IMPROVING POSITIONAL ACCURACY USING CARRIER SMOOTHING

TECHNIQUES IN INEXPENSIVE GPS RECEIVERS

BY

Sudha Neelima Thipparthi, B.Tech.

A thesis submitted to the Graduate School
in partial ful llment of the requirements
for the Degree

Master of Science in Electrical Engineering

New Mexico State University
Las Cruces, New Mexico

February 2004



\Improving positional accuracy using carrier smoothing techigues in inexpen-
sive GPS receivers," a thesis prepared by Sudha Neelima Thippairin partial
ful llment of the requirements for the degree, Master of Sciece in Electrical En-

gineering, has been approved and accepted by the following:

Linda Lacey
Dean of the Graduate School

Charles D. Creusere
Chair of the Examining Committee

Date

Committee in charge:
Dr. Charles D. Creusere, Chair
Dr. Paul M. Furth
Dr. Raphael J. Lyman
Dr. Michael N. DeMers

Dr. Steven M. Shope (Industrial Advisor)



Dedicated to my Mom and Dad



ACKNOWLEDGEMENTS

| wish to thank the president of US Positioning Group LLC, Dr. Steen
M. Shope for giving me an opportunity to work on this projectmaking this study
possible and for all his help, insight and encouragement. Maniidnks to the rest
of the US Positioning Group for making my stay enjoyable.

Thanks also to my advisor at New Mexico State University, Dr. Chads D.
Creusere for helpful suggestions and comments during my worktlwihe thesis.

| would like to express my great appreciation to my distinguisteeadvisors,
Dr. Paul M. Furth and Dr. Jaime A. Ramirez, for their continued support and
encouragement throughout my M.S. program.

I'm very thankful to Dr. Michael DeMers and Dr. Raphael J. Lynan for
their valuable time.

Last but de nitely not least | wish to thank my friend Krishna Path ipaka

for being supportive in every possible way.



February 21, 1978

May 1996

1996{2000

May 2000{2001

2001{2002

VITA
Born in Andhra Pradesh, INDIA.

High School Diploma awarded by
KMJC, AP, INDIA.

Bachelor of Technology (B.Tech),

Kakatiya Institute of Technology and Science,
AP, INDIA.

Assistant Professor, ISS, AP, INDIA.

Teaching Assistant, Deptartment of ECE, NMSU.

January 2003{till date Co-op, US Positioning Group LLC, Arizora.

PROFESSIONAL AND HONORARY SOCIETIES

Institute of Navigation(ION.org)

FIELD OF STUDY

Electrical and Computer Engineering



ABSTRACT
IMPROVING POSITIONAL ACCURACY USING CARRIER SMOOTHING
TECHNIQUES IN INEXPENSIVE GPS RECEIVERS
BY

Sudha Neelima Thipparthi, B.Tech.

Master of Science in Electrical Engineering
New Mexico State University
Las Cruces, New Mexico, 2004

Dr. Charles D. Creusere, Chair

Since it became fully operational in the mid-1990s, GPS has dre used
as a stand-alone system for many land applications that requifast and precise
positioning such as mining, heavy construction, precision faing, and automated
highway systems as well as in other high-tra c land-based apptations. However,
there are situations where GPS by itself does not provide the sieed accuracy,
for example when satellite signals are blocked or when the agfable accuracy is
restricted by the geometry of the satellite constellation. Intese situations, the
redundant data received by the GPS receiver can be used to enba the avail-
ability, accuracy, and reliability of the GPS-derived positon solution. Various

positioning techniques have been developed for enhancing thccuracy using the
Vi



redundant data received, requiring expensive dual frequgnceceivers. This re-
search work focuses on developing, implementing and testingrieais techniques
on inexpensive single frequency receivers.

The performance of the carrier-smoothed code-phase di eréalt GPS al-
gorithms is assessed experimentally on single frequency receivd his thesis also

includes a regressive comparison of various techniques wittpermental results.
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1 INTRODUCTION

1.1 The Evolution of GPS

Radio based navigation systems were rst developed in the 1920Bhese
were used widely in World War Il by the ships and planes of both se. The
drawback of using radio waves that are generated on the grourgithat you must
choose between a system that is very accurate but doesn't cover @evarea (high-
frequency radio waves, like UHF TV) and one that covers a wide ardauit is not
very accurate (like AM radio). The only way to provide coverag for the entire
world is to place high-frequency radio transmitters in space.

The development of arti cial satellites has made possible thedansmission
of more-precise, line-of-sight radio navigation signals and afxed a new era in
navigation technology. A high-frequency radio wave can cew a large area and
be very accurate (it overcomes the noise on the way to the gradily having a
specially coded signal). Satellites were rst used in positionading in a simple but
reliable two-dimensional Navy system called Transit. This laidite groundwork for
a system that would later revolutionize navigation forever{he Global Positioning

System.

1.1.1 Military Evolution of GPS

The Global Positioning System is a 24-satellite constellationhait allows
you to calculate your position in three dimensions. GPS navig&in and position
determination is based on measuring the distance from the usergmmon to the
precise locations of the GPS satellites as they orbit. By measuog the distance to
four GPS satellites, it is possible to establish three coordinate$ a user's position
(latitude, longitude, and altitude) as well as GPS time.

GPS was originally developed by the U. S. Department of Defend2oD) to

1



meet military requirements. DoD's primary purposes in devefpng GPS were to
use it in precision weapon delivery and to provide a capabilitthat would reverse
the proliferation of navigation systems in the military [1]. US. Navy and Air
Force rst studied the concept of using radio signals transmittedrom satellites for
positioning and navigation purposes. These studies resulted inri@s concepts
and experimental satellite programs, which became the builty blocks for the
Global Positioning System.

The Navy sponsored two programs which were predecessors to GPSanFr
sit and Timation. Transit was the rst operational satellite-based navigation sys-
tem, consisting of 7 low-altitude polar-orbiting satellites hat broadcast very stable
radio signals; several ground-based monitor stations to track ¢hsatellites; and
facilities to update satellite orbital parameters. This systenwas slow, provided
only two-dimensional positioning capability and had limitedcoverage due to the
intermittent access/availability of its signals. Nonetheless, Tansit was important
to GPS because it resulted in a number of technologies that wezgtremely useful
to GPS and demonstrated that a space system could o er excellergliability.

Timation, a second forerunner of GPS, was a space-based navigatsys-
tem technology program that Navy had worked on since 1964. Thigrogram
elded two experimental satellites that were used to advancehe development
of high-stability clocks, time-transfer, and two-dimensionahavigation. The rst
Timation satellite, launched in 1967, carried very stable qutz-crystal oscillators;
later models orbited the rst atomic frequency standards (rubium and cesium).
The atomic clocks had better frequency stability than earlieclocks, which greatly
improved the prediction of satellite orbits (ephemerides) ahwould eventually ex-
tend the time required between control segment updates (ckh@djustments) to
GPS satellites. This pioneering work on space-quali ed time stalards was an im-
portant contribution to GPS. In fact, the last two Timation sat ellites were used

as prototype GPS satellites.



In the meantime, the Air Force was working on a similar technolyy pro-
gram that resulted in a design concept called System 621B; it pided three
dimensional (latitude, longitude, and altitude) navigation with continuous ser-
vice. The Air Force concept envisioned a global system consistinf1% satellites
in geosynchronous orbits whose ground tracks formed four owtiaped clusters
extending 30 degrees north and south of the equator. That is, ercluster could
provide 24-hour coverage of a particular geographic regigfor example, North
and South America).

By September 1973, a compromise system was evolving which camelithe
best features of earlier Navy and Air Force programs. Satelliterlnts were based
on those proposed for the Navy's Timation system, but higher in atude, giving
twelve-hour instead of eight-hour periods. The system concephdt emerged is
what is known today as the NAVSTAR Global Positioning System. In Deember
1973, DoD granted the JPO (Joint Program O ce) approval to proceed with the
rst phase of a three-phase development of the NAVSTAR GPS.

The rst GPS satellites were called \GPS Block I" and were develpmental
satellites. The rst one of these was launched in 1978; anothema Block | satel-
lites were launched, the last being in 1988. In the mid-1980fteceivers started
being developed for the general consumer market. During tasg of these satel-
lites in the 1980's it was found that the civilian signal was m@ accurate than
expected. Thus in March 1990 \Selective Availability" was divated for the rst
time. Selective availability degrades the civil signal fron20-30 meter accuracy,
for a standard receiver, to approximately 100 meters [2] usirigne jittering.

In the mid 1980's the demand on these NAVSTAR system satellites fordi
uses was starting to grow steadily, and the Block | satellites wemno longer capable
of meeting this demand. Therefore the real production satéks were produced,
called "GPS Block II". The rst was launched in 1989. Block Il ®nsists of

24 satellites, the last one launched in 1994. These are the satefliused today,
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providing 24-hour global coverage for both military and civ applications. The
civil market didn't really take o until the 1990's, when a or dable hand held
receivers started being mass-produced.

On May 1, 2000, U.S. President Bill Clinton ordered Selective Avability
(SA) turned o at midnight Universal Time Coordinated. Now, civilian GPS users
around the world will no longer experience the up to 100 metéapproximate 300
feet) random errors that SA added to keep GPS a more powerfubal for the

military.

1.2 How GPS Works

The Global Positioning System (GPS) is an all weather, 24-satiéé con-
stellation that provides global and round-the-clock positining and was developed
by the U.S. Department of Defense. It was made available in earl980s to the
civilian surveying and navigation community, but it did not became fully opera-
tional in 1994. Centimeter level accuracies were not inteed when this system
was developed. With continuous innovations in the GPS reca&r hardware, soft-
ware and greater research in eld, GPS surveying has become yeeliable and
can achieve sub|centimeter accuracies.

Global Positioning System satellites transmit signals to equipent on the
ground. GPS receivers passively receive satellite signals; theéy not transmit.
GPS receivers require an unobstructed view of the sky, so theyeaused only
outdoors and they often do not perform well within forested aas or near tall
buildings. GPS operations depend on a very accurate time redéace, which is
provided by atomic clocks at the U.S. Naval Observatory (this @anization serves
as the o cial source of time for the Department of Defense and th standard of
time for the United States). Each GPS satellite has atomic closkon board which
are regularly monitored and are corrected for o set in the tire using the reference

clock at U.S. Naval Observatory.



Each GPS satellite transmits data that indicates its locatiorand the cur-
rent time (ephemeris). All GPS satellites synchronize operatis so that these
repeating signals are transmitted at the same instant. The sigrglmoving at the
speed of light, arrive at a GPS receiver at slightly di erent tmes because some

satellites are farther away than others.

Figure 1.1: Position Determination

Thus, distance to the GPS satellites can be determined by estimiag the amount
of time it takes for their signals to reach the receiver. Wherthie receiver estimates
the distance to at least four GPS satellites, it can calculate itposition in three

dimensions. There are at least 24 operational GPS satellites at mes. The
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Figure 1.2: Actual Intersection Point

satellites, operated by the U.S. Air Force, orbit with a period ofLl2 hours, and
ground stations are used to precisely track each satellite's arb

Because GPS receivers do not have atomic clocks, there is a grdeal
of uncertainty when measuring the size of the spheres shown in &ig 1.1-i.e.,
calculating the distance to a given satellite.

In the Figure 1.2, the dashed lines show the actual intersectigmoint of
the spheres, and the gray bands (bands around the dotted lineg)dicate the
area of uncertainty. Although the distance to the satellites aaonly be roughly
estimated at rst, a GPS receiver can precisely calculate thesasthnces relative
to the other satellite. Because the relative size of the spheresknown, there is
only one possible point where they can intersect.

In Figure 1.3, the solid lines indicate where the GPS receivéthinks"
the spheres are located. Because of errors in the receiverteiinal clock, these
spheres do not intersect at one point. The GPS receiver must clga the size
of the spheres until the intersection point is determined as geted in 1.4. The
relative size of each sphere has already been calculated, sbé size of one sphere

is changed, the other spheres must be adjusted lexactly the same amount



Figure 1.3: Practical Intersection Point



Figure 1.4: Adjustment of Spheres

Three spheres are necessary to nd position in two dimensions aralf are needed

to nd four unknowns (X,Y,Z,t) in three dimensions.

