCP) signals and using an antenna array to

have a sharp cutoff below a certain elevation angle.

3.2.2 Satellite Geometry

The geometric constellation or shape of satellites visible to a GPS user can also
impact the accuracy of position determined by a receiver. This effect is known as

Dilution of Precision (DOP). DOP can be explained better with following diagram.

Peoor Dilution of Precision Good Dilution of Precision

L 4 Not To Scalet Not ToSeale!

Figure 3.3 Comparison of High and Small DOP

Mathematically the relationship between the position of the satellites and range

measurement can be expressed as follow [17]:

c, = DOP*o, (33)



where:

Op standard deviation of point position (m),

DOP dilution of precision (DOP), (unitless), and

o; ' standard deviation of range measurement (m).

The DOP can also increase or decrease other types of GPS errors. It means better
the geometry of the satellites lesser will be the chance of error. It usually depends on the
angle among the satellites i-e greater the angle among the satellites more accurate will be
the position calculation. There are different variants of DOP such as HDOP (Horizontal
Dilution of Precision), VDOP (Vertical Dilution of Precision), TDOP (Time Dilution of
Precision) etc. All of these variants values are summed together to give a common value
for GDOP (Geometric Dilution of Precision). The average error value caused by the
satellite geometry is 2.4 m which can reach up to 10 m or more in case of poor satellite

geometry. DOP with greater value represent poor geometry and vice versa.

3.2.3 Receiver Noise

Errors which result due to the internally operated measurement procedures used
within the receiver are typically grouped together as receiver noise. The receiver noise is
considered as white noise in GPS receiver for specific time period. As the tracking loops
incorporated in both GPS Carrier phase and code measurement are not same therefore it
is generally believed that the noise is uncorrelated. The tracking loop jitter is the main
reason of the noise [15]. It was also shown by Raquet that the noise level can be

decreased to a greater extent by taking the GPS data on high elevation angle. The angle
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can be increased up to about 45°, where the noise becomes constant. The code
measurement noise level decreases from 58 cm to 15 cm as the elevation angle increases.

Modern receiver technology have shown best result and decreased phase noise
level up to 1 mm, and on the other hand reduced the code noise to the ten centimeter

level.

3.2.4 Receiver Clock Error

Receiver clock error is the difference between the receiver clock and the GPS
system time. The magnitude of the error depends on the receiver’s internal structure like
the type of oscillator used in the receiver. The receiver clock error leads to a range error
in the pseudorange and carrier phase measurements. Similar to the satellite clock error,
the receiver clock error can be eliminated or reduced to greater extent by differencing

between the observations observed in a receiver between two different satellites.

Besides these there are some other errors like relativistic effect, rounding off error
and measurement which can lead from 1 m to 2 m error. In short the errors ot the GPS
system are summarized in the following table. The individual values are no constant

values, but are subject to variances. All numbers are approximate values.

lonospheric effects

1. + 25 meters
2. Troposphere + 25 meters
3. Shifts in the satellite orbits + 2.5 meters
4, Clock Drift both satellite & Receiver +1.5 meters
5. Multipath *1 meters
6. Selective Availability +70 meters
7. Receiver Noise +10 meters
8. Calculation- and rounding errors =1 meters

Table 3.4 GPS Errors



CHAPTER 4 LITERATURE REVIEW

The sources of errors in GPS navigation (satellite clock, receiver clock,
atmospheric and multipath errors) induce biases in the measurement of pseudo range and

degrade system accuracy in case of commercial GPS receivers employing the C/A code.

In recent years, many researchers have studied and documented GPS errors. Some

of these researchers have also analyzed the effect of errors on GPS positioning.

4.1 Errors Sources

In the last several decades, numbers of models have been developed and reported in
the scientific literature by researchers for estimating the delay induced by the troposphere
in the GPS signal. However, much research has gone into the creation and testing of
tropospheric refraction models to compute the refractivity N along the path of signal
travel. These models includes Hopfield, 1969; Saastamonien, 1973; Goad and Goodman,
1974; Santerre, 1987; Marini, 1972; Baby et al., 1988; Mendes and Langley, 1994 and
Edward E. Altshular et.al 1998: All these models work fairly well, but they do generally
require input of meteorological parameters which may have errors. Also, the troposphere
is at times not homogeneous (such as when a storm front is moving through), which can

result in errors. Some of these models will be discussed briefly below.

