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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 been used

as a stand-alone system for many land applications that requirefast and precise

positioning such as mining, heavy construction, precision farming, and automated

highway systems as well as in other high-tra�c land-based applications. However,

there are situations where GPS by itself does not provide the desired accuracy,

for example when satellite signals are blocked or when the achievable accuracy is

restricted by the geometry of the satellite constellation. In these situations, the

redundant data received by the GPS receiver can be used to enhance the avail-

ability, accuracy, and reliability of the GPS-derived position solution. Various

positioning techniques have been developed for enhancing the accuracy using the
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redundant data received, requiring expensive dual frequency receivers. This re-

search work focuses on developing, implementing and testing various techniques

on inexpensive single frequency receivers.

The performance of the carrier-smoothed code-phase di�erential GPS al-

gorithms is assessed experimentally on single frequency receivers. This thesis also

includes a regressive comparison of various techniques with experimental results.
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1 INTRODUCTION

1.1 The Evolution of GPS

Radio based navigation systems were �rst developed in the 1920's.These

were used widely in World War II by the ships and planes of both sides. The

drawback of using radio waves that are generated on the groundis that you must

choose between a system that is very accurate but doesn't cover a wide area (high-

frequency radio waves, like UHF TV) and one that covers a wide areabut is not

very accurate (like AM radio). The only way to provide coverage for the entire

world is to place high-frequency radio transmitters in space.

The development of arti�cial satellites has made possible the transmission

of more-precise, line-of-sight radio navigation signals and sparked a new era in

navigation technology. A high-frequency radio wave can cover a large area and

be very accurate (it overcomes the noise on the way to the ground by having a

specially coded signal). Satellites were �rst used in position-�nding in a simple but

reliable two-dimensional Navy system called Transit. This laid the groundwork for

a system that would later revolutionize navigation forever{the Global Positioning

System.

1.1.1 Military Evolution of GPS

The Global Positioning System is a 24-satellite constellation that allows

you to calculate your position in three dimensions. GPS navigation and position

determination is based on measuring the distance from the user position to the

precise locations of the GPS satellites as they orbit. By measuring the distance to

four GPS satellites, it is possible to establish three coordinatesof a user's position

(latitude, longitude, and altitude) as well as GPS time.

GPS was originally developed by the U. S. Department of Defense(DoD) to
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meet military requirements. DoD's primary purposes in developing GPS were to

use it in precision weapon delivery and to provide a capabilitythat would reverse

the proliferation of navigation systems in the military [1]. U.S. Navy and Air

Force �rst studied the concept of using radio signals transmittedfrom satellites for

positioning and navigation purposes. These studies resulted in various concepts

and experimental satellite programs, which became the building blocks for the

Global Positioning System.

The Navy sponsored two programs which were predecessors to GPS : Tran-

sit and Timation. Transit was the �rst operational satellite-based navigation sys-

tem, consisting of 7 low-altitude polar-orbiting satellites that broadcast very stable

radio signals; several ground-based monitor stations to track the satellites; and

facilities to update satellite orbital parameters. This systemwas slow, provided

only two-dimensional positioning capability and had limitedcoverage due to the

intermittent access/availability of its signals. Nonetheless, Transit was important

to GPS because it resulted in a number of technologies that wereextremely useful

to GPS and demonstrated that a space system could o�er excellent reliability.

Timation, a second forerunner of GPS, was a space-based navigation sys-

tem technology program that Navy had worked on since 1964. Thisprogram

�elded two experimental satellites that were used to advance the development

of high-stability clocks, time-transfer, and two-dimensionalnavigation. The �rst

Timation satellite, launched in 1967, carried very stable quartz-crystal oscillators;

later models orbited the �rst atomic frequency standards (rubidium and cesium).

The atomic clocks had better frequency stability than earlier clocks, which greatly

improved the prediction of satellite orbits (ephemerides) and would eventually ex-

tend the time required between control segment updates (clock adjustments) to

GPS satellites. This pioneering work on space-quali�ed time standards was an im-

portant contribution to GPS. In fact, the last two Timation sat ellites were used

as prototype GPS satellites.
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In the meantime, the Air Force was working on a similar technology pro-

gram that resulted in a design concept called System 621B; it provided three

dimensional (latitude, longitude, and altitude) navigation with continuous ser-

vice. The Air Force concept envisioned a global system consisting of 16 satellites

in geosynchronous orbits whose ground tracks formed four ovalshaped clusters

extending 30 degrees north and south of the equator. That is, one cluster could

provide 24-hour coverage of a particular geographic region(for example, North

and South America).

By September 1973, a compromise system was evolving which combined the

best features of earlier Navy and Air Force programs. Satellite orbits were based

on those proposed for the Navy's Timation system, but higher in altitude, giving

twelve-hour instead of eight-hour periods. The system concept that emerged is

what is known today as the NAVSTAR Global Positioning System. In December

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 developmental

satellites. The �rst one of these was launched in 1978; another nine Block I satel-

lites were launched, the last being in 1988. In the mid-1980'sreceivers started

being developed for the general consumer market. During testing of these satel-

lites in the 1980's it was found that the civilian signal was more accurate than

expected. Thus in March 1990 \Selective Availability" was activated for the �rst

time. Selective availability degrades the civil signal from20-30 meter accuracy,

for a standard receiver, to approximately 100 meters [2] usingtime jittering.