1.3 Improved Accuracy with DGPS

The accuracy of a position determined with GPS depends on thgpe of
receiver. Most hand-held GPS units have about 10-20 meter acacy. Other
types of receivers use a method called Di erential GPS (DGPSp obtain much
higher accuracy. DGPS requires an additional receiver xedt a known location
nearby.

DGPS works by placing a high-performance GPS receiver (Reface or
Base station) at a known location (surveyed monument). Becauséd receiver
knows its exact location, it can determine the errors in the sallite signals. It
does this by measuring the ranges to each satellite using the satgireceived and
comparing these measured ranges to the actual ranges calcathfrom its known
position. The di erence between the measured and calculatednge is the total
error. Di erential GPS is depicted in Figure 1.5. The error éta for each tracked

satellite is formatted into a correction message and transmitteto GPS users.
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The correction message format follows the standard establisheg the Radio
Technical Commission for Maritime Services, Special Commigel04 (RTCM-
SC104). These di erential corrections are then applied to # GPS calculations,
thus removing most of the satellite signal error and improvingauracy. The level

of accuracy obtained is a function of the GPS receiver.

'@ / "‘"‘//
7 v/ =
9% 2

DGPS Radio
Beacon Antenn

OATALINE

Remote Corrected

Location Base Station \ Known

Location

Figure 1.5: Di erential GPS

Reference station:
The reference station GPS receiver knows exactly the positiofits antenna,
therefore it knows what each satellite range measurement shdube. It

measures the ranges to each satellite using the received signass as if it

9



was going to calculate position. The measured ranges are suloted from
the known ranges and the result is range error. The range erraalues for
each satellite are formatted into messages in the RTCM SC104 rioat and

transmitted periodically ( every few seconds).

Modulator:

Depending on the transmission format the modulator encodes tliata as
necessary for transmission. For example, in the free USCG system thedn
ulator creates a carrier signal which varies using (MSK) modation. The
modulated carrier output from the modulator is connected tdhe transmit-

ter.

Transmitter:

The transmitter is basically a power ampli er which is conneatd to an an-
tenna system. The modulated carrier is ampli ed and driven tohe antenna.
In the USCG (United States Coast Guard) system, the transmitter is 20-
1000 Watts and operates in the 300 KHz frequency range. The alingd

signal is radiated via the antenna to remote DGPS receiversrfoeal-time

position correction.

DGPS correction receiver:

A DGPS correction receiver decodes the signals received frenreference
site. Data is formatted into a serial RTCM SC104 data stream andrpvided

to the remote GPS receiver. There are many types of DGPS coct®on

receivers.

GPS receiver:

The GPS receiver measures ranges to each satellite, but beftire measure-
ments are used to calculate position, corrections receivedin the DGPS
receiver are applied to the measurements. The position is thealculated

using the corrected range measurements providing vastly inased accuracy.
10



GPS with corrections (DGPS) has an accuracy of between 1 andnieters
depending on the quality (price) of the GPS receiver.

To obtain the best positional accuracy using single-frequencyRS equip-
ment, one should use di erential GPS techniques with a nearbyeference station
for control. Some areas of the world have many reference stats established by
government or private entities, and in some cases the referentss are available
to the public and o ered in a format compatible with the GPS egipment and
software you are using. However, in most parts of the world, estasthed reference
stations and available les are the exception rather than theule. When no es-
tablished reference station (surveyed location) is near, thdtarnative is to create

your own reference station to obtain excellent relative accacy.

1.4 Problem Statement

Many techniques have been developed to improve the accuraxfyposition-
ing using GPS receivers. However, they need expensive receifersthe imple-
mentation, which poses a great obstacle in obtaining higher @aaracies for civilian
purposes and survey grade applications at a ordable prices. Ast e cient posi-
tion estimation method for obtaining higher accuracies hastbe designed. The
primary incentive for the researcher is to develop and implesnt various tech-
niques using redundant data provided by the GPS receiver fomproving the

accuracy levels for civilian purpose.

1.4.1 Thesis Goal

The goal of this research work is to develop, implement and te st
a highly accurate, cost e cient positioning technique whic h uses the
redundant data provided by the GPS receiver. Some of the various aspects

considered in achieving this goal are
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E cient use of the redundant data provided by the GPS receiver
Use of inexpensive GPS receiver (Single frequency GPS recgiver
Simple computational method.

Position estimation technique developed should yield greataccuracies than

regular pseudorange positioning techniques.

The technique should require considerably less time to attaindhly stable

accuracy levels.

Pseudorange and carrier phase are two di erent observables abted from
the GPS receivers. Considerable accuracy is obtained by usingepdoranges for
position estimation. To obtain higher accuracy, expensive rewers are generally
required. This research studies positioning methods using pseudnges for in-
expensive receivers. In particular, we focus on improving thgosition accuracy
using pseudorange and carrier phase in a cost e cient manner.

Pseudorange and carrier phase are two di erent observables abited from
the GPS receivers. Pseudoranges is used in basic position estimatiechniques,
providing considerable accuracy. To obtain higher accuragyosition estimation
using carrier phase is required. Expensive receivers are gafigrequired to make
use of carrier phase. This research studies positioning methodsing pseudor-
anges for inexpensive receivers. In particular, we focus ongraving the position

accuracy using pseudorange and carrier phase for inexpensiveereers.

1.4.2 Thesis Chapters Overview

This thesis is organized into ve chapters. The contents are sysmnati-
cally arranged into di erent chapters in an e ort to provide a perfect sequence of

research and the successive development of that research.
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The introductory chapter deals with evolution of the positiming systems
which resulted in development of Global Positioning System. lalso gives brief
description of working of the Global Positioning System at a syste level.

Chapter 2 describes the basic positioning methods using pseuduya and
carrier phase in GPS with interactive gures and also deals witdi erent types
of error sources in GPS.

Chapter 3 explains the DGPS technique along with the di erenparam-
eters that must be estimated to obtain a position estimate in mathmatical and
technical terms.

Chapter 4 gives detailed explanation of various techniquekeveloped and
implemented using carrier phase data in attaining the nal gola It also analyzes
the results of the positioning techniques that have been dewegled. This forms
the vital part of the research.

In Chapter 5 all the techniques followed in the research work@discussed
brie y with concluding remarks.

Chapter 6 briefs various application elds for the techniges developed and
also gives information about future tests to be conducted.

Finally, chapter 7 describes the terminology in the form of deitions. This

chapter is included to give quick reference of the GPS ternofogy to the reader.
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2 POSITIONING METHODS

In this chapter | introduce basic GPS positioning methods usingseudo-
range and carrier phase as observables without mathematicahghasis and also
explain the process of signal transmission. In addition we brie ylescribe the

various sources of error a ecting the position measurement agacy.

2.1 GPS Error Sources

There are a number of errors that a ect the position estimates efrived
from GPS measurements. The errors can generally be dividedorihree distinct
groups|satellite dependent errors, receiver dependent errarand propagation de-

pendent errors. These errors are subdivided into the six followg classes:
1. Satellite Orbit Errors
2. Satellite Clock Error
3. Receiver Clock Error
4. Tropospheric Delay
5. lonospheric Delay

6. Multipath

2.1.1 Satellite Orbit Errors

The GPS satellites move in almost circular orbits at a nominallatude of
approximately 20,200 kilometers above the surface of the Har At this altitude,
the force of gravity causes the satellite to move at approximaly four kilometers

per second. The orbits of the satellites can be described usingethix Keplerian
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parameters; the semi-major axis, eccentricity, inclinationtight ascension of the
ascending node, argument of perigee and one of either the tra@ean or eccentric
anomaly.

The navigation message broadcast by the GPS satellites contagghemeris
(set of 16 orbital parameters) which is based on these six Keplarialements. The
in uences on the satellite orbit perturbations include paricles of the Earth's at-
mosphere which cause the satellite to slow down. This e ect is nobticeable on
the GPS satellites due to the high orbital. Another e ect is thd of solar radiation
pressure. Photons which make up sunlight impact on the satelliteventually caus-
ing a change in its orbital path. The satellite's orbit aroundthe Earth, however,
also su ers from gravitational attraction e ects with the sun and moon. These
small forces cause the orbit to be disturbed. Other e ects such &sose caused
by the magnetic eld of the Earth and changes to the Earth's gavitational eld
caused by tides also disturb the orbits of the GPS satellites. As asdt, the

ephemeris parameters will not exactly describe the satelligetrue orbit.

2.1.2 Satellite Clock Errors

Satellite clock error is caused by the inability of the satelié's oscillator
(clock) to maintain the GPS system reference time frame. The sgltites use high
stability atomic clocks, typically cesium or rubidium, which esult in satellite
clock errors which are signi cantly smaller than the receiveequivalents, as the
receivers use inexpensive crystal oscillators. The magnitudesattellite clock error
is of the order of 104 seconds. Rather than physically correct the satellite clocks
to the satellite reference system time frame, the oscillator idlewed to drift and

a correction is broadcast as part of a navigation message.
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2.1.3 Receiver Clock Errors

The oscillator used to generate the satellite signal replica vhin the re-
ceiver is commonly an inexpensive quartz crystal source. Theipary reason for
this is to keep receiver equipment costs to an a ordable levelTherefore, there
is an error due to the inability of the receiver clock to mairdin the GPS system
reference time frame, in much the same way as the satellite discare unable to
precisely maintain GPS time. The stability of the receiver clok error is worse than
the satellite equivalent due to the nature of the oscillator (gartz crystal versus
cesium and rubidium). Therefore, the receiver clock error generally larger than
the satellite clock error.

A GPS receiver has one oscillator which generates all intelnsignals re-
quired to track the GPS constellation. Thus, if the receiver dck is in error, the
error will a ect measurements to all satellites being trackedby the same amount,
in other words, the receiver clock error is identical for all $allites observed si-
multaneously. To determine the three dimensional position of point of interest,
three unbiased satellite measurements are required. To accodior the receiver
clock error, an additional (fourth) satellite is observed. Tkrefore, a minimum
of four satellites are required to solve for the three positionomponents and to

account for the receiver clock error.
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2.1.4 Tropospheric Delay

The troposphere is loosely de ned as the region of the Earth'sraosphere
below an altitude of 50 kilometers. This portion of the atmospére causes a delay
on pseudorange and carrier phase measurements which may reggpraximately
2.5 meters at the zenith and almost 30 meters at the horizon. Ettropospheric de-
lay varies with temperature, pressure and humidity and the hght of the receiver.
The troposphere is highly correlated for reference-rover aeiver separations of
less than 10 kilometers, especially when the receivers are aethame altitude;
therefore, di erential positioning techniques are e ectie in reducing tropospheric
e ects.

The majority of GPS processing programs enable a number of drent
atmospheric models to be used to estimate the tropospheric delayror. Most

models will generally provide suitable results.

2.1.5 lonospheric Delay

The ionosphere is the portion of the atmosphere between an &ltile of
50 kilometers and 1000 kilometers in which free thermal eteans are present.
The number of free electrons is de ned by the Total Electron éntent (TEC). As
the GPS signal passes through the ionosphere, the pseudorangeeianded, but
the carrier phase is advanced. The magnitude of the ionospheadvance in the
carrier is the same as the magnitude of its delay in the pseudoige. One can
attempt to model this advance using the broadcast ionosphericadel transmitted
in the navigation message. In addition, ionospheric errors aspatially correlated
over reference-rover receiver separations of less than 1@kikters, so di erential

positioning techniques can again eliminate much of the error
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2.1.6 Multipath

Multipath is the phenomenon where a signal arrives at the resgng an-
tenna via an indirect path. Objects such as large metal roofsnd surrounding
buildings can cause the incoming signal to be re ected beforeaching the antenna.
This has the e ect of increasing the measured distance betweeetreceiver and
satellites and, hence, causes erroneous position estimates.

The characteristic of multipath that makes it di cult to remo ve is that
it is a site dependent error. Therefore, dierential positioing techniques are
ine ective in removing its e ects. However, there are several bservation and
equipment related techniques that can be used to reduce theparct of multipath.