Hoptield |18] developed a dual quartic zenith model of the refractivity with
different and separate quartics for the dry and wet atmospheric profiles. He described that
refractivity is function of height above the surface assuming single polytropic layer. The
model given by Hopfield has been simplified and modified later on by many scientists
over the years such as Goad and Goodman (1974), Black (1978), Kouba (1979) etc.

Saastamonien [19] described a standard model for RF tropospheric delay valid
for £2>10° elevations and then Saastamonien refined his model by adding two
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correction terms, one dependent on the height of the observation site and the other on the
height and the zenith distance.

Edward E. Altshular et.al [20] presented an algorithm for estimating the
tropospheric range error from the user height above sea level, latitude, day of year, and
elevation angle to the satellite from the GPS receiver. He has demonstrated in his paper
that range error produced by troposphere is approximately 25 m for an elevation angle of
5°.

Theodore L. Beach, Paul M. Kintner, et.al [21] has developed a specialized
ionospheric scintillation meonitor also called the Cornell scintillation monitor which
monitors L-band amplitude scintillation. They have demonstrated the successful
modification of a commercial GPS receiver development system to monitor variations in
signal strength at a rate. of 50 samples/s. They also argue that the Corell scintillation
monitor can record scintillations from several GPS lines of sight simultaneously and
permits correlation studies with multiple receivers. Additionally, observations of signal
strength fluctuations from day to day may provide insight into the multipath environment
of a stationary antenna installation. According to them the results obtained from these
investigations are being used to better characterize equatorial L-band scintillations and
their potential effects on the operation of GPS receivers.

Siti Sarah Nik Zulkifli, Mardina Abdullah, et.al [22] studied the ionospheric error
on transionospheric signal propagation from satellite to ground paths using readily
available GPS satellites utilizing Jones 3-D ray-tracing algorithm. They measured the
value of absolute range error (group delay) and relative range error (phase advance) when
a signal propagates in the ionosphere. The ionospheric delay or advance is obtained from
the difference between the distance of the ray path to the receiver from the satellite
determined from the ray-tracing and the distance for propagation over the LOS at the
velocity of light in vacuum. The value of RRE is then calculated. RRE is the difference
between the standard dual frequency models corrected range and LOS. Results show that
the RRE of group value is different from the RRE of phase advance.
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Other researchers like Goad, Cohen et al. and Hansen et al. have also devised

methods to estimate ionospheric delays.

Multipath effects on pseudorange measurements have been studied for almost two
decades. Hagerman [23] derived relationships involving multipath and code-tracking
error. This fundamental work formed the basis for the analysis of GPS code and carrier
multipath. |

Evans [24] demonstrated multipath effects on ionospherically corrected code and
carrier phase measurements from geodetic receivers. Georgiadou and Kleusberg [25]
considered multiple reflections and showed that multipath on short baselines could be
detected using dual frequency measurements. Abidin [26] examined the effects of
multipath on ambiguity resolution for dual frequency measurements.

4.2 Mitigation Techniques

While some researchers have documented the effect of errors on GPS accuracy,
others have developed algorithms and techniques to mitigate these errors in order to
improve GPS position fix. Few of them are briefly outlined in the next paragraphs.

Tajul A. Musa, et.al [27] in his study proposed geometric modeling through the
network-based approach to mitigate the residual tropospheric delay in low latitude area of
troposphere region. They performed tests in post-processing but in the “simulating RTK”
mode, and evaluated the number of ambiguity fixes and the accuracy of the coordinate
results. According to them network based RTK positioning in low latitude areas has
shown that the proposed technique can enhance ambiguity resolution by pivoting the
ionosphere-free measurements through the mitigated residual tropospheric delay.