In the mid 1980's the demand on these NAVSTAR system satellites for civil

uses was starting to grow steadily, and the Block I satellites were no longer capable

of meeting this demand. Therefore the real production satellites were produced,

called "GPS Block II". The �rst was launched in 1989. Block II consists of

24 satellites, the last one launched in 1994. These are the satellites used today,
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providing 24-hour global coverage for both military and civil 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 Availability

(SA) turned o� at midnight Universal Time Coordinated. Now, civilian GPS users

around the world will no longer experience the up to 100 meter(approximate 300

feet) random errors that SA added to keep GPS a more powerful tool for the

military.

1.2 How GPS Works

The Global Positioning System (GPS) is an all weather, 24-satellite con-

stellation that provides global and round-the-clock positioning and was developed

by the U.S. Department of Defense. It was made available in early 1980s to the

civilian surveying and navigation community, but it did not became fully opera-

tional in 1994. Centimeter level accuracies were not intended when this system

was developed. With continuous innovations in the GPS receiver hardware, soft-

ware and greater research in �eld, GPS surveying has become very reliable and

can achieve sub|centimeter accuracies.

Global Positioning System satellites transmit signals to equipment on the

ground. GPS receivers passively receive satellite signals; theydo not transmit.

GPS receivers require an unobstructed view of the sky, so they are used only

outdoors and they often do not perform well within forested areas or near tall

buildings. GPS operations depend on a very accurate time reference, which is

provided by atomic clocks at the U.S. Naval Observatory (this organization serves

as the o�cial source of time for the Department of Defense and the standard of

time for the United States). Each GPS satellite has atomic clocks on board which

are regularly monitored and are corrected for o�set in the time using the reference

clock at U.S. Naval Observatory.
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Each GPS satellite transmits data that indicates its locationand the cur-

rent time (ephemeris). All GPS satellites synchronize operations so that these

repeating signals are transmitted at the same instant. The signals, moving at the

speed of light, arrive at a GPS receiver at slightly di�erent times because some

satellites are farther away than others.

 

Figure 1.1: Position Determination

Thus, distance to the GPS satellites can be determined by estimating the amount

of time it takes for their signals to reach the receiver. When the receiver estimates

the distance to at least four GPS satellites, it can calculate itsposition in three

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

satellites, operated by the U.S. Air Force, orbit with a period of12 hours, and

ground stations are used to precisely track each satellite's orbit.

Because GPS receivers do not have atomic clocks, there is a great deal

of uncertainty when measuring the size of the spheres shown in Figure 1.1-i.e.,

calculating the distance to a given satellite.

In the Figure 1.2, the dashed lines show the actual intersectionpoint of

the spheres, and the gray bands (bands around the dotted lines) indicate the

area of uncertainty. Although the distance to the satellites can only be roughly

estimated at �rst, a GPS receiver can precisely calculate these distances relative

to the other satellite. Because the relative size of the spheres is known, there is

only one possible point where they can intersect.

In Figure 1.3, the solid lines indicate where the GPS receiver\thinks"

the spheres are located. Because of errors in the receiver's internal clock, these

spheres do not intersect at one point. The GPS receiver must change the size

of the spheres until the intersection point is determined as depicted in 1.4. The

relative size of each sphere has already been calculated, so if the size of one sphere

is changed, the other spheres must be adjusted byexactly the same amount .
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Figure 1.3: Practical Intersection Point
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Figure 1.4: Adjustment of Spheres

Three spheres are necessary to �nd position in two dimensions and four 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 the type of

receiver. Most hand-held GPS units have about 10-20 meter accuracy. Other

types of receivers use a method called Di�erential GPS (DGPS)to obtain much

higher accuracy. DGPS requires an additional receiver �xedat a known location

nearby.

DGPS works by placing a high-performance GPS receiver (Reference or

Base station) at a known location (surveyed monument). Because the receiver

knows its exact location, it can determine the errors in the satellite signals. It

does this by measuring the ranges to each satellite using the signals received and

comparing these measured ranges to the actual ranges calculated from its known

position. The di�erence between the measured and calculated range is the total

error. Di�erential GPS is depicted in Figure 1.5. The error data for each tracked

satellite is formatted into a correction message and transmitted to GPS users.
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The correction message format follows the standard established by the Radio

Technical Commission for Maritime Services, Special Committee 104 (RTCM-

SC104). These di�erential corrections are then applied to the GPS calculations,

thus removing most of the satellite signal error and improving accuracy. The level

of accuracy obtained is a function of the GPS receiver.

Satellites

DATA LINK

Range Corrections

Remote Corrected
        Location Base Station \ Known 

          Location

DGPS Radio 
Beacon Antenna

Figure 1.5: Di�erential GPS

� Reference station:

The reference station GPS receiver knows exactly the positionof its antenna,

therefore it knows what each satellite range measurement should be. It

measures the ranges to each satellite using the received signalsjust as if it
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was going to calculate position. The measured ranges are subtracted from

the known ranges and the result is range error. The range errorvalues for

each satellite are formatted into messages in the RTCM SC104 format and

transmitted periodically (� every few seconds).