These overview discussions on error sources and magnitudes, as agethe
e ects of satellite geometry, are summarized in table 2.2. Ehcrror is described
as a bias (persistence of minutes or more) and a random e ect thes, in e ect
\white" noise and exhibits little correlation between sample of pseudorange. The
total error in each category is found by taking the root sum squa of these two

components. The error described in each category is in meters.

2.2 Satellite Geometry - Dilution of Precision

Several external sources introduce errors into a GPS positiestimated by
a GPS receiver. Basic geometry itself can magnify these exterrarors with a
principle called Geometric Dilution of Precision or GDOP. Tlere are usually more
satellites available than a receiver needs to x a position, sté receiver picks a few
and ignores the rest. If it picks the satellites that are close tgether in the sky the
intersecting circles that de ne a position will cross at very sHow angles. That
increases the error margin around a position. If it picks satéks that are widely
separated the circles intersect at almost at right angle and thaninimizes the error
region. Dilution of Precision is a value of probability for tle geometrical e ect on

GPS accuracy. DOP is often divided up into components. Theseroponents are
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Table 2.1: Error from Various Sources

Error Source Bias | Random | Total | DGPS
Satellite Orbit Error 2.1 0 2.1 0
Satellite Clock Errors | 2.0 0.7 2.1 0
Receiver Clock Errors| 0.5 0.2 0.5 0.5
Tropospheric Delay 0.5 0.5 0.7 0.1
lonospheric Delay 1.0 0.5 1.2 0.1
Multipath 1.0 1.0 1.4 1.4

used because the accuracy of the GPS system varies. The satellites/@) so the
geometry varies with time, but it is very predictable. GDOP s computed from
the geometric relationships between the receiver position @rhe positions of the

satellites the receiver is using for navigation. GDOP Componts are:

PDOP = Position Dilution of Precision (3-D), sometimes the Sphecal DOP.
HDOP = Horizontal Dilution of Precision (Latitude, Longitude) .
VDOP = Vertical Dilution of Precision (Height).

TDOP = Time Dilution of Precision (Time).

A high TDOP (time dilution of precision), for example, will cause receiver
clock errors which will eventually result in increased positioerrors. Good GDOP,
a small value representing a large unit-vector-volume, resaltwhen angles from
receiver to satellites are di erent. Where as poor GDOP, a Ige value representing
a small unit vector-volume, results when angles from receivierthe set of satellites

used are similar.

2.3 Measurement Models

GPS provides the user with two types of measurements: code phasel a
carrier phase. Code tracking provides estimates of instantamgs ranges to satel-

lites. The code phase measurements from di erent satellites ahanstant have
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Table 2.2: Transmission Signal Speci cations

Signal | Frequency(MHz) | Wavelength(cm)
L1 154 f,=157542 19
L2 120 f,=1227.60 24

a common bias and are therefore called Pseudoranges. Carribiage tracking
provides measurements of the received carrier phases relatto the phase of a
sinusoidal signal generated by receiver clock. The carrier geagives the change
in the satellite-user pseudorange over a time interval and an ésite of its in-

stantaneous rate. This is a precise measurement.

2.3.1 Satellite Signal Transmission

GPS satellites transmit two L-band signals which can be used foropi-
tioning purposes. The reasoning behind transmitting and using tvdi erent
frequencies is that the errors introduced by ionospheric retction can be elimi-
nated A.1. The signals, which are generated from a standard frespcy of 10.23
MHz, are L1 at 1575.42 MHz and L2 at 1227.60 MHz in UHF band and are eft
called the carriers. Since the carriers are pure sinusoids, thegnnot be used
easily for instantaneous positioning and therefore two binargodes are modulated
onto them. The L1 carrier is phase-modulated with two binary peudo random
noise codes that contain GPS information: (1) the coarse-aagition (C/A) code,
characterized by a chip rate of 1.023 MHz and (2) the precise (Rpde. The L2
carrier is modulated with the P code only. The signals from derent satellites are
distinguishable from each other because each satellite transsé unique C/A and
a unique P code. The C/A and P codes of all the satellites are filner modulated
with a common binary code that conveys information about thesatellites, their
orbits, their clock o sets, and their operational statuses. A GPS ghal contains

three di erent bits of information: a pseudorandom code, epmeris data and
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almanac data.

C/A code

The C/A code is a pseudo random (PRN) binary code (states of 0 ang 1
consisting of 1,023 elements or chips that repeats itself evemillisecond.
The term pseudo random is used because the code is apparently dam
although it has been generated by means of a known and thenefoepeatable
process. Due to the chipping rate (the rate at which each chip lmodulated
onto the carrier) of 1.023Mbps, the chip length corresponds approximately
300m in length and due to the code length, the ambiguity is appximately
300km - i.e., the complete C/A code pattern repeats itself exe 300km
between the receiver and the satellite. The C/A code can be thght of as
a number of rulers extending from the satellite to the receive The length

of each ruler is approximately 300km, and each graduation 80m apart.

P code

The P code, or precise code, is a long binary code that repeatsery 38
weeks [3]. Despite the code being shortened to one week replitita be-
cause each satellite transmits a di erent weekly section of theode, there
is still no ambiguity between the satellite and receiver. The Rode can be
thought of as a ruler extending from the satellite to the receer. The length
of the ruler is approximately one week multiplied by the speedf light, and
each graduation is 30m apart. The chipping rate is at 10.23 MH=2sulting

in a chip length of approximately 30 m.

Navigation / Broadcast Data Message

The data message includes information describing the positiookthe satel-

lites, their health status etc.. Each satellite sends a full degption of its

own orbit and clock data (within the ephemeris information)and an ap-

proximate guide to the orbits of the other satellites (contaied within the
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almanac information). Ephemeris data parameters describetsHite orbits
for short sections of the satellite orbits. Normally, a receiveraghers new
ephemeris data each hour, but can use old data for up to four hsuwithout
much error. The ephemeris parameters are used with an algdnih that
computes the satellite position for any time within the periodof the orbit

described by the ephemeris parameter set.

Almanacs are approximate orbital data parameters for all saliges. The

ten-parameter almanacs describe satellite orbits over exied periods of
time (useful for months in some cases) and a set for all satellites gsnt

by each satellite over a period of 12.5 minutes (at least). To dace the
time it takes to obtain an initial position, the ephemeris andclock data is
repeated every 30 seconds [4]. The approximate orbital dataused to preset
the receiver with the approximate position and carrier Dop@r frequency
(the frequency shift caused by the rate of change in range to thmoving

satellite) of each satellite in the constellation. Parametersepresenting the
delay caused by signal propagation through the ionosphere ails@included

within the data message.

The receivers with two frequency bands (L1 and L2) are expersi These
dual frequency receivers can receive the signals in two fremey bands.
When the same information is sent in the two bands but the errorsiinde-
pendent, di erencing can be used to eliminate all the commonrers and
resolve most of the ambiguities. This is not possible in single fregncy re-
ceivers, where the data reception is on one frequency band JLMost of the
techniques developed are for dual frequency receivers. Thesearch work is
aimed at developing position estimation techniques for impved accuracy

in single frequency receivers.
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2.3.2 Code Phase Measurements

The basic measurement made by the GPS receiver is the transit @nof the
signal from a satellite to the receiver|i.e., the di erence between signal reception
time, as determined by the receiver clock, and the time of tremission at the
satellite, as marked on the signal. This is depicted in the guwr 2.1. Transit time
is measured as the amount of time shift required to align the C/Acode replica
generated at the receiver with the signal received from the slite [5]. Transit
time is biased because the receiver and satellite clocks are aghchronized. Every
satellite generates its signal in accordance with the clock toard and the receiver
generates a replica of each signal in accordance with its owloak. This transit
time multiplied by the speed of light in vacuum gives the corgponding biased
range called Pseudorange. Other than the time maintained by t&dlite clock and
receiver clocks, there exists common reference time GPS TinBRST). GPST
is the composite time scale derived from the times maintainedylzlocks at GPS

monitor stations.

@) —
//& ”/—|-—|_|-J_”L|_L|——|-—|]-[
Time of transmission

Pseudorange At X Speed of light

Time of reception

At is the difference between time Bfansmission and
time of Reception

Figure 2.1: Pseudorange tracking

Let the time of transmission as marked by the satellite b& and time of

reception as determined by the receiver bg. These two times dier from the
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GPST by t!, satellite clock correction and t;, receiver clock correction. They

can be related to the GPST by following equation:

Pl=(t t) c (2.1)
t= b+ tl (2.2)
ti= i+t (2.3)

The pseudorange equation becomes

Pl=(i+t) (T+t) ¢

) Pl=(i ) et th) ety

where , is unmodelled errors. The ionospheric and tropospheric delays
are introduced since the propagation velocity is not always.CMultipath errors

and satellite orbital errors should also considered for every sdlite as follows:

Pl= +t; C tl c+To+lp+My+"

Satellite orbital errors are transmitted in the navigation nessage, but mul-
tipath errors depend on the location of the user receiver. Theseudorange equa-

tion without these errors can be written as

p)

+t; ¢ th oc+T,+1, (2.4)

where represents the true range of the satellite from the user receiye
the quantity which we would ideally like to measure. What we hee instead is
Pij . Our ability to compensate or eliminate the errors and biasesetermines the

accuracy of position estimate.

2.3.3 Carrier Phase Measurements

A measurement much more precise than that of code phase is the paa

of the carrier received from a satellite. The carrier phase ma&aement is the
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di erence between the phases of the receiver - generated g¢arrsignal and the
carrier received from a satellite at the instant of the measureent [5]. The phase
of the received signal at any instant can be related to the phase the satellite
at the time of transmission in terms of the transit time of the signa The carrier
phase measurement is thus an indirect and an ambiguous measuesof the
signal transit time.

Consider rst an ideal case of error free measurement with perfeand
synchronized satellite and receiver clocks, and no relative tan between the
satellite and the user as in gure 2.2. In this case, the carrierfase measurement
would remain xed at a fraction of a cycle, and the distance beteen a satellite
and the receiver would be an unknown number of whole cyclesupla measured
fractional cycle. Thus, the carrier phase measurement cont@mo information

regarding the number of whole cycles, referred to as theteger ambiguity Now

Tagged cycles at time A Tagged cycles at time B

i iy

Moving Satellite

i

“JMNUUWUM WWW

Stationary Receiver

Range from Satellite to the Receiver has changed by 8

Figure 2.2: Carrier Phase Tracking

suppose that the carrier phase is tracked while the receiver drd satellite moves so
that the distance between them grows by a wavelength. The cesponding carrier

phase measurement would be a full cycle plus the fractional ¢gqhase measured
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from before the movement began. To measure carrier phase in GRSreceiver
acquires phase lock with the satellite signal, measures the iaitfractional phase
di erence between the received and receiver-generated sag) and from then on
tracks the change in this measurement, counting full carriecycles and keeping
track of the fractional cycle at each epoch.

In the absence of clock biases and measurement error, the carpbase

measurement | in units of cycles can be written as

= ity ¢t )+N (2.5)

where \i" indicates the receiver and \j" the satellite, the phase in meters

can be written as

o= (l(»+(t ) c+ N (2.6)

F= 4+t ¢ tl ¢+ N (2.7)

The carrier phase equation in meters with all the biases incled is written

as

=+t ¢t} c+T, I1,+M,+ N/ +" (2.8)

where represents therange to the satellitefrom the user receiver,Nij 5
the integer ambiguityand is the wavelengthof the carrier signal (L1 at 19cm
and L2 at 24cm). The rate of change of carrier phase measuremajives the
pseudorange ratewhich is made up of the actual range rate plus the receiver
clock frequency bias. Both the code and carrier phase measuresere corrupted
by the same error sources, but there is an important di erence. @le tracking
provides essentially unambiguous pseudoranges which are seaby comparison.
The carrier phase measurements are extremely precise, but are@mbered with

integer ambiguities. The integers remain constant as long akd carrier tracking
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loop maintains lock. Any break in tracking, no matter how short could change
the integer values.