JiHong Zhang |28] proposed a method named Trop NetAdjust which not only
predicts the residual tropospheric delays on the GPS (Global Positioning System) carrier
phase observables using redundant measurements from a network of GPS reference

stations but also enhances the effectiveness and reliability of the integer ambiguity
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resolution process. Besides this the technique can be a good approach for tropospheric

parameter variation forecasting.

Hopfield in [29] discussed two types of improvements in tropospheric range
correction which are based on a model developed by the same author earlier. One of the
two improvements described by him is correction for signal path bending, and the other is
an improvement of the model N profile shape. The author recommends that signal path
bending correction should be made prior to the profile shape correction.

An algorithm was designed by John A. Klobuchar [13], which uses eight
coefficients, transmitted as part of the satellite message, to provide a correction for
approximately 50 percent rms of the ionospheric range error. Further the author described
that corrections for ionospheric range rate errors for a single frequency user are not
practical by modeling techniques, due to the impossibility of predicting, except in a
statistical manner, the small undulations in the ionosphere which produce range rate
errors on time scales of a few seconds to minutes. The goal of a 50 percent rms correction
for the ionospheric algorithm was arrived at somewhat arbitrarily as a compromise
between number of coefficients required to be sent as part of the satellite message and the -
realization that even a state of the art ionospheric model, requiring many coefficients,

would provide only a 70 to 80 percent rms correction to the ionospheric time delay.

A simple formula has been derived by M. Mainul Hoque, et.al [30] to mitigate
higher order ionospheric error. According to the author, the proposed correction
algorithm reduces the second order effects to a residual error of fractions of one
millimeter up to two millimeter at a vertical TEC (Total Electron Content) level of 1018
electrons/m2 (100 TECU), based on satellite azimuth and elevation angles. The
correction formula can be used in real-time applications as it does not needs the
information of the geomagnetic field or the electron density distribution in the ionosphere
along the signal path. It is expected that the correction will enable more accurate

positioning using the line-of-sight carrier-phase measurements.
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S. Choy, et.al [31] evaluates the performance of three different ionospheric error
mitigation methods in terms of the accuracy and precision of the derived solutions, as
well as the time required for the solutions to converge. The tested mitigation algorithms
are used in single frequency PPP (Precise Point Positioning), known as GRAPHIC
(GRoup And PHase lonospheric Correction) algorithm developed originally by Yunck, in
1993, the Global Ionospheric Maps (GIMs) developed by IGS and the Klobuchar model.
Based on the numerical results derived, the author shows that the GRAPHIC and GIMs
methods are able to provide point positioning accuracy better than one meter for session
duration less than an hour using geodetic quality single frequency receivers. For 12 to 24
hours data sets, the positioning accuracy can be as good as <0.1m.

J.K.Ray, M.E.Cannon [32], investigated the effect of carrier phase multipath in
static mode and developed a system to reduce the effect using multiple closely-spaced
antennas. According to them correlated nature of multipath, along with the known
geometry among the antennas, are used with the measured relative carrier phase
differences to aid in the extraction of the direct carrier phase from the multipath-
corrupted carrier phase measurement. They also presented mathematical model of the
mutltipath effects on carrier phase measurements and implemented the Kalman filter to

estimate these errors.

The above mentioned technique estimates the parameters of the composite
multipath signal and removes the error due to all multipath signals. It is particularly
useful in case of reference stations which transmit carrier phase data for kinematic

positioning applications.

An adaptive filter technique based on a least-mean-square (LMS) algorithm was
developed and used by Linlin Ge, et.al [33] to mitigate the multipath errors. Furthermore
as argued in [34], this algorithm is suitable for real time applications.