� Modulator:

Depending on the transmission format the modulator encodes thedata as

necessary for transmission. For example, in the free USCG system the mod-

ulator creates a carrier signal which varies using (MSK) modulation. The

modulated carrier output from the modulator is connected tothe transmit-

ter.

� Transmitter:

The transmitter is basically a power ampli�er which is connected to an an-

tenna system. The modulated carrier is ampli�ed and driven to the antenna.

In the USCG (United States Coast Guard) system, the transmitter is 250-

1000 Watts and operates in the 300 KHz frequency range. The ampli�ed

signal is radiated via the antenna to remote DGPS receivers for real-time

position correction.

� DGPS correction receiver:

A DGPS correction receiver decodes the signals received froma reference

site. Data is formatted into a serial RTCM SC104 data stream and provided

to the remote GPS receiver. There are many types of DGPS correction

receivers.

� GPS receiver:

The GPS receiver measures ranges to each satellite, but beforethe measure-

ments are used to calculate position, corrections received from the DGPS

receiver are applied to the measurements. The position is then calculated

using the corrected range measurements providing vastly increased accuracy.
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GPS with corrections (DGPS) has an accuracy of between 1 and 5meters

depending on the quality (price) of the GPS receiver.

To obtain the best positional accuracy using single-frequency GPS equip-

ment, one should use di�erential GPS techniques with a nearby reference station

for control. Some areas of the world have many reference stations established by

government or private entities, and in some cases the reference�les are available

to the public and o�ered in a format compatible with the GPS equipment and

software you are using. However, in most parts of the world, established reference

stations and available �les are the exception rather than therule. When no es-

tablished reference station (surveyed location) is near, the alternative is to create

your own reference station to obtain excellent relative accuracy.

1.4 Problem Statement

Many techniques have been developed to improve the accuracyof position-

ing using GPS receivers. However, they need expensive receiversfor the imple-

mentation, which poses a great obstacle in obtaining higher accuracies for civilian

purposes and survey grade applications at a�ordable prices. A cost e�cient posi-

tion estimation method for obtaining higher accuracies has to be designed. The

primary incentive for the researcher is to develop and implement various tech-

niques using redundant data provided by the GPS receiver for improving 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 receiver).

� Simple computational method.

� Position estimation technique developed should yield greateraccuracies than

regular pseudorange positioning techniques.

� The technique should require considerably less time to attain highly stable

accuracy levels.

Pseudorange and carrier phase are two di�erent observables obtained from

the GPS receivers. Considerable accuracy is obtained by using pseudoranges for

position estimation. To obtain higher accuracy, expensive receivers are generally

required. This research studies positioning methods using pseudoranges for in-

expensive receivers. In particular, we focus on improving theposition accuracy

using pseudorange and carrier phase in a cost e�cient manner.

Pseudorange and carrier phase are two di�erent observables obtained from

the GPS receivers. Pseudoranges is used in basic position estimation techniques,

providing considerable accuracy. To obtain higher accuracyposition estimation

using carrier phase is required. Expensive receivers are generally required to make

use of carrier phase. This research studies positioning methods using pseudor-

anges for inexpensive receivers. In particular, we focus on improving the position

accuracy using pseudorange and carrier phase for inexpensive receivers.

1.4.2 Thesis Chapters Overview

This thesis is organized into �ve chapters. The contents are systemati-

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 positioning systems

which resulted in development of Global Positioning System. Italso gives brief

description of working of the Global Positioning System at a system level.

Chapter 2 describes the basic positioning methods using pseudorange and

carrier phase in GPS with interactive �gures and also deals with di�erent types

of error sources in GPS.

Chapter 3 explains the DGPS technique along with the di�erent param-

eters that must be estimated to obtain a position estimate in mathematical and

technical terms.

Chapter 4 gives detailed explanation of various techniquesdeveloped and

implemented using carrier phase data in attaining the �nal goal. It also analyzes

the results of the positioning techniques that have been developed. This forms

the vital part of the research.

In Chapter 5 all the techniques followed in the research work are discussed

brie
y with concluding remarks.

Chapter 6 briefs various application �elds for the techniques developed and

also gives information about future tests to be conducted.

Finally, chapter 7 describes the terminology in the form of de�nitions. This

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

In this chapter I introduce basic GPS positioning methods usingpseudo-

range and carrier phase as observables without mathematical emphasis and also

explain the process of signal transmission. In addition we brie
ydescribe the

various sources of error a�ecting the position measurement accuracy.

2.1 GPS Error Sources

There are a number of errors that a�ect the position estimates derived

from GPS measurements. The errors can generally be divided into three distinct

groups|satellite dependent errors, receiver dependent errors and propagation de-

pendent errors. These errors are subdivided into the six following classes:

1. Satellite Orbit Errors

2. Satellite Clock Error

3. Receiver Clock Error

4. Tropospheric Delay

5. Ionospheric Delay

6. Multipath

2.1.1 Satellite Orbit Errors

The GPS satellites move in almost circular orbits at a nominal altitude of

approximately 20,200 kilometers above the surface of the Earth. At this altitude,

the force of gravity causes the satellite to move at approximately four kilometers

per second. The orbits of the satellites can be described using the six Keplerian
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parameters; the semi-major axis, eccentricity, inclination,right ascension of the

ascending node, argument of perigee and one of either the true, mean or eccentric

anomaly.