To take full advantage of the carrier phase measurements to @l accurate
position estimate, the integer ambiguities have to be resolvehd the biases must
be compensated. It is clear from (2.8) that we cannot expect tdetermine the
value ofNij . One way to get at least a partial bene t of the precise carrier pase
measurements without being bogged down by the integer ambigas is via delta
pseudoranges obtained from the change in carrier phase meamgat over a time
interval. From (2.8) the change in the carrier phase measuremis between the

time instants to and t; is

) (to)= (t) (to)+* (2.9)

The integer ambiguity term drops out if the carrier is trackel continuously
betweent, and t;. The error ™, in above representation is related to the rates of
change in the biases of the satellite and receiver clocks, anatrates of change in
the ionospheric and tropospheric propagation delays. This idas used in further

sections.
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2.3.4 Instructive Model for Code and Carrier Measurements

Code and Carrier phase measurements can be viewed as measuré&nen
taken using measuring tape. In this conceptual exercise suggestey [8], one
end of the tape is attached to the satellite and the user is holdlj the other end,
including the spool, allowing the tape to roll forward and bak freely as the user
and the satellite move. The di erence in the Code and Carrier sasurements can
be illustrated by the di erence in the marking on the measuringape as shown in

Figure 2.3.

Saellite

@- - _
1\\\\\\

[N

LN

Reeiver

Figure 2.3: Conceptual representation of the code and canrimeasurements with
a measuring tape

For code measurements, the tape has coarse tick marks with resmn
of one meter, and the tick marks are labelled from zero to arad 27,000,000 m

to indicate the distance to a satellite. At a measurement epochiange can be
28



simply read o from the tape. But the tape used for carrier phase masurements
is peculiar. It has very ne tick marks in units of cycles withresolution of 0.01
cycle but no labels (1cycle 19cm at L1 and 24&m at L2). For a measurement
epoch, all that can be measured o of this tape scale is a partialcle. The range
to the satellite is a certain (large) number of whole cycles ps$ the observed partial
cycle. The partial cycle can be measured precisely, but the nber of whole cycles
is unknown or ambiguous. The situation repeats at the next measement epoch.
To measure the carrier phase, the tape must be watched continigiy At the
completion of the rst measurement epoch, the user should make ate of the
partial cycle. From that point on, the user should count the nurber of whole
cycle marks as they go by. At each successive measurement epoleg,ahange in
the range in terms of the number of whole cycles and the partiaycle is recorded.
Each of these measurements, when combined with the initial un&wn number of
whole cycles, represents range to the satellite at that instant.

The receivers whose PRN codes match the incoming PRN code frone
satellites within 1 or 2 percent are good enough. But the resuidig error is still 3 to
6 meters. On the other hand, the carrier frequency is much highthan the code
signal, so its pulses are much closer and therefore more accurd@@nsequently, it
can be used for more precise timing measurements. If the receigan match the
PRN code of the incoming carrier signal within 1 percent, theB to 4 millimeters

of accuracy is possible.
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3 RECEIVER POSITION ESTIMATION

Chapter 2 focused on the basic measurement models. This chaptieacly
explains the mathematical model for the position estimationGPS) using pseu-
dorange as the observable. A few other aspects relating to diential corrections

are also discussed.

3.1 Position Estimation Using Least Squares

The steps involved in basic pseudorange position estimation andeten-
tially corrected pseudorange position estimation(DGPS) canebrepresented using
block diagrams as shown in gure 3.1 and gure 3.2. In this sedn the DGPS
position estimation method is discussed mathematically. The Derential correc-
tions are the amount of distance parameter in meters added tbé pseudorange to
compensate for the estimated error in the pseudorange measurgdthe receiver.
These corrections are received from the reference station,evé the amount of er-
ror in the pseudoranges causing an o set in the position estimate approximated
and transmitted to user receivers. They are then applied to thesgudoranges
calculated from every satellite to the receiver. If there argj' satellites visible
at the reference station, then °j' di erential corrections @ae generated for every
epoch. The rate at which the user receives the di erential cogctions need not
be every 1 second. Di erential corrections give good resultshen applied to the
user receiver at a rate as low as once every 15 seconds.

Let us start with the basic pseudorange equation 2.4 rewrittemiequation
3.1. Positioning methods in chapter 2 are discussed with refecento a single
satellite but now additional notation is needed to distinguisramong the measure-
ments from '|' satellites in view (although the number of satdites required to

estimate position in (X, Y, Z) and the receiver clock o set is 4, althe satellites
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Figure 3.1: Position estimation using Pseudoranges

in view are considered). The pseudorange measurement from fkte satellite at

epocht can be modelled as

Pl(ty= 1)+ ti(t) c ti(t) c+Ti)+11(t) (3.1)

distance between the receiver antenna at signal reception &m; and the satellite
antenna at signal transmission time /; t; and t! are the receiver and satellite
clock o sets respectively, relative to GPST; T(t) and I (t) are the tropospheric
and ionospheric propagation delays respectively.

A user would correct each measured pseudorange for the knownoesr
using parameter values in navigation message from satellite. @imain correction

available is the satellite clock o set relative to GPST. A resorceful user can go
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Figure 3.2: Position estimation using Di erential GPS

further in correcting the measured pseudoranges as follows.

The ionospheric delay can be eliminated as a source of error byuaer
equipped with anL1 L2 receiver. If user is equipped with only a1
frequency receiver, placing the receiver with in kOn of the base station
compensates the ionospheric delay (lonospheric delay is coesatl to be

same with in the range of 1km).

Tropospheric delays can be accounted for in the software using appropri-

ate model.

The user may have access to di erential corrections which caretapplied to
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compensate for the errors in common with the measurements at eference

station (base station).

Denoting the pseudorange obtained after accounting for thetedlite clock
o set and compensating for the remaining errors discussed aboveR , t as the
present epoch and omitting the subscript from , since there is only one user

receiver, the equation 3.1 can rewritten as
Pl= 1+t c+, (3.2)

Where , represents unmodelled errors. The standard deviation of can
range typically from about 1m for di erentially corrected measurements to about
6m for measurements from a receiver in autonomous mode [5].t kectors x =
(xi;yi;zi)and X = (x;yl;Z), forj=1, 2, ..., J, represent the position of the
user at the time of measurement and the position of thgh satellite at the time

of signal transmission. The user-to-satellite range is given by

P —— . .
= xi)2+ (Y y)P+(Zd z)Y] (3.3)
A major problem here is that the unknowns X;;yi;z) are not linearly
related to the observables.
3.1.1 Mathematical Model for Positioning Using Linear Least Sgues

Assuming that the initial co-ordinates of the receiverXo; Yo; o) (assumed
as the center of earth), are known, the actual receiver codinates can be ex-

pressed as



Xi; Vi, z are the new unknowns. X;;Vyi; z) can be written as
f(Xiiyi;z) = f(Xo+ XisYo+ ViiZot+ z)

Using Taylor's series A.2 , f(Xo+ Xi;Yo+ VYi;Zo+ Z) can be ex-
panded as

f(xi;yi:z) = 1 (Xo; Yo; 20) * —@(ngio;zd Xi
N @1Xo; Yo; Zo) yi + @1Xo; Yo; Zo) Z
@y @z
1@f .
+ @R (3.4)

The Taylor series expansion is truncated after the linear termm Using Chain
Rule A.3

@1x0;Y0i20) _ X Xo

@y A
@1{Xo;¥0i20) _  Y; Yo

@ A
@{x0Y0i20) _ Z 2o

@z j

0

The model equation 3.2 for pseudorange without unmodelledrers can
be rewritten as
Pl=h 120y Ljyoyi i %
0 0 0
The above equation can then be simpli ed as

zi+ t; C

|j:6‘tj;(i xi+ai/i yi'+'8.jzi zz+ t; C

i
where I' = PL §
- Xj X
— ] 0
aJXi - j
0
= Vi Y
aJYi - ]
0
i z z
- ] 0
a'JZi - j
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and represented in vector form using matrices in the followingay

"L = AX (3.5)
or
2 3 2
g @ a0 2
Pi=Ra & @ cif
: ‘
IJ a';J(i al;]/i a:gi C

|
" L = vector of "n' observations. Must have at least 4 elements (i.e. 4

satellites), but in reality will have from 4 to 12 elements dep&ling

on the satellite constellation geometry.
|
" X = vector of 4 unknowns.

A = design matrix (n X 4).

The equation 3.5 is solved using Linear Least Squares (see A.4) hs t
number of observation equations is greater than number of unkwns. The Least

Square solution for equation 3.5 is given by
! T 1 +
X =(A"A) "A'L

Once Xxi; Vi, X;; t; are found, the receiver antenna co-ordinates are
obtained using

Xi = Xo+ X
Yi=Yot Vi
Zi= 2o+ Z

The initial co-ordinates of the receiver Xo; Yo; o), are assumed as (0,0,0), or the

center of the earth. As there is no need to input any initial posion, this is called
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"Anywhere x' method. The result of the Least Squares processX;; Vi; 1z,
gives the location of the user receiver. The horizontal posith accuracy obtained
using Least Squares and Di erential Corrections from a refenee station is de-

picted in gure 3.3. The horizontal position accuracy is the ecuracy at which
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Figure 3.3: Horizontal Accuracy Obtained Using Pseudorange DGPS

the latitude and longitude are determined while the vertichaccuracy is the ac-
curacy at which the height (or vertical or altitude) of the pasition is determined.

The horizontal accuracy plot shown in gure 3.3 is the result on experimental
session in real time of about 800 epochs (seconds). The user recemas placed
at a known location and its position was determined using Di ezntial GPS as
explained above, and utilizing the di erential correctiors from a reference station
located within 10km range. The estimated position was compateo the known

location of the user receiver to obtain the errors or accuradgvels. Various factors
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like the visible satellite constellation, receiver errors, iaspheric and tropospheric
errors in uence the DGPS position estimation. Appropriate algrithms were used
to account for the ionospheric and tropospheric errors. The vide satellite con-
stellations and the signal to noise ratio of the signals receivébm the satellites
have a considerable e ect on the accuracy in this case. Gendyathe accuracy
with which position can be estimated using pseudorange DGPS isoand 1 to 5

meters. Our plot con rms this fact.
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Figure 3.4: Vertical Accuracy Obtained Using Pseudorange DGPS

The vertical component of a GPS position is always two to thregémes less
accurate than the horizontal component. This can be attribted to the visibility
of satellites within the constellation. The GPS receiver is gerally able to receive
satellites from all points of the compass. Therefore, it can meare the distance

to a particular satellite and get a certain result. When it meastes a distance
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to another satellite on the other side of the sky, this second measment can
serve as a partly redundant measurement to check or validateghmeasurement
that was taken from the opposite direction. The same manner ohecking can
be performed in all horizontal directions because of satetis that are generally
available in all directions over the course of a day.

In the vertical component, however, the best a receiver can V&is a satel-
lite directly overhead. Having satellites directly overheadf the receiver is not
always possible, so to calculate the vertical components the sHites with high
elevations with respect to the receiver location on earth atesed. However, unlike
the horizontal scenario, where the receiver is able to receivedundant measure-
ments from opposite directions, a receiver can never receiveignal from a satellite
that is directly beneath the receiver (which is the other sidef the earth). There-
fore the vertical component of GPS positions is inherently $s accurate than the

horizontal.

3.1.2 Validity of Di erential Corrections

Validity of Di erential corrections is an important issue to be considered
when di erential corrections are transmitted from base statio to user receiver.
Tests have been conducted to assess the validity of di erentiabaections over
time.

The e ect of time delay in transmission of corrections is summazed for two
cases in Table 3.1. The accuracy is reduced with the increasetlre time delay
in transmitting the di erential correction. Choosing the appropriate reference
station and the type of transmission provided by the reference gtan is very
vital when correcting the pseudoranges with di erential carection or, in other

words, performing DGPS.
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Table 3.1: Validity of Corrections

Time Duration | Baseline Length| Horizontal Error | Vertical Error
1min Om 0.814m 3.693m
2min Om 1.294m 3.953m
3min Om 1.490m 4.8069m
Omin 100m 1.363m 2.321m
1min 100m 1.693m 3.581m
2min 100m 1.833m 4.135m

3.2 Receiver Clock O set

The equipment used in the experimental analysis consisted of a iGan
17N (12 channel receiver) and a personal computer for softwamplementation.
Garmin sends varied information about the observables using naus kinds of
message formats. A few of the most useful are measurement recordsifan
record, ephemerides etc. Measurement and position record®yde information
like satellite ID, satellite elevation, signal strength, time © transmission, pseu-
dorange, carrier phase etc. The ephemerides message providels the orbital
parameters required to estimate the position of the satellitera time of transmis-
sion.