Numerical simulation studies indicate that the adaptive filter is a powerful signal
decomposer, which can significantly mitigate multipath effects. By applying the filter to
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both pseudorange and carrier phase multipath sequences derived from some experimental
GPS data, multipath models have been reliably derived. It is found that the best multipath
mitigation strategy is forward filtering using data on two adjacent days, which reduces
the standard deviations of the pseudorange multipath time series to about one fourth its
magnitude betore correction and to about halt in the case of carrier phase. The filter has
been successfully applied to the pseudorange multipath sequences derived from CGPS
data. The benefit of this technique is that the affected observable sequences can be
corrected, and then these corrected observables can be used to improve the quality of the
GPS coordinate results.

Calmin D. Scarlett [34] showed that cellular based GPS error correction system
can be implemented. He also argued that the system is geared towards reducing and/or
eliminating these errors and thus increasing the accuracy of the GPS system. This system
is able to provide the same services as the Differential GPS (DGPS) systems which are in
use today.

David Hadaller [35] proposes simple software techniques to mitigate systematic
errors caused by mobility in off-the-shelf devices. Similarly ANN (Aritificial Neural
Network) technique was used to reduce the position errors as discussed by Sarawut
Nontasud et al, [36].

Colombo [37] studied precise GPS positioning over long baselines using a
software simulation (Colombo, 1991). A high-order Kalman filter/smoother was used to
estimate satellite position errors, reference receiver position errors, atmospheric
refraction errors, mobile receiver position, and phase ambiguities using dual frequency
carrier-phase and single frequency L1 Coarse Acquisition (CA) code measurements.
There were no multipath errors in this simulation. He showed that using the high-order
model (versus estimating only position and velocity) significantly improved positioning
accuracy, especially when there were large satellite orbit errors. He also showed that
using two reference receivers improved the results. However, the smoothing portion of

this near-optimal method can only be performed in post-mission mode.
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Besides the techniques discussed above to mitigate the errors introduced by the
different GPS error sources another popular technique known as DGPS (Differential
Global Positioning System) can be used to alleviate errors such as satellite and receiver

clock errors and ephemeris error to improve the GPS position accuracy.

Ehsani et al. [38] explored how less than three meters of accuracy can be achieved
using differential techniques that use additional signals sent from known ground stations.

Centimeter level positioning accuracy can be achieved using carrier phase-based
Differential GPS (DGPS) technique, in which two or more geodetic quality GPS
receivers are deployed and two or more frequencies are used to alleviate ionospheric
effects ,Wang et al., 2004 [39], Wu et al., 2006 [40]. This technique is able to provide
high accuracy solution because common errors, such as satellite and receiver clock errors
are cancelled out in short baselines or the errors are dramatically reduced in long
baselines, Zhang et al., 2007 [41].
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CHAPTERS SIMULATION AND COMPARISON OF

RESULTS AND ANALYSIS

The simulation work was carried out in the software Matlab version 7.3 on actual GPS
data using software GPS receiver. The results of simulation performed have been

recorded and important ones are given below.

5.1 Capturing of GPS Data

The GPS data used in this project has been acquired using a National Instruments
PCI-6534 DAQ board, installed in a PC. File sizes up to 2 x 10° bytes have been captured
in this manner (106 seconds at 19.2 MB/s. The GPS data was captured in Room E44b of
Sackville street building of the University of Manchester. A commercial off the shelf
helical antenna was used. It was mounted on a mast and pushed out of the room window
during measurements to have a good view of the sky. As usually done the GPS signals
were received, amplified, down-converted, and digitized into base band samples. The
base band samples are then processed using software routines to acquire and track the
direct GPS signal and to generate the receiver position information as explained
tollowing sections. The numbers of available satellites were limited to tive on the
particular afternoon, when measurements were performed. They were however enough to

perform the tracking and position calculations as mentioned below in the section 5.3.
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5.2 Analysis of GPS Data
The analysis of the data started with the generation of two types of plots as shown

in the figure 5.1.
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Figure 5.1 Time and Frequency Domain Plots for the Actual GPS Data

The first plot in the figure depicts the time domain plot for 1000 samples. As
expected no discernable structure is visible despite the 4.78 MHz IF for the collected
data, which is in line with the text explained earlier that GPS data set is a traditional
CDMA signal, submersed in white noise and only with the help of correlation theory the

data can be demodulated.
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5.3 Acquisition and Tracking of Satellites

The first step in the simulation was to acquire satellites from the captured GPS
data. The acquisition plot for the captured GPS data is shown in figure 5.2. Only four
satellites have strength greater than the acquisition threshold set at 2.5. This is an

arbitrary level and can be revised based on the circumstances.

rE—— 5 2 )
PR number (n bar - SV is net in the acquisition Ne!)