The navigation message broadcast by the GPS satellites containsephemeris

(set of 16 orbital parameters) which is based on these six Keplerian elements. The

in
uences on the satellite orbit perturbations include particles of the Earth's at-

mosphere which cause the satellite to slow down. This e�ect is notnoticeable on

the GPS satellites due to the high orbital. Another e�ect is that of solar radiation

pressure. Photons which make up sunlight impact on the satelliteeventually 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 asthose caused

by the magnetic �eld of the Earth and changes to the Earth's gravitational �eld

caused by tides also disturb the orbits of the GPS satellites. As a result, the

ephemeris parameters will not exactly describe the satellite's true orbit.

2.1.2 Satellite Clock Errors

Satellite clock error is caused by the inability of the satellite's oscillator

(clock) to maintain the GPS system reference time frame. The satellites use high

stability atomic clocks, typically cesium or rubidium, which result in satellite

clock errors which are signi�cantly smaller than the receiverequivalents, as the

receivers use inexpensive crystal oscillators. The magnitude ofsatellite clock error

is of the order of 10� 14 seconds. Rather than physically correct the satellite clocks

to the satellite reference system time frame, the oscillator is allowed 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 within the re-

ceiver is commonly an inexpensive quartz crystal source. The primary reason for

this is to keep receiver equipment costs to an a�ordable level. Therefore, there

is an error due to the inability of the receiver clock to maintain the GPS system

reference time frame, in much the same way as the satellite clocks are unable to

precisely maintain GPS time. The stability of the receiver clock error is worse than

the satellite equivalent due to the nature of the oscillator (quartz crystal versus

cesium and rubidium). Therefore, the receiver clock error isgenerally larger than

the satellite clock error.

A GPS receiver has one oscillator which generates all internal signals re-

quired to track the GPS constellation. Thus, if the receiver clock 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 satellites observed si-

multaneously. To determine the three dimensional position of apoint of interest,

three unbiased satellite measurements are required. To account for the receiver

clock error, an additional (fourth) satellite is observed. Therefore, a minimum

of four satellites are required to solve for the three position components 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's atmosphere

below an altitude of 50 kilometers. This portion of the atmosphere causes a delay

on pseudorange and carrier phase measurements which may reach approximately

2.5 meters at the zenith and almost 30 meters at the horizon. The tropospheric de-

lay varies with temperature, pressure and humidity and the height of the receiver.

The troposphere is highly correlated for reference-rover receiver separations of

less than 10 kilometers, especially when the receivers are at the same altitude;

therefore, di�erential positioning techniques are e�ective in reducing tropospheric

e�ects.

The majority of GPS processing programs enable a number of di�erent

atmospheric models to be used to estimate the tropospheric delayerror. Most

models will generally provide suitable results.

2.1.5 Ionospheric Delay

The ionosphere is the portion of the atmosphere between an altitude of

50 kilometers and 1000 kilometers in which free thermal electrons are present.

The number of free electrons is de�ned by the Total Electron Content (TEC). As

the GPS signal passes through the ionosphere, the pseudorange is retarded, but

the carrier phase is advanced. The magnitude of the ionospheric advance in the

carrier is the same as the magnitude of its delay in the pseudorange. One can

attempt to model this advance using the broadcast ionospheric model transmitted

in the navigation message. In addition, ionospheric errors arespatially correlated

over reference-rover receiver separations of less than 10 kilometers, 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 receiving an-

tenna via an indirect path. Objects such as large metal roofs and surrounding

buildings can cause the incoming signal to be re
ected before reaching the antenna.

This has the e�ect of increasing the measured distance between the receiver 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, di�erential positioning techniques are

ine�ective in removing its e�ects. However, there are several observation and

equipment related techniques that can be used to reduce the impact of multipath.

These overview discussions on error sources and magnitudes, as well as the

e�ects of satellite geometry, are summarized in table 2.2. Each error is described

as a bias (persistence of minutes or more) and a random e�ect that is, in e�ect

\white" noise and exhibits little correlation between samples of pseudorange. The

total error in each category is found by taking the root sum square 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 positionestimated by

a GPS receiver. Basic geometry itself can magnify these external errors with a

principle called Geometric Dilution of Precision or GDOP. There are usually more

satellites available than a receiver needs to �x a position, so the receiver picks a few

and ignores the rest. If it picks the satellites that are close together in the sky the

intersecting circles that de�ne a position will cross at very shallow angles. That

increases the error margin around a position. If it picks satellites that are widely

separated the circles intersect at almost at right angle and that minimizes the error

region. Dilution of Precision is a value of probability for the geometrical e�ect on

GPS accuracy. DOP is often divided up into components. These components 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
Ionospheric 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 move, so the

geometry varies with time, but it is very predictable. GDOP is computed from

the geometric relationships between the receiver position and the positions of the

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

� PDOP = Position Dilution of Precision (3-D), sometimes the Spherical 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 position errors. Good GDOP,

a small value representing a large unit-vector-volume, results when angles from

receiver to satellites are di�erent. Where as poor GDOP, a large value representing

a small unit vector-volume, results when angles from receiverto the set of satellites

used are similar.