For GPS receivers, it is standard procedure to treat the recadv clock bias
from GPS time as an unknown. This requires four range measurens to the
satellites to solve for three dimensional position and clock o self the receiver
clock could be synchronized with GPS time, the extra range mgarement would
not be necessary. To achieve this synchronization, a stable ftesspcy reference
must be incorporated into the GPS user set. This concept is knowas clock
aiding or clock augmentation of GPS receivers. Clock augmeuibn increases
the availability of the navigation function because only thee GPS satellites are
required. Also, it has been shown that clock augmentation impves vertical
accuracy.
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The receiver clock o set t;, calculated from the least squares position
estimation method gives the amount of time by which the recegr clock is o set
from GPST. Receiver Clock O set shall indicate a positive valuéor receiver clock
ahead of GPS time, and a negative value for GPS clock behind GRime, and
0 for GPS Clock equal to GPS time. Thet; can be calculated in a di erent
way without using the least squares method. After an extensive olysation and
research, the new method has been proven to work e ciently andeliably. As
mentioned above, the position record and the measurement red¢doth contain
information regarding ranges to the satellites, carrier phasand timing. This
timing information provides the time of reception. The timeof reception sent
in the position and measurement records are not the same: the eaer clock
is o set from the GPST by a fraction of seconds. The hardware of #hspecic
receiver resets its clock in every speci c intervals (de nedybmanufacturer) to
the GPST. Until that occurs, the amount by which the receiver @ck is o from
GPST keeps increasing and this is termed the receiver clockset. This continuous
increase in the o set causes pseudoranges to increase accorginghich means
the pseudoranges received by the receiver are more error grorOne of the two
messages discussed above contains the same range informationastiher but the
timing information is corrected. The di erence between thdimes of reception of
the two messages gives the receiver clock o set. This o set hasdreveri ed with
the o set calculated from the Least Squares method of positiorsBmation. This
0 set can be used to correct the pseudoranges to obtain more acate position

estimates prior to the application of least squares.
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4 CARRIER SMOOTHING

The results shown in chapter 3 give accuracy levels attained WYGPS
method using pseudorange as the only observable. This chapteqplains the
further research work done to improve the accuracy levels obgitioning using both
pseudorange and carrier phase as observables. In particulargdéals with various
techniques for using the more accurate carrier phase data wiglseudoranges to
improve accuracy levels. Merging "absolute' pseudorange chitity and ‘relative'
carrier phase capability provides an alternative to pure pselorange observations
and can provide higher levels of positioning accuracy.

Various techniques using pseudorange and taking advantageamhbiguous
carrier phase for position estimation are discussed below. GPS piosiing at the
cm accuracy level is feasible using carrier phase observabledonble di erencing
mode, provided that the carrier phase ambiguities can be reset to their correct
integer values [9]. Because the ambiguities remain constanh&n no loss of phase
lock occurs, they can be estimated at the beginning of the missioMost of the
methods proposed for ambiguity resolution (search methods, dting methods,
geometrical methods and so forth) are constrained for two reaso the di culty
associated with holding the user receiver xed for any period dfime and the
requirement that the reference station receive the same set oftedate signals.
Initializing Carrier Phase GPS estimation at an unknown pointrequires about 30
to 40 minutes. Furthmore, requiring communication with the eference receiver for
data other than corrections restricts the movement of the useeceiver, making it
likely that position estimation cannot be performed in real tme. It is these reasons
that the techniques discussed in this chapter have been devedapin which the

ambiguities are eliminated by using delta phase information.
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4.1 Time Dierenced Carrier Phase

The observation equation for carrier phase without the enviramental er-

rors is given by equation 2.7 as follows

= i+t c+ N (4.1)

The carrier phase observation equation can be simplied in a stefise manner

using Taylor series in the following way
- i X Xo Yi Yo 5 2

S0 T3 X T Y
0 0 0

zi+ t; c+ NJ

|j=aj;(i Xi+ajyi yi+ajzi zi+ t; c+ NJ

where Il = 1 |
- Xj X
- i 0
aJXi - j
0
i _ Yi Yo
a, = j
0
: z z
i = 4 0

where | represents carrier phase without DGPS corrections. The equati

can then be represented in the form a of matrix as shown below

2 3 2 32 3
11 ay, a, a; C X;
12 & ay & Yi
Pl=8a & a c Z
: . t
[9 a;J(i ag/i agi c Nij=l;:::;J

where the number of unknowns ard + 4, comprising of "J' integer ambi-
guitesN ;N2 ::o;N, x5 vi;  z and t.
This matrix is de ned for one epoch where the visible satelliteonstellation

contains J satellites. For the following epoch there would benather J equations.
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For one single satellite visible in two consecutive epochs, the afience
of the carrier phase would eliminate the integer ambiguity copletely as it is a

constant over time for a satellite if tracked continuously.

ity (t2)= L) L)+ ti(t1)  ti(t2)] c+ [N) N/
The above matrix for the di erence in carrier phase for two epchs can be
written as
I L :A!\X (4.2)
where 5 3
11(t1) 1%(t2)
12(t1)  1%(t2)
|
L= I3(t1) 13(t2) (4.3)
IJ(tl) 1 (t2)
2 3
a (t1) & (t2) a(t1) & (t2) a(t1) a;(t2) ¢
& (t1) & (t2) & (1) aj(t2) a(tl) aZ(t2) ¢
AZREM) &) D) F02) ) &) (4.4)
(th) & (12) & (t) &) (t2) a(tl) al(t2) c
2 3
Xi
"X = i (4.5)
Z;
ti(tl) ti(t2)
In the above matrix, the parameters to be calculated are x;; y;; z and

ti(tl) t;(t2). This is again an over-determined set of equations with mer
equations than unknowns. The best solution can be calculated ngilinear least

squares method.
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Table 4.1: Positional accuracies from Time Di erenced Carer Phase

Method Distance to Actual Location | Horizontal Error
Carrier 2 epoch 34.54m 20.010m
Carrier 2 epoch 2040.583m 20.293m
Carrier 2 epoch 3777.915m 21.270m
Carrier 2 epoch 57.107km 38.625m

Pseudorange | 34.543m

4.1.1 Result and Analysis

The results of this method with varying initial assumed positior(Xo; Yo; Zo)
are tabulated. Rather than listing the coordinates, the distace of initial assumed
position to the actual position are listed in the table 4.1.

The values depicted in the table 4.1 are not promising. The aaer phase
used here is not corrected by the DGPS corrections because thiss just for test-
ing. The Carrier phase time di erenced position estimate is to $ne extent better
than the pseudorange position estimate|the horizontal error n pseudorange po-
sition estimate without di erential corrections is about 35 neters as shown in
Table 4.1. But these results did not look promising and they weneot consistent.
As the initial position estimate gets farther from the actual I@ation, the horizon-
tal error increases. Therefore, to get a good position estimatdtivthis method,
one must have an accurate estimate of the initial location andhis imposes a
major limitation in addition to the use of data from two consective epochs. The

range domain hatch Iter was developed to overcome these litations.

4.2 Range Domain Hatch Filter (RDHF)

GPS receivers provide diverse measurements which can be useunitprove
the positional accuracy and for fault detection. The pseudorge and carrier

phases measured by a single frequency receiver are contamiddig a variety of
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error sources, including thermal noise, satellite - orientedrer, ionospheric delay,
tropospheric delay and multipath disturbances. If a user recady and a reference
receiver (for DGPS correction generation) located nearbyre& used, the common
error sources such as satellite - oriented error, ionospheridaleand tropospheric
delay can be e ectively eliminated. The diversity of measureents provided by
the GPS receiver are used in Range Domain Hatch Filter to imprevaccuracy of
position estimation.

The idea behind the smoothing of pseudorange observations usimte-
grated carrier phase observations (in short: code smoothing) svgut forth by
Mr. Ron Hatch [12] in the early eighties (the smoothing algoriim is called the
"Hatch Iter') and is based on the simple concept that the integated carrier phase
observation when converted to length unit (carrier range) ialso a measure of the
range between the satellite and a receiver. Therefore, theastge in pseudorange
between observations at di erent points of time (epochs) equsthe change in
carrier range. Moreover the change in carrier range can betelemined with far
more accuracy (in practice on the order of mm's) than the chaegn pseudorange
(in practice, on the order of meters).

The stepwise RDH Filtering strategy can be explained with the Hp of
the block diagram shown in gure 4.1. The data received from th satellite by
the reference receiver and user receiver consists of the pseadge, carrier phase,
time of transmission, satellite orbital elements, di erential orrections etc. The
pseudoranges are corrected for the GPS error as explained iots 2.1. Then,
the di erential corrections are applied to the pseudorangesThese di erentially
corrected pseudoranges are ltered with respect to the change carrier phase as
highlighted in the block diagram. This is the key step in the RBIF algorithm.
After being Itered, the pseudoranges are solved for unknown useeceiver loca-
tion using Linear Least Squares. The following mathematical ndel explains the

parameters being estimated and the process of Itering.
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Figure 4.1: Block diagram representing the stepwise RDHF stratgg

421 Mathematical Model

For a single frequency receiver, the pseudorange and the carrphase

equations are described as follows.
Pl= + 1t ¢ th c+T,+I,

b=+t ¢ th c+T, I+ N/

In the following description the subscript "i* and superscript "jare omitted

as the discussion will be focused on a single receiver and singlelBgevhich can
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be similarly applied to all the visible satellites. Also, the tropepheric delay can
be neglected for short baseline lengths.
Let

t)= +t; ¢ tl ¢ (4.6)
The pseudorange and carrier phase equations can be simpli ed as
Pt)y= (t)+1, (4.7)
(= (@) Ip (4.8)
The change in the code and phase with time are given by
PH= O+ , (4.9)
(= (@) 1y (4.10)

I, is small if the two measurement epochs are close together, so tbheaspheric
delay can be disregarded for time di erencing.

An approximate estimate of the initial pseudorange from carriephase is
B(to) = P(t) [(t) (to)] (4.11)
Averaging these estimates over "n' epochs gives
1
Pavg(to) = n ilb(to)i (4.12)

Having obtained an estimate oP,4(to), the smoothed pseudorange pro le

can be reconstructed as

Pavg(ti) = Pavg(tO) + [( ti) ( t0)] (4-13)

An e cient implementation of the above idea is in terms of recusive lter

of length M rather than averaging.

Pri (ti) = Mi P(t)+ M

[Pri (ti )+ (( ) (ti 1)) (4.14)
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4.2.2 Results and Analysis

These smoothed pseudoranges are di erentially corrected usiBg&PS cor-
rections generated from a reference receiver, and the leastiages method is used
to estimate the position of the receiver.

This lter weighs the carrier phase more heavily than pseudorage because
carrier phase is less noise prone. In principle the more epoclisdata that are
used in the smoothing process, the more precise the smoothed pseadge should
becomel|in the limit. It should approach the precision of the carier range (mm -
level). In practice however, there are many factors which ect the ideal behavior,

most importantly the ionospheric delay and satellite locking.

Because the ionosphere delays the pseudorange and advancescHreier
range (see the equations), the change in pseudorange does noiakgxactly

the change in carrier range (this e ect is called the ionosphie divergence).

If the receiver channel looses lock on the satellite momentgror if the range
rate of change is too high, the carrier phase integration press is disrupted,

resulting in a “cycle slip' and an incorrect change in carrieange.