Figure 5.2 Acquisition Results

The purpose of the acquisition process is to identify if a certain satellite is visible or not.
If the satellite is visible, the acquisition process determines the coarse values of carrier
frequency and code phase of the satellite signals. The list of acquisition specific variable

is as follows:
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acq_satelliteList | A set of satellites PRNs can be specified, however the

default list starts a search for all available satellites (1 to

32)

2. acq_searchBand Specifies the frequency band in which to search and is
centered around the IF (kHz)

3. acqg_threshold Determines the threshold of the signal detector

Table 5.1 Description of Acquisition Specific Variable

The parameters i-e carrier frequency and code phase are further refined by the
tracking process. That is the main purpose of tracking is to refine the coarse values of
code phase and frequency, and keep track of these as the signal properties change over
time, thus the tracking code runs continuously to follow the changes in frequency as a

function of time.

The plots in the following diagram depict the bits of navigation message and
discriminator outputs. As explained in [42] the implemented DLL discriminator is the
normalized early minus late power which is filtered to provide feedback in sample
precision in order to update the code offsets. For the PLL case arc-tan function is chosen
as the phase discriminator and a first order loop filter is employed to predict and estimate
any relative motion of the satellite and adjust minor changes to the Doppler frequency.
The tracking results for only two of the four channels have been shown due to similarity

among diagrams of different channels [3].
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Figure 5.3 Tracking Results for Channel 2
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Figure 5.4 Tracking Results for Channel 4
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The position calculations were made from 37 seconds of data. This length makes it
possible to decode a complete frame of navigation data including all ephemerides for the
visible satellites. We know that the geographical coordinates (g, A) locate a point on the
reference ellipsoid. For many practical purposes it is useful to have coordinate transform
in a two dimensional plane. The mapping of an ellipsoid into a plane is performed by
conformal mapping. The most commonly used system is the Universal Transverse
Mercator Grid System (UTM). In this method the earth is divided into 60 sections that are
termed as zones. Each zone covers 6° in longitude and numbered 1 to 60. The coordinates
are called northing N and easting E. The transformation of geographical coordinates (o,
) into UTM coordinates and vice versa often appears in practical situation. The M-files
for this purpose are given in the appendices of [3]. Figure 5.5 plots variations of
coordinates over time in UTM system and the mean value in geographical coordinates (9,
) depicted in the legend of figures 5.8 and 5.9 is considered as the receiver position.

Descriptions of some parameters for carrier tracking are as follows: -



pingRatio
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The damping factor is a well known term in control
engineering and controls how fast the filter reaches
its settle point and how much overshoot the filter
can perform. Hence the choice of damping factor is
a compromise between overshoot and settling time.
The damping ratio is chosen to be = 0.7 resulting
in a filter that converges reasonably fast and does
not make a high overshoot.

PLL_noiseBandwidth

The noise bandwidth controls the amount of noise
allowed in the filter. A large noise bandwidth helps
the tracking loop to lock quickly to the real
frequency, but has a relative large frequency noise
in the locked state. Similarly a smaller noise
bandwidth results in more time before the tracking
loop can be locked, but after the lock the frequency
is stable. In some software receivers, the PLL is
divided into two filters. One filter, having larger
noise bandwidth, is used to acquire lock on the
signal and other to track the signal in a locked
state.