2.3 Measurement Models

GPS provides the user with two types of measurements: code phase and

carrier phase. Code tracking provides estimates of instantaneous ranges to satel-

lites. The code phase measurements from di�erent satellites at an instant have
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Table 2.2: Transmission Signal Speci�cations

Signal Frequency(MHz) Wavelength(cm)
L1 154� f o = 1575:42 19
L2 120� f o = 1227:60 24

a common bias and are therefore called Pseudoranges. Carrier phase tracking

provides measurements of the received carrier phases relative to the phase of a

sinusoidal signal generated by receiver clock. The carrier phase gives the change

in the satellite-user pseudorange over a time interval and an estimate 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 for posi-

tioning purposes. The reasoning behind transmitting and using two di�erent

frequencies is that the errors introduced by ionospheric refraction can be elimi-

nated A.1. The signals, which are generated from a standard frequency of 10.23

MHz, are L1 at 1575.42 MHz and L2 at 1227.60 MHz in UHF band and are often

called the carriers. Since the carriers are pure sinusoids, theycannot be used

easily for instantaneous positioning and therefore two binarycodes are modulated

onto them. The L1 carrier is phase-modulated with two binary pseudo random

noise codes that contain GPS information: (1) the coarse-acquisition (C/A) code,

characterized by a chip rate of 1.023 MHz and (2) the precise (P)code. The L2

carrier is modulated with the P code only. The signals from di�erent satellites are

distinguishable from each other because each satellite transmits a unique C/A and

a unique P code. The C/A and P codes of all the satellites are further modulated

with a common binary code that conveys information about thesatellites, their

orbits, their clock o�sets, and their operational statuses. A GPS signal contains

three di�erent bits of information: a pseudorandom code, ephemeris 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 and 1)

consisting of 1,023 elements or chips that repeats itself everymillisecond.

The term pseudo random is used because the code is apparently random

although it has been generated by means of a known and therefore repeatable

process. Due to the chipping rate (the rate at which each chip ismodulated

onto the carrier) of 1.023Mbps, the chip length corresponds toapproximately

300m in length and due to the code length, the ambiguity is approximately

300km - i.e., the complete C/A code pattern repeats itself every 300km

between the receiver and the satellite. The C/A code can be thought of as

a number of rulers extending from the satellite to the receiver. The length

of each ruler is approximately 300km, and each graduation is300m apart.

� P code

The P code, or precise code, is a long binary code that repeats every 38

weeks [3]. Despite the code being shortened to one week repeatability be-

cause each satellite transmits a di�erent weekly section of the code, there

is still no ambiguity between the satellite and receiver. The Pcode can be

thought of as a ruler extending from the satellite to the receiver. The length

of the ruler is approximately one week multiplied by the speedof light, and

each graduation is 30m apart. The chipping rate is at 10.23 MHzresulting

in a chip length of approximately 30 m.

� Navigation / Broadcast Data Message

The data message includes information describing the positionsof the satel-

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

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

proximate guide to the orbits of the other satellites (contained within the
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almanac information). Ephemeris data parameters describe satellite orbits

for short sections of the satellite orbits. Normally, a receiver gathers new

ephemeris data each hour, but can use old data for up to four hours without

much error. The ephemeris parameters are used with an algorithm 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 satellites. The

ten-parameter almanacs describe satellite orbits over extended periods of

time (useful for months in some cases) and a set for all satellites issent

by each satellite over a period of 12.5 minutes (at least). To reduce the

time it takes to obtain an initial position, the ephemeris andclock data is

repeated every 30 seconds [4]. The approximate orbital data is used to preset

the receiver with the approximate position and carrier Doppler frequency

(the frequency shift caused by the rate of change in range to themoving

satellite) of each satellite in the constellation. Parametersrepresenting the

delay caused by signal propagation through the ionosphere are also included

within the data message.

The receivers with two frequency bands (L1 and L2) are expensive. These

dual frequency receivers can receive the signals in two frequency bands.

When the same information is sent in the two bands but the error is inde-

pendent, di�erencing can be used to eliminate all the common errors and

resolve most of the ambiguities. This is not possible in single frequency re-

ceivers, where the data reception is on one frequency band (L1). Most of the

techniques developed are for dual frequency receivers. Thisresearch work is

aimed at developing position estimation techniques for improved 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 time of 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 transmission at the

satellite, as marked on the signal. This is depicted in the �gure 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 satellite [5]. Transit

time is biased because the receiver and satellite clocks are notsynchronized. Every

satellite generates its signal in accordance with the clock onboard and the receiver

generates a replica of each signal in accordance with its own clock. This transit

time multiplied by the speed of light in vacuum gives the corresponding biased

range called Pseudorange. Other than the time maintained by satellite clock and

receiver clocks, there exists common reference time GPS Time (GPST). GPST

is the composite time scale derived from the times maintained by clocks at GPS

monitor stations.