To overcome the above drawbacks, the number of observations dse
smooth the pseudoranges is limited: at one observation per sedpa maximum
of 100 is a good value. Moreover, large cycle slips can be detddf the carrier
rate of change is greater by some margin than the pseudorangé¢eraf change. If
a cycle slip is declared, the smoothing algorithm is reset (M = 1)The margin
depends very much on the noise - and multipath gures of reca&vand the antenna
location. For high quality receivers with optimally locatel antennas, the margin
could be as low as 1 m (although a value of 15 m is more realistighich implies
that slips of more than 100 cycles (1 cycle is about 0.2 m) remaindetected [13].
The limit value for M limits the error in the smoothed pseudorage, and allows it

to fade away after one to two minutes.
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Table 4.2: Maximum and Minimum Errors in RDHF

RDHF Minimum Error | Maximum Error
Horizontal Error 20 cm 553 m
Vertical Error 8 cm 8.22 m

Code smoothing reduces the e ect of multipath and receiver s on the
pseudoranges. Although theoretically a reduction of a factorOlcan be attained,
you can generally count on a reduction of at least a factor 2 andith some luck 5.
For di erential code GPS, the multipath and noise are the largst contributions
to the error, and in this case code smoothing does a good job.

This method when implemented practically yields better redts than the
position estimation using only the pseudoranges. Figures 4.2 ardl.3 show the
pseudorange estimated position error and RDH Itered positionreor for a period
of 800 epochs. The horizontal positional errors are reduceddive 30 cm positional
accuracy in 200 to 250 epochs. There is no constant trend seen e thorizontal
position errors. The horizontal error changes as the visible sdlite constellation
changes. The vertical position error of RDH lter is also compantively less than
the vertical position error using pseudorange positioning.

The maximum and minimum horizontal and vertical errors in gqure 4.2
are summarized in table 4.2. This table lists the error after Zbepochs of data
have been ltered.

In RDHF, the pseudorange on each of the 12 channels is smoothedhwi
respect to the change in the carrier phase of the correspondingeséie. Smoothed
pseudorange information is available on all the 12 channels. h&se smoothed
ranges are then used to estimate the position of the user receivefhe major
disadvantage of this method is that the information in a chanel is lost if the
satellite is not locked for even a small period of time. The los$iaformation in one

channel e ects the position estimation because in the next eplothe information
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Figure 4.2: Horizontal Error in position estimation - Range Dorain Hatch Filter
vs Pseudorange Positioning

on the satellite would be available on the channel if the satéh is visible but has
not been ltered or smoothed enough. If we have few channelstiwviunsmoothed
information, the position estimate degrades signi cantly. Fgure 4.4 depicts the
DOP satellite geometry chosen for the experimental session. Theedites with
signal strengths of 7, 8 and 9 on a scale of 0 to 9 were consideredtierexperiment.
When the satellite signal strength falls below 7 it is consideress an outage. Few
of the satellites maintained constant signal strengths of 9. Sarof them kept
moving between 8 and 9. There were at least 6 satellites that aws had signal
strength of 7 and above. This was the major advantage of the datollected. The
e ect of these satellite outages can be seen in the gure 4.2. Theeaks in the

graph represent the e ect of satellite outages, which is very sigcant. This acts
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Pseudorange Positioning

as a major limitation for the Range Domain Hatch Filtering mehod of position
estimation. To overcome the e ect of satellite outages on thegsition estimation,
Position Domain Hatch Filter (PDHF) was developed.

RDHF does not have a regular error pattern and the result is not -
dictable as seen from the graphs. Also the time constant in the ltehas to be
limited because the ionospheric phase advance was a di erentrsihan the pseu-
dorange ionospheric delay error. Finally, the e ectivenesd the RDHF is limited
because in a kinematic environment frequent signal outagescac, and every time
this happens, all of the smoothed pseudorange information issto Thus, the
accuracy of the pseudorange reverts back to its nominal unsnibed level. To

overcome the drawbacks of RDHF, Position Domain Hatch Filter wadeveloped.
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4.3 Position Domain Hatch Filter(PDHF)

Motivated by the e ciency of the Hatch gain and the advantage & position
domain ltering compared to range domain ltering, the position domain hatch
Iter (PDHF) for kinematic satellite based positioning was devéoped. The PDHF
is more robust than the RDHF to changes in the visible satellite cstellation
during the positioning task [15].

This section describes a method for combining the delta-phasesasure-
ment in a lter that includes the current and previous positicns. With both the
current and previous positions in the Iter, a position di erence is derived that is
directly observable from the phase di erence measured betwetre previous and
current epochs.

The stepwise PDH ltering strategy can be explained with the hed of block
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Figure 4.5: Block diagram representing the stepwise PDHF stratgg

diagram shown in gure 4.5. The data received by the user recew from the
satellite are the pseudorange, carrier phase, time of transmissjsatellite orbital
elements, dierential corrections etc. The pseudoranges amorrected for the
GPS error explained in section 2.1. These di erentially corded pseudoranges
are solved for the unknown user receiver location using lineagast squares. This
position is treated as an approximate estimate. This approxiate position is
Itered with respect to the change in carrier phase values. As thdtering is not
done separately on each channel (individual pseudoranges ttetlte), the satellite

outages do not have a direct e ect on the ltered position estirate. While they
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certainly have some e ect on the approximate position, but thee approximate
positions are ltered to reduce the e ect of satellite outages.The mathematical

model below explains the parameters being estimated and theopess of Itering.

4.3.1 Measurement Model

The pseudorangePli and carrier phase ’k with respect to the j " satellite
and k™ epoch (assuming common mode errors and multipath errors arénghated

and dropping the subscript i of the receiver) can be modelleas

P

b=l (X xi)+ b+ N (4.16)

g (X Xi) + b+ vk (4.15)

where

k : Representsk" epoch.

eJTk : Line of site (direction of view to the satellite) from the user eceiver to the
i satellite.

xL : Earth Centered Earth Fixed (ECEF) co-ordinates of thg " satellite (used to
represent x, y and z).

Xk . ECEF co-ordinates of the user receiver.

be : Receiver clock o set atk epoch. (t; c).

NI : Unresolved ambiguity.

Vi ; Njx : Noise terms in code and carrier measurements.

e{k (xL Xk) : Range to satellite ().
For a single frequency receiver used in the experiment, a typinoise ratio

q_—
for rv‘J'—kk is of the order of 0.01 [15].

The symbol X is used to denote the true state vector, that is composed
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of three dimensional position sub-vectoxy, and the receiver clock bias.
2 3
Xk

b

z (4.17)

In relation to the state vector Xy, the symbolsXy, X; P.: X X, and
P, are used to represent the priori state estimate,a priori estimation error, a
priori error covariance matrix,a posteriori state estimate,a posteriori estimation

error, and a posteriori error covariance matrix at thek™ epoch for the PDH lter

in particular,
2 3 2 3
Xk Xk
szg:::z, Xk = Xg szg":z; (4.18)
b
2 3 2 3
kk ﬁ‘k
>ek=§:::z; X = Xy XKZE”:? (4.19)
B B

To denote the displacement information, the symbol X will be used as

determined by
X = Xier Xk =[( x)" i h]": (4.20)

The indirect measurementz;, with respect to priori estimation error,dX,

for the measurement update is given by the following equation
Zik = jk %Tk Xix X)) b (4.21)
Thus, z can be written as

Zik = hjx Xy + Vi (4.22)

where  hy =[¢} i 1] (4.23)
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In position domain hatch ltering, all the scalar channel-wisemeasure-
ments are considered in position estimation concurrently as @gired. Thus all

the scalar notations can be replaced by vector notation for ngenience, i.e.,
Zi = He Xp+ W Vi (ij 1:1p |ij ) (424)

wherer is the receiver noise in pseudorange measurement and the vegtorthe

above equations are de ned as follows:

Zy = [z1x; Z2x; 2105z | (4.25)
Hi = [hoxs haws 00 hig” (4.26)
Vie = [Vik; Vo 200 Vix ] (4.27)

An indirect measurement vector 41 used to propagat@?k in time towards
Xk+1, IS de ned as
jk+1 = e‘JTk Xjk + qu Xik+1 Re)  ( jkea ik ) (4.28)
where

UL | PTC PYNETIS S S E ey L (4.29)

The position domain hatch Iter is summarized below. A selectio of
matrix Ty is used to model abrupt satellite inclusions and outages. The sgien
matrix Ty consists of 0's and 1's where 1 denotes a measurement that is dat

both the k and (k 1) step simultaneously.

4.3.2 Mathematical Model

Initialization:

Hyo = TkoHko;
Xo=EXwojTko kol
and Pro = rpl(Hyo) "Hyol ™
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Time Propagation:

Hirr = Tiea Hisn; HE = Tiea Hi;
kel = Tkel  k+1)

Upr = [(Hior) "Hin ] H(Hian) s
Xisr = X+ Ugg g

and Py = Uk+1 [Hkplﬁk(HkP)T]Ukﬂ:

Measurement Update:

Ky = Pu(H ) [HPe(H )T + rol] L

Zy = Tily;

X = X KiZg;

Pe=(1 KkHIP(  KH)T+ rpK (K™

The gain parameterK, e ects the e ciency of estimation. The notation
X landXT is used to represent the inverse and transpose, respectively, of-co
responding matrix.

After obtaining the approximate estimate from the pseudorangg the in-
direct measurement vector ., is estimated, to propagateXy in time towards
Xk+1, In order to calculate thea priori position. The indirect measurementz;y
with respect to the a priori estimation error Xy is calculated and thea posterior
position is estimated.

P, and P, a priori error covariance matrix anda posteriori error covariance
matrix at the k™ epoch can be used to estimate the amount of the amount of the

error in the Itered position estimate. These matrices give theovariance values
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of the X, Y, Z and time errors. A con dence level of position estimabn can be

derived from the standard deviations obtained from the errocovariance matrices.

4.3.3 Experimental Setup and Assumptions

The user receiver, a Garmin 17N 12 channel single frequency ewer,
was placed at an NGS (The National Geodetic Survey) surveyed kimn at the
Williams Gateway Airport, Arizona for data collection and expgerimental imple-
mentation of the PDH Filter.

The pseudoranges of the user receiver were di erentially cected with
corrections generated at the reference station 6 km away. Thngle frequency
receiver is capable of collecting the pseudorange and carrghase on the L1
frequency at an interval of 1 second. PDHF was implemented usiagpocket PC
connected to the user receiver. The ionospheric conditions ieconsidered to be
the same for the user receiver and the reference station sinceythreere not widely
separated. The tropospheric delay was estimated using modegjialgorithm at the
user receiver and reference station. The receivers were pthaea non - re ecting
and obstacle free environment during the data collection ped. Therefore the
multipath e ects were considered negligible. Also, the recesv noise parameters
were estimated on an averaging basis. To obtain the exact noiserpaeters,
two dual frequency receivers with data in two frequency barsdat zero base line
distance are required (double di erencing the data in these wvreceivers gives
the exact noise parameters). The noise parameters for the sinflequency user
receiver were estimated using past data samples. Pseudorange mesasent noise
was considered as 20cm and carrier phase measurement noise wgiected. Note
that a more exact estimation of the noise parameters could irease the positional
accuracy of the receiver. Broadcast ephemeris collected bdyet GPS 17N was
used to estimate the satellite position, and the satellites withraelevation angle

greater than 15 and a signal strength greater than 6 (on a scale of 0 to 9) were
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considered for the experiment. In addition, the rst 12 epochX2 seconds) data
were not considered in the experiment for reliability purpose(receiver needs few
seconds to obtain a lock with the visible satellites).

The approximate position estimated using the pseudoranges fdre visible
satellite constellation was smoothed utilizing the redundantarrier phase data
provided by the user receiver. The smoothed receiver position ECEF (Earth
Centered Earth Fixed) co-ordinate system was converted to Liide, Longitude
and Height in UTM (Universal Transverse Mercator system, zone 12N). BHor-
izontal error discussed in the results is the error (the estimated position o fra
the surveyed location in meters) in Latitude and Longitude, ad the vertical error

is the error in the height.

4.3.4 Results and Analysis

In PDHF, the approximate position of the user receiver is estimat using
the dierentially corrected pseudoranges. The approximate gsitions are then
Itered with the carrier phase information available from the user receiver. Final
Itered position in PDHF of the receiver is not e ected by the saellites in the
receiver channels individually as compared to that in RDHF, Wt the approximate
position estimate using pseudoranges is e ected by the satellitmitages. This
e ect is not signi cant in the nal Itered output because the p osition is being
smoothed with the rate of change in carrier phase, which can betdrmined to a
greater accuracy.