DLL_CACorrelatorSpacing

Spacing between the early and late correlators,
usually half chip (unit of chip)

DLL_dampingRatio

Damping ratio for the delay lock loop

DLL_noiseBandwidth

Noise bandwidth for the delay lock loop

Table 5.2 Description of Important Parameters
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5.4 Function Tropo

This Matlab subroutine is based on modified Hopfield tropospheric model [45].
The tropospheric correction model used in the simulation was selected because it gives
best results as compared to other tropospheric models and it is used widely for
tropospheric correction. It calculates tropospheric correction which has to be made to the
computed user position. Correction in meters is stored in variable ddr. The range

correction ddr in m is to be subtracted from pseudo-ranges and carrier phases.

Descriptions of some important parameters of the Tropospheric correction
function are as follows.

| sin of elevation angle of satellite.
2. hsta Height of station in km.
3. P Atmospheric pressure in mb at height hp.
4. tkel Surface temperature in degrees Kelvin at height htkel.
5. hum Humidity in % at height hhum.
6. hp Height of pressure measurement in km.
7. htkel Height of temperature measurement in km.
8. hhum Height of humidity measurement in km.

Table 5.3 Description of Important Parameters of Tropo Function
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For comparison purposes, positions based on point located approximately at the
same location on Garmin Map source were recorded and the result have been compared

in table 5.4.

Software results 53° 28’ 32.5499° 2° 14’ 4.3713>
before correction
2 Software results after 53°28’ 31.9551” 2°14° 7.5195”
correction
3 Map results 53°28° 32> 2° 14° 7.4948°

Table 5.4 Comparison of Results Obtained for Position Calculations before and after

tropospheric correction

5.5 Position before and after Tropospheric Correction

Position was computed before and after atmospheric i-e troposphere error
correction and effect of the error was noted which can be seen from the figures 5.5 to
5.9. Difference in latitude value was noted and also a significant variation can be seen in
coordinates in UTM system from the above figures. Results for 70 ms (millisecond) out

of 500 ms (millisecond) data are shown in the following figures.
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Coordinates variations in UTM system before Tropospheric Correction
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Figure 5.6 North Coordinate variations with and without Tropospheric correction
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Coondinates variations in UTM system before Tropospheric Correction
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As can be seen from figure 5.9 the estimator is unbiased because the measurements taken

after correction are close to the mean error is zero.

The sky plot in figure 5.10 shows which satellites were visible and tracked when
GPS data was captured. The satellites are shown using their PRN number inside the
figure. This figure also shows that the value of mean Position Dilution of precision
(PDOP) is 7.8783 which is calculated using following equation. High DOP values are
found when satellites are clustered together. Practical experience has revealed that it is
best to have satellites spaced evenly around the receiver with one satellite overhead and
one low on the horizon. Good observations are achieved when PDOP is less than 5 and
measurement come from at least five satellites {43]. Mathematically PDOP is calculated

as

PDOP = Ja,f, + 67 + 05 + 67 )

Where 83,082,682 and 8% are variances of east, north and up components of receiver

position estimate and 6'% is the variance of the receiver clock offset estimate. The
relationship between the precision of the pseudorange and the precision of the GPS

receiver position calculations is as follows [44].
Xrums = 6, x- PDOP )

where Xpys is the error on the receiver position g, is the standard deviation of the
pseudorange measurements. So to optimize the accuracy of the position calculation the
standard deviation of the pseudorange measurements and PDOP have to be minimized.

This may account to small difference in positions calculations.



Sky plot (mean PDOP: 7.8783)

Figure 5.10 Satellite Sky Plot
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS

In the current research endeavor different error sources and their impact on GPS position
accuracy was analyzed. Besides this different currently used technique to reduce these
errors for improved GPS positioning were also analyzed. Special emphasis was focused
on atmospheric errors. In this regard a tropospheric error correction model was simulated

on real captured GPS data and results were analyzed.

In future instead of performing absolute positioning of the receivers, relative
positioning between receivers will be performed, so that the correlated portion
(atmospheric and satellite position) of the measurement errors can be reduced, which will

result in a significant increase in position accuracy.

To achieve the desired accuracy two or more GPS receivers will be installed on
the system (airborne platform or ground vehicle) and the output will be combined

(possibly by a Kalman filter or neural networks) to cancel out the correlated errors.
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