Time of transmission

Time of reception t X Speed of lightPseudorange =

 t is the difference between time of Transmission and 
time of Reception

Figure 2.1: Pseudorange tracking

Let the time of transmission as marked by the satellite bet j and time of

reception as determined by the receiver bet i . These two times di�er from the
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GPST by �t j , satellite clock correction and�t i , receiver clock correction. They

can be related to the GPST by following equation:

P j
i = ( t i � t j ) � c (2.1)

t j = � j + �t j (2.2)

t i = � i + �t i (2.3)

The pseudorange equation becomes

P j
i = (( � i + �t i ) � (� j + �t j )) � c

) P j
i = ( � i � � j ) � c + ( �t i � �t j ) � c + � p

where � p is unmodelled errors. The ionospheric and tropospheric delays

are introduced since the propagation velocity is not always C. Multipath errors

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

P j
i = � + �t i � C � �t j � c + T p + I p + M p + " j

Satellite orbital errors are transmitted in the navigation message, but mul-

tipath errors depend on the location of the user receiver. Thepseudorange equa-

tion without these errors can be written as

P j
i = � + �t i � c � �t j � c + T p + I p (2.4)

where � represents the true range of the satellite from the user receiver|

the quantity which we would ideally like to measure. What we have instead is

P j
i . Our ability to compensate or eliminate the errors and biases determines the

accuracy of position estimate.

2.3.3 Carrier Phase Measurements

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

of the carrier received from a satellite. The carrier phase measurement is the
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di�erence between the phases of the receiver - generated carrier signal and the

carrier received from a satellite at the instant of the measurement [5]. The phase

of the received signal at any instant can be related to the phase at the satellite

at the time of transmission in terms of the transit time of the signal. The carrier

phase measurement is thus an indirect and an ambiguous measurement of the

signal transit time.

Consider �rst an ideal case of error free measurement with perfect and

synchronized satellite and receiver clocks, and no relative motion between the

satellite and the user as in �gure 2.2. In this case, the carrier phase measurement

would remain �xed at a fraction of a cycle, and the distance between a satellite

and the receiver would be an unknown number of whole cycles plus a measured

fractional cycle. Thus, the carrier phase measurement contains no information

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

Range from Satellite to the Receiver has changed by 8 cycles

Moving Satellite

Stationary Receiver

Tagged cycles at time A Tagged cycles at time B

Figure 2.2: Carrier Phase Tracking

suppose that the carrier phase is tracked while the receiver or the satellite moves so

that the distance between them grows by a wavelength. The corresponding carrier

phase measurement would be a full cycle plus the fractional cycle phase measured
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from before the movement began. To measure carrier phase in GPS, a receiver

acquires phase lock with the satellite signal, measures the initial fractional phase

di�erence between the received and receiver-generated signals, and from then on

tracks the change in this measurement, counting full carriercycles and keeping

track of the fractional cycle at each epoch.

In the absence of clock biases and measurement error, the carrier phase

measurement� j
i in units of cycles can be written as

� j
i (t) = � i (t) � � j (t � � ) + N j

i (2.5)

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

can be written as

� � � j
i (t) = � � (� j

i (� )) + ( �t i � �t j ) � c + � � N j
i (2.6)

� j
i = � + �t i � c � �t j � c + � � N j

i (2.7)

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

as

� j
i = � + �t i � c � �t j � c + T p � Ip + M p + � � N j

i + " � (2.8)

where � represents therange to the satellitefrom the user receiver,N j
i is

the integer ambiguityand � is the wavelengthof the carrier signal (L1 at 19cm

and L2 at 24cm). The rate of change of carrier phase measurementgives the

pseudorange rate, which is made up of the actual range rate plus the receiver

clock frequency bias. Both the code and carrier phase measurements are corrupted

by the same error sources, but there is an important di�erence. Code tracking

provides essentially unambiguous pseudoranges which are coarse by comparison.

The carrier phase measurements are extremely precise, but are encumbered with

integer ambiguities. The integers remain constant as long as the 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 obtain accurate

position estimate, the integer ambiguities have to be resolvedand the biases must

be compensated. It is clear from (2.8) that we cannot expect todetermine the

value of N j
i . One way to get at least a partial bene�t of the precise carrier phase

measurements without being bogged down by the integer ambiguities is via delta

pseudoranges obtained from the change in carrier phase measurement over a time

interval. From (2.8) the change in the carrier phase measurements between the

time instants t0 and t1 is

� j
i (t1) � �( t0) = � (t1) � � (t0) + ~" � (2.9)

The integer ambiguity term drops out if the carrier is tracked continuously

betweent0 and t1. The error ~" � , in above representation is related to the rates of

change in the biases of the satellite and receiver clocks, and the rates of change in

the ionospheric and tropospheric propagation delays. This idea is 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 measurements

taken using measuring tape. In this conceptual exercise suggested by [8], one

end of the tape is attached to the satellite and the user is holding the other end,

including the spool, allowing the tape to roll forward and back freely as the user

and the satellite move. The di�erence in the Code and Carrier measurements can

be illustrated by the di�erence in the marking on the measuringtape as shown in

Figure 2.3.
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20 cm

Carrier

Satellite

Receiver

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

For code measurements, the tape has coarse tick marks with resolution

of one meter, and the tick marks are labelled from zero to around 27,000,000 m

to indicate the distance to a satellite. At a measurement epoch,range can be
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simply read o� from the tape. But the tape used for carrier phase measurements

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 24cm at L2). For a measurement

epoch, all that can be measured o� of this tape scale is a partialcycle. The range

to the satellite is a certain (large) number of whole cycles plus the observed partial

cycle. The partial cycle can be measured precisely, but the number of whole cycles

is unknown or ambiguous. The situation repeats at the next measurement epoch.