The results of the experimental implementation on the realine data are
shown in Figure 4.6 and 4.7. Figure 4.6 shows the horizontal ptien error and
Figure 4.7 shows the vertical position error. Horizontal errdn meters was reduced
to 20 centimeters in about 250 epochs. As the data is lItered fther, horizontal
error reduced to 4 to 10 centimeters. Though the horizontal e in approximate

position estimate using pseudoranges varies greatly, the hantal error in PDHF
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Figure 4.6: Horizontal Error in position estimation - Position Dbmain Hatch Filter
Vs Pseudorange Positioning

follows a smooth curve. Similar performance can be seen in veal error. These
results prove the reliability and stability of the PDHF output.

The PDHF curve in gure 4.6 has a small deviation where it reactsean er-
ror range of 30cm between 350 seconds to 450 seconds. This dmnas very slow
taking 60 to 70 epochs, and is caused by the change in the approate position
estimate using pseudoranges. Horizontal errors are about 10 toddntimeters for
over approximately 200 epochs where the estimated positiorofn pseudoranges
doesn't change drastically. Overall, drastic changes in the ppximate position
estimate of the pseudoranges has a very slow and gradual e ect tre Itered
position. With additional ltering, the better position estim ates are regained.

A summary of maximum and minimum errors (after the rst 250 epoles
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of ltering) in PDHF is given in table 4.3. The results from PDHF in table 4.3

can be compared directly to those for RDHF in table 4.2.

4.3.5 Comparison of RDHF and PDHF

The advantage of PDHF over RDHF is that the Iter can make use of tk

delta phase measurement, as long as it is available in the preus epoch: i.e., the

Table 4.3: Maximum and Minimum Errors in PDHF

PDHF Minimum Error | Maximum Error
Horizontal Error 4 cm 35 cm
Vertical Error 1.4 m 3.4 m
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Figure 4.8: Horizontal Error in position estimation - RDHF Vs PDHF

last 100 seconds or more of data is not required. Provided thatree set of four
satellites is available over every epoch, the position accuasaof the system can be
maintained and improved. This is in contrast to the RDHF techmjue, in which
the same four satellites must be continuously tracked for the paisin accuracy to
be maintained and improved by the same amount. In many enviroments, various
satellites are obstructed periodically, and while the minimuon number of satellites
may be available for a solution all the time, the tracking durdon for individual
satellites may be too short. In this environment, RDHF is of litte help because
none of the individual satellites are tracked long enough tanprove the accuracy
level for the carrier smoothed observations.

Figure 4.8 shows the horizontal error levels of RDHF and PDHF. Ten

circular dots on the graph represent a few instances of sataflibutages. The
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e ect of satellite outages in the RDHF is very signi cant, corresponding to peaks
in the curve that represent the variation in the horizontal paition estimation
error. The e ect of satellite outages on the PDHF is negligiblas seen from the
gure.

As the length of the lter increases, the stability and reliabilty improves
further in PDHF relative to RDHF; the experimental results prowe that PDHF is
more robust than RDHF over an extended Itering time. Note that loth of these
two Itering techniques give better results than position estination using just the

di erentially corrected pseudoranges.

4.3.6 Various factors e ecting PDHF

This section deals with two important factors a ecting the acuracy levels
of PDHF: the length of Itering (amount of lItering) and the in itial period of
ltering.

Figure 4.9 shows three di erent curves, each representing the tiontal
error of the PDH ltering starting at three di erent instants o f time and smoothed
for di erent time durations. Consider rst the case where the PDHFstarts at the
12" epoch. The initial horizontal error in this case is around 2.3neters and it
reaches the cross over point where the three curves meet (lzortal error of 35cm)
in about 250 epochs and stays low from then on. Now consider the @ed case
where the PDHF stars at the 48 epoch. Here, the initial horizontal error in this
case varies from 2.4 to 1.3 meters because the output of PDHF isma@ulnerable
to changes in the approximate position estimates for the pseu@dmges during this
initial period. The curve reaches the crossover point in abo@15 epochs, which is
faster than the rst case. Lastly, consider the third case in whichite PDHF starts
at the 80" epoch. The initial horizontal error now is around 1.8 meterand it
reaches the cross over point in about 180 epochs|which is fastéhan in either of

the rst two cases. Higher levels of accuracy are obtained in lessie if the initial
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Figure 4.9: PDHF: Factors e ecting the ltering process

estimation error is lower. This occurs when the satellites iniew at the starting
time are of good signal strength and there are fewer satellite tages during the
starting period. The error level in the third case is 23 cm aftea duration of 160
epochs as listed in table 4.4.

The amount or length of Itering also plays an important role n the accu-
racy levels obtained and the stability of the output. Considethe period of time
between 350 seconds to 500 seconds (392 seconds and 510 secandistad in
table 4.4), where the horizontal error reaches its maximumalue and drops down
to the minimum error range. In the case of PDHF starting at the 12 epoch, the
output accuracy is less a ected by drastic variations in the gproximate position
estimation from pseudoranges. The maximum error in the rst case i35 cm, in

the second case the maximum is 60 cm and in the third case it is 70 .cim a
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Table 4.4: PDHF with Various Filtering Durations

Duration series| Horizontal Error
160 seconds 3 23 cm
160 seconds 2 62 cm
160 seconds 1 85 cm
336 seconds 3 54 cm
336 seconds 2 38 cm
336 seconds 1 11 cm
392 seconds 3 71 cm
392 seconds 2 56 cm
392 seconds 1 35cm
510 seconds 3 18 cm
510 seconds 2 8 cm
510 seconds 1 4 cm
697 seconds 3 45 cm
697 seconds 2 42 cm
697 seconds 1 32 cm

predictable manner, the minimum error in the rst case is 4 cm,n second case 8
cm and in the third case 18 cm. This variation is due solely to thgariation in
the Itering duration: the longer the Itering duration, th e better the stability of

the output.
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5 CONCLUSION

GPS has been used as a stand-alone system for many land appliaagio
that require fast and precise positioning such as mining, and auhated highway
systems as well as in other high-tra c land-based applicationsHowever, there are
situations where GPS by itself does not provide the desired acaay, for example
when satellite signals are blocked or when the achievable aay is restricted by
the geometry of the satellite constellation. This research wioihas focused on the
use of redundant information provided by the GPS receiver inltaining precise
and reliable results in a cost e cient manner.

Many issues associated with GPS surveying have been discussed along
with the speci cations of the various signals. Typical magnitdes of errors in
GPS measurements have been tabulated, making it conveniemtr fa reader to
approximately estimate the level of the accuracy in a measuremt.

Basic measurement techniques using pseudorange and carriergghabserv-
ables have also been discussed to make our research results morerstandable.
To improve the attainable accuracy, a number of techniquesalie been discussed
that use the carrier phase in association with pseudorange measusats to obtain
higher accuracy position estimates.

Position estimation using only the pseudorange measurement isetimost
basic position estimation technique in GPS. Results presentedreeshow that the
level of accuracy obtained in this way is limited to 10 to 30 miers, and is improved
further to 1 to 5 meters using DGPS in single frequency receigerTo improve the
accuracy of position estimate to sub-meter levels, redundant @aprovided by the
receivers (carrier phase) is used. Motivated by the e ciencyfdhe Hatch gain and
the advantage of position domain Itering as compared to rarggdomain lItering,

this research work has discussed the attractive carrier-smootheode lters for
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di erential kinematic positioning. To show the e ectiveness dthe PDHF relative
to RDHF, experimental test results have been presented.

Experimental results for code (pseudorange) processing for DGFhave
been presented and the accuracy levels obtained by code pssiteg have been
discussed along with a brief review of various GPS errors a enfj the position
accuracy. The validity of di erential corrections has also kben discussed. Di er-
ential corrections can be transmitted with a rate of 15 second3hese corrections
are valid for about 1 to 2 min and gradually degrade the levelfaccuracy ob-
tainable. A technique to overcome the clock drift in Garmin eceivers has been
discussed as well. To improve the positional accuracy, more pis carrier phase
measurement is used to smooth or lter the pseudoranges. Furthenprovements
in accuracy levels obtained by using various carrier smoottgrtechniques (RDHF
and PDHF) have been discussed and experimental results have beealgzed. It
has been shown that the best attainable accuracy using range daim hatch Iter
was 30 to 80 centimeters, which is better than the 1 to 5 meter earacy obtained
by pseudorange DGPS.

There is no constant trend seen in the position estimation errorshe po-
sition error changes as the visible satellite constellation chges. In RDHF, the
pseudorange on each of the 12 channels is smoothed with respedht change in
the carrier phase of the corresponding satellite. The major dideantage of this
method is that the information in a channel is lost if the satelte is not locked
for even a small period of time. The loss of information in one ahnel e ects
the position estimation because in the next epoch the informain on the satel-
lite would be available on the channel if the satellite is visie but has not been
Itered enough. If we have few of channels with unsmoothed iofmation, the
position estimate degrades signi cantly. It needs same set of sHites throughout
the ltering session to perform e ciently. Satellite outages ae always expected

to a kinematic environment. It is almost impossible to have same tsef satellites
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throughout the session and so continuous smoothing cannot be asled on all the
channels in the receiver degrading the performance. To ogeeme the limitations
of RDHF, Position Domain Hatch Filter (PDHF) is developed.

The PDHEF is robust to changes in the visible satellite constellatn, com-
pared to RDHF to during the positioning task. This section descries a method
for combining the delta-phase measurement in a lter that inaildes the current
and previous positions. With both the current and previous posons in the lter,
a position di erence is derived that is directly observable fsm the phase di erence
measured between the previous and current epochs. In PDHF, thppoximate
position of the user receiver is estimated using the di erentibl corrected pseu-
doranges. The approximate positions are then Itered with thecarrier phase
information available from the user receiver. Final lteredposition in PDHF of
the receiver is not e ected by the satellites in the receiverh@annels individually
as compared to that in RDHF. The accuracy of position estimate usj PDHF
ranges from 10 cm to 30 cm.

The advantage of PDHF over RDHF is that the Iter can make use of tke
delta phase measurement, as long as it was available in the pws epoch: i.e.,
the past 100 seconds or more of data is not required, making it &tber technique
to be used in real time. Provided that some set of four satellites available over
every epoch, the position accuracy of the system can be maintathand improved.
This is in contrast to the RDHF technique, in which the same four dallites must
be continuously tracked for the position accuracy to be maintaed and improved
by the same amount. Note that all of the techniques implementednd results
presented here have been performed on inexpensive single fezmy receivers,

thus obtaining higher accuracies at lower expense.
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6 FUTURE RESEARCH

We are continuing to test the PDHF method developed here. Vari@n of
the baseline is an important factor a ecting the level of acaacy attainable in the
position estimate. Tests are being conducted to study the vari@n in the dis-
tance between the reference station and the user receiver. Ttistance between
these two receivers will have an impact on the accuracy of yodrerential correc-
tion. The degradation of accuracy with distance is known as spal decorrelation.
Spatial decorrelation is often expressed in terms of parts-parillion (ppm) of the
distance between the base and rover receivers. Spatial dectatien values of
GPS systems typically range from 1-2 ppm to as much as 20 ppm. Sccaracy
degrades with increase in baseline.

Multipath is another important factor which a ects in long experimental
durations. Modelling or estimating multipath e ect in single frequency receivers
is not possible be cause it is site dependant. The e ect of multiglaenvironment
on the PDHF positional accuracy can be studied to develop a conethce level for
the output.

Further research will be focused the real-time factors e ectg the location
of the receivers. Working in a tree canopy environment the usaiill typically have
limited views of the sky, causing the GPS receiver to view only &dlites that are
high overhead. As satellites are clustered together, this resulin poor PDOP.
And there is high probability of losing the lock with the satellies causing cycle
slips. These environmental conditions can a ect the performae of the PDHF.
This has to be tested for worst conditions.

Another interesting idea would be to apply the PDHF technique fio stop
and go' user receivers: i.e., where the user only wants to markv@oints on his

path. In this case PDHF can be tested for di erent user velocitiesnd varying
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occupational time at the position to be marked.

Apart from testing the robustness of this method over a wider rarggof op-
erating conditions, further research is needed to develop ptsn domain smooth-
ing techniques for aircraft and race track monitoring whereehicles are moving
with high velocities. Such systems could prove very useful in @gise and security

related applications.
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7 DEFINITIONS

Almanac

A data le that contains orbit information on all satellites, clock corrections,
and atmospheric delay parameters. It is transmitted by a GPS sdtie to

a GPS receiver, where it facilitates rapid satellite vehiclacquisition within

GPS receivers. Almanac data must be acquired before GPS navigat can

begin.

Ambiguity

The phase measurement when a receiver rst locks on to a GPS sigrsl
ambiguous by an integer number of cycles (because the receivas no way of
counting the cycles between satellite and receiver). This dmguity remains

constant until loss of lock.

Anywhere x
The ability of a receiver to start position calculations withat being given

an initial approximate location and time.

Availability
The number of hours per day that a particular location has su gent satel-

lites (above the speci ed elevation angle) to make a GPS pogifi X.

Azimuth

Angle at your position between the meridian and the directiond a target.

Baseline
A baseline consists of a pair of stations for which simultaneous GRlata

has been collected.

Base Station
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Also called a reference station. A receiver that is set up on a knowocation
speci cally to collect data for di erentially correcting rover(user receiver)
les. The base station calculates the error for each satellite dn through
di erential correction, improves the accuracy of GPS positins collected at

unknown locations by a roving GPS receiver.

C/A code
The standard (Clear/Acquisition) GPS code; also known as the "tilian

code" or S-code.

Carrier
A radio wave having at least one characteristic (e.g. frequeycamplitude,

phase) that can be varied from a known reference value by modtibn.

Carrier Phase

GPS measurements based on the L1 or L2 carrier signal.

Carrier-aided tracking
A signal processing strategy that uses the GPS carrier signal to aehe
an exact lock on the pseudo random code. More accurate than stznd

approach.

Clock bias

The di erence the clock's indicated time and true universalime.

Coarse Acquisition (C/A)
Code a spread spectrum direct sequence code that is used primyatly
commercial GPS receivers to determine the range to the trangtmg GPS

satellite.

Code phase

GPS measurements based on the C/A code.
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Constellation
Refers to either the speci c set of satellites used in calculagnpositions or

all the satellites visible to a GPS receiver at one time.

Cycle slip
A discontinuity of an integer number of cycles in the measuredaaier beat
phase resulting from a temporary loss-of-lock in the carrier tcking loop of

a GPS receiver.

Data message
A bit message included in the GPS signal which reports the satédlis loca-

tion, clock corrections, and health.

Di erential GPS (DGPS)
A technique to improve GPS accuracy that uses pseudorange eganea-
sured at a known location to improve the measurements made byhetr GPS

receivers within the same general geographic area.

Di erential positioning
Precise measurement of the relative positions of two receivdracking the

same GPS signals.

Dilution of Precision (DOP)
an indicator of satellite geometry for a unique constellatioof satellites used
to determine a position. Positions tagged with a higher DOP vak generally

constitute poorer measurement results than those tagged withwer DOP.

Elevation

Height above mean sea level. vertical distance above the geoid.

Elevation mask angle
Satellites below this angle (often 15 are not tracked, to avoid interference

by buildings, trees and multipath errors and large atmospheridelays.
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Ephemeris
The predictions of current satellite position that are transmiited to the user

in the data message.

Ephemeris Errors
errors which originate in the ephemeris data transmitted by &PS satellite.

Ephemeris errors are removed by di erential correction.

Epoch

Measurement time or measurement interval or data frequency.

Fix

A single position with latitude, longitude (or grid position), altitude, time,

and date.

Geodetic surveys
Global surveys done to establish control networks (comprised ofference

or control points) as a basis for accurate land mapping.

Global Navigation Satellite System (GLONASS)
This is the Russian counterpart to GPS. GLONASS provides worldwe
coverage, however, its accuracy performance os optimized the northern

latitudes. and is speci ced as identical to that of GPS SPS.

Global Positioning System (GPS)
A system for providing precise location which is based on data mamitted

from a constellation of 24 satellites

GPS Time
The time scale to which GPS signals are referenced, steered texavithin

about 1 microsecond of UTC, ignoring the UTC leap seconds.
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GPS Week
The number of elapsed weeks (modulo 1024) since the week begjrianuary

6, 1980. The week number increments at Saturday midnight in 5 Time.

Grid
Also \Coordinate System". A coordinate system that projects the &th on

a at surface, using square zones for position measurements.

lonosphere
the band of charged particles 80 to 120 miles (or often widegbove the

Earth.

lonospheric Delay

A wave propogating through the ionosphere experiences delay refraction.
Phase delay depends on electron content and a ects carrier s&s. Delay
in pseudorange depends on dispersion and a ects signal modubeti The

phase and pseudorange delay are of the same magnitude but opposign.

Keplerian Elements

Six parameters that describe position and velocity in a purelglliptical orbit:

the semi major axis and eccentricity, the inclination of the it plane to the
celestial equator, the right ascension of the ascending nodegtargument

of perigee, and the time the satellite passes through perigee.

Kinematic positioning
Kinematic positioning refers to applications in which the psition of a non-

stationary object (automobile, ship, bicycle) is determined

L1 frequency
1575.42 MHz GPS carrier frequency which contains only encitgol P code,

used primarily to calculate signal delays caused by the ionospke
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Latitude
A north/south measurement of position perpendicular to the edh's polar

axis.

L-band
The group of radio frequencies extending from 390 MHz to 1550H. The
GPS carrier frequencies L1 (15735 MHz) and L2 (1227.6 MHz) ane the
L-band.

Longitude
An east/west measurement of position in relation to the Prime Median,

an imaginary circle that passes through the north and south pdae

Mask Angle
The minimum acceptable satellite elevation above the horirdo avoid block-

age of line-of-sight.

Multi-channel receiver

A GPS receiver that can simultaneously track more than one satié¢ signal.

Multipath
Interference caused by re ected GPS signals arriving at the ceiver, typi-

cally as a result of nearby structures or other re ective surfas.

Multipath error
Errors caused by the interference of a signal that has reacheldetreceiver
antenna by two or more di erent paths. This is usually caused byme path

being bounced or re ected.

Multiplexing channel
A channel of a GPS receiver that can be sequenced through a nuentof

satellite signals.
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NAVSTAR
The name given to GPS satellites. NAVSTAR is an acronym for NAVigatio
Satellite Timing and Ranging

P-code

The Precise or Protected code. A very long sequence of pseudod@m
binary biphase modulations on the GPS carrier at a chip rate df0.23 MHz,
which repeats about every 267 days. Each 1-week segment of thigle is

unique to one GPS satellite and is reset each week.

Position
The latitude, longitude, and altitude of a point. An estimate d error is

often associated with a position.

Pseudo-random noise (PRN)
A signal with random noise-like properties. It is very complidad but re-

peated pattern of 1's and 0's.

Pseudo-range

A distance measurement based on the correlation of a satelliteatrsmitted
code and the local receiver's reference code, that has noehecorrected for
errors in synchronization between the transmitter's clock ahthe receiver's

clock.

Range
A xed distance between two points, such as between a starting anan

ending waypoint or a satellite and a GPS reciever.

Real Time Kinematic (RTK)
the DGPS procedure whereby carrier phase corrections are risanitted in

real time from a reference station to the user's roving receive
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Real-time di erential GPS

A base station which computes, formats, and transmits correctisnusually
through some sort of data link (e.g. VHF radio or cellular telephae) with

each new GPS observation. The roving unit requires some sort oatd

link receiving equipment to receive the transmitted GPS coections and get

them into the GPS receiver so they can be applied to its curreafbservations.

Relative positioning
The determination of relative positions between two or moreeceivers which

are simultaneously tracking the same GPS signals.

RINEX

Receiver INdependent EXchange format. A set of standard de niths and
formats to promote the free exchange of GPS data and facibt the use of
data from any GPS receiver with any software package. The foahincludes

de nitions for three fundamental GPS observables: time, phasand range.

Rover
Any mobile GPS receiver collecting data during a eld session. ®receiver's

position can be computed relative to another, stationary GPSeceiver.

Satellite constellation

The arrangement in space of a set of satellites.

Selective availability (S/A)
Intentional degradation of the performance capabilities fothe NAVSTAR
satellite system for civilian use by the U.S. military, accomplistéd by arti -

cially creating a signi cant clock error in the satellites.

UTC
Universal Coordinated Time, formerly GMT or Greenwich Mean Tne. A

highly accurate and stable atomic time system kept very close, lgserting
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leap seconds, to the universal time corrected for seasonal vaioais in the

Earth's rotation rate. Maintained by the U. S. Naval Observatoy.

Universal Transverse Mercator (UTM)
A grid coordinate system that projects global sections onto a tasurface to

measure position in speci ¢ zones.

User segment

The component of the GPS system that includes the receivers.
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APPENDICES



Appendix A: Positioning methods

A.1 lonospheric Refraction :

A user equipped with a dual-frequency (L1-L2) GPS receiver oastimate
the ionospheric group delay and phase advance from the measuesits, and es-
sentially eliminate the ionosphere as a source of measurementoer The time

delay t; at frequency L1 caused by the ionospheric e ect can be calcutat as

2 (y
fz2 f2

t, =

wheref, and f, are the frequencies at L1 and L2 respectively( t) is the mea-
sured time di erence between frequencids, and f, from the same satellite. this

t; can be considered as the measured value.

A.2 Taylor's Series :

The common Taylor Series approach can be described using thédieing

series.

y = f(X1;X2; X3; Xa)
X = (X1; X2; X3; Xq)

f (X)
X

Yot Y=F(X)x+
A.3 Chain Rule :

chain rule for di erentiating fractions is de ned by the following equation.

n
du = nu" 1%

dx dx
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A.4 Linear Least Squares :
A Linear Least Squares problem is
minimizekb  Axk; (A1)
X

Where A is m-by-n matrix, b is a givenm element vector andx is the n
element solution vector.

In the most usual casesn  n and rank(A) = n, and in this case the
solution to problem A.1 is unique, and the problem is also refexd to as nding

a least squares solution to an overdetermined system of linear atjans [16].



Appendix B: Matlab Code for PDHF

1. ReadObs le:
Reads the user observation le in RINEX format containing pseudange,

carrier phase, time of week, satellite ID etc.

2. Rinexe:

Reads the navigation le (ephemeris le) in RINEX format.

3. GetEph:

Reshapes the navigation data into a matrix from.

4. FindEph:
Finds a proper column in ephemeris data matrix for a given timand satellite

ID.

5. CheckT:

Repairs over and under ow of GPS time.

6. Satpos:

Calculates X, Y, Z co-ordinates at time 't' from given ephemesidata.

7. ECorr:
Returns the rotated satellite co-ordinates due to earth rotgon during signal

travel time.

8. Topocent:
Calculates azimuth and elevation angle, given rotated satié co-ordinates

and receiver initial position (usually assumed as [0, 0, 0]).

9. Tmatrix:
"1' if satellite is present in two consecutive epochs, "0 if not.
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10.

11.

12.

13.

14.

15.

16.

DGPScorr:

Gets di erential corrections from reference receiver.

Bancroft:
Calculates preliminary co-ordinates X) for a GPS receiver based on pseu-

doranges to 4 or more satellites [17].

RtRange:

Calculates range from preliminary receiver co-ordinate® trotated satellites.

ELOS:
Estimates line of site from the receiver to the individual satétes and forms

"H' matrix.

IniHatch:

Initializes Hatch Iter, for rst epoch.

OHMCalc:
Calculates the indirect measurement vector , utilizing delta phase observ-

ables.

PDHF:

Performs time propagation and measurement update part of PDHF
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Figure B.1: Flow Chart for Matlab Code used in Implementing PBIF
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Figure B.2: Flow Chart for Matlab Code Continued
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