To measure the carrier phase, the tape must be watched continuously. At the

completion of the �rst measurement epoch, the user should make a note of the

partial cycle. From that point on, the user should count the number of whole

cycle marks as they go by. At each successive measurement epoch, the change in

the range in terms of the number of whole cycles and the partial cycle is recorded.

Each of these measurements, when combined with the initial unknown number of

whole cycles, represents range to the satellite at that instant.

The receivers whose PRN codes match the incoming PRN code fromthe

satellites within 1 or 2 percent are good enough. But the resulting error is still 3 to

6 meters. On the other hand, the carrier frequency is much higher than the code

signal, so its pulses are much closer and therefore more accurate. Consequently, it

can be used for more precise timing measurements. If the receivercan match the

PRN code of the incoming carrier signal within 1 percent, then3 to 4 millimeters

of accuracy is possible.
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3 RECEIVER POSITION ESTIMATION

Chapter 2 focused on the basic measurement models. This chapter clearly

explains the mathematical model for the position estimation (DGPS) using pseu-

dorange as the observable. A few other aspects relating to di�erential corrections

are also discussed.

3.1 Position Estimation Using Least Squares

The steps involved in basic pseudorange position estimation and di�eren-

tially corrected pseudorange position estimation(DGPS) can be represented using

block diagrams as shown in �gure 3.1 and �gure 3.2. In this section the DGPS

position estimation method is discussed mathematically. The Di�erential correc-

tions are the amount of distance parameter in meters added to the pseudorange to

compensate for the estimated error in the pseudorange measured by the receiver.

These corrections are received from the reference station, where the amount of er-

ror in the pseudoranges causing an o�set in the position estimate is approximated

and transmitted to user receivers. They are then applied to the pseudoranges

calculated from every satellite to the receiver. If there arèj' satellites visible

at the reference station, then `j' di�erential corrections are generated for every

epoch. The rate at which the user receives the di�erential corrections need not

be every 1 second. Di�erential corrections give good results when 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 rewritten in equation

3.1. Positioning methods in chapter 2 are discussed with reference to a single

satellite but now additional notation is needed to distinguishamong the measure-

ments from 'j' satellites in view (although the number of satellites required to

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

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

epocht can be modelled as

P j
i (t) = � j

i (t) + �t i (t) � c � �t j (t) � c + T j (t) + I j (t) (3.1)

Where j = 1; 2; : : : ; J . As discussed in section 2.3.2,� j
i (t) is the actual

distance between the receiver antenna at signal reception time � i and the satellite

antenna at signal transmission time� j ; �t i and �t j are the receiver and satellite

clock o�sets respectively, relative to GPST; Tj (t) and I j (t) are the tropospheric

and ionospheric propagation delays respectively.

A user would correct each measured pseudorange for the known errors

using parameter values in navigation message from satellite. The main correction

available is the satellite clock o�set relative to GPST. A resourceful 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 by auser

equipped with an L1 � L2 receiver. If user is equipped with only anL1

frequency receiver, placing the receiver with in 10km of the base station

compensates the ionospheric delay (Ionospheric delay is considered to be

same with in the range of 10km).

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

ate model.

� The user may have access to di�erential corrections which can be applied to
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compensate for the errors in common with the measurements at a reference

station (base station).

Denoting the pseudorange obtained after accounting for the satellite clock

o�set and compensating for the remaining errors discussed above as P j
c , t as the

present epoch and omitting the subscripti from � , since there is only one user

receiver, the equation 3.1 can rewritten as

P j
c = � j + �t i � c + � p (3.2)

Where � p represents unmodelled errors. The standard deviation of� p can

range typically from about 1m for di�erentially corrected measurements to about

6m for measurements from a receiver in autonomous mode [5]. Let vectors xi =

(x i ; yi ; zi ) and xj = ( x j ; yj ; zj ), for j = 1, 2, . . . , J, represent the position of the

user at the time of measurement and the position of thejth satellite at the time

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

� j =
p

[(x j � x i )2 + ( yj � yi )2 + ( zj � zi )2] (3.3)

A major problem here is that the unknowns (x i ; yi ; zi ) are not linearly

related to the observables.

3.1.1 Mathematical Model for Positioning Using Linear Least Squares

Assuming that the initial co-ordinates of the receiver (x0; y0; z0) (assumed

as the center of earth), are known, the actual receiver co-ordinates can be ex-

pressed as

x i = x0 + � x i

yi = y0 + � yi

zi = z0 + � zi
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� x i ; � yi ; � zi are the new unknowns. (x i ; yi ; zi ) can be written as

f (x i ; yi ; zi ) = f (x0 + � x i ; y0 + � yi ; z0 + � zi )

Using Taylor's series A.2 , f (x0 + � x i ; y0 + � yi ; z0 + � zi ) can be ex-

panded as

f (x i ; yi ; zi ) = f (x0; y0; z0) +
@f(x0; y0; z0)

@x0
� x i

+
@f(x0; y0; z0)

@y0
� yi +

@f(x0; y0; z0)
@z0

� zi

+
1
2!

@2f
@x2

: : : (3.4)

The Taylor series expansion is truncated after the linear terms. Using Chain

Rule A.3

@f(x0; y0; z0)
@x0

= �
x j � x0

� j
0

@f(x0; y0; z0)
@y0

= �
yj � y0

� j
0

@f(x0; y0; z0)
@z0

= �
zj � z0

� j
0

The model equation 3.2 for pseudorange without unmodelled errors can

be rewritten as

P j
c = � j

0 �
x j � x0

� j
0

� x i �
yj � y0

� j
0

� yi �
zj � z0

� j
0

� zi + �t i � c

The above equation can then be simpli�ed as

l j = aj
x i

� x i + aj
yi

� yi + aj
zi

� zi + �t i � c

where l j = P j
c � � j

0

aj
x i

= �
x j � x0

� j
0

aj
yi

= �
yj � y0

� j
0

aj
zi

= �
zj � z0

� j
0
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and represented in vector form using matrices in the followingway

�!
L = A

�!
X (3.5)

or
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...
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�!
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 depending

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) as the

number of observation equations is greater than number of unknowns. The Least

Square solution for equation 3.5 is given by

�!
X = ( AT A)� 1AT �!

L

Once � x i ; � yi ; � x i ; �t i are found, the receiver antenna co-ordinates are

obtained using

x i = x0 + � x i

yi = y0 + � yi

zi = z0 + � zi

The initial co-ordinates of the receiver (x0; y0; z0), are assumed as (0,0,0), or the

center of the earth. As there is no need to input any initial position, this is called
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`Anywhere �x' method. The result of the Least Squares process �x i ; � yi ; � zi ,

gives the location of the user receiver. The horizontal position accuracy obtained

using Least Squares and Di�erential Corrections from a reference station is de-

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

the latitude and longitude are determined while the vertical accuracy is the ac-

curacy at which the height (or vertical or altitude) of the position is determined.

The horizontal accuracy plot shown in �gure 3.3 is the result ofan experimental

session in real time of about 800 epochs (seconds). The user receiver was placed

at a known location and its position was determined using Di�erential GPS as

explained above, and utilizing the di�erential corrections from a reference station

located within 10km range. The estimated position was compared to the known

location of the user receiver to obtain the errors or accuracylevels. Various factors
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like the visible satellite constellation, receiver errors, ionospheric and tropospheric

errors in
uence the DGPS position estimation. Appropriate algorithms were used

to account for the ionospheric and tropospheric errors. The visible satellite con-

stellations and the signal to noise ratio of the signals receivedfrom the satellites

have a considerable e�ect on the accuracy in this case. Generally, the accuracy

with which position can be estimated using pseudorange DGPS is around 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 threetimes less

accurate than the horizontal component. This can be attributed to the visibility

of satellites within the constellation. The GPS receiver is generally able to receive

satellites from all points of the compass. Therefore, it can measure the distance

to a particular satellite and get a certain result. When it measures a distance
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to another satellite on the other side of the sky, this second measurement can

serve as a partly redundant measurement to check or validate the measurement

that was taken from the opposite direction. The same manner of checking can

be performed in all horizontal directions because of satellites that are generally

available in all directions over the course of a day.

In the vertical component, however, the best a receiver can have is a satel-

lite directly overhead. Having satellites directly overheadof the receiver is not

always possible, so to calculate the vertical components the satellites with high

elevations with respect to the receiver location on earth areused. However, unlike

the horizontal scenario, where the receiver is able to receive redundant measure-

ments from opposite directions, a receiver can never receive asignal from a satellite

that is directly beneath the receiver (which is the other sideof the earth). There-

fore the vertical component of GPS positions is inherently less 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 station to user receiver.

Tests have been conducted to assess the validity of di�erential corrections over

time.

The e�ect of time delay in transmission of corrections is summarized for two

cases in Table 3.1. The accuracy is reduced with the increase inthe time delay

in transmitting the di�erential correction. Choosing the appropriate reference

station and the type of transmission provided by the reference station is very

vital when correcting the pseudoranges with di�erential correction 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 0m 0.814m 3.693m
2min 0m 1.294m 3.953m
3min 0m 1.490m 4.8069m
0min 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 Garmin

17N (12 channel receiver) and a personal computer for softwareimplementation.

Garmin sends varied information about the observables using various kinds of

message formats. A few of the most useful are measurement record, position

record, ephemerides etc. Measurement and position records provide information

like satellite ID, satellite elevation, signal strength, time of transmission, pseu-

dorange, carrier phase etc. The ephemerides message provides with the orbital

parameters required to estimate the position of the satellite and time of transmis-

sion.

For GPS receivers, it is standard procedure to treat the receiver clock bias

from GPS time as an unknown. This requires four range measurements to the

satellites to solve for three dimensional position and clock o�set. If the receiver

clock could be synchronized with GPS time, the extra range measurement would

not be necessary. To achieve this synchronization, a stable frequency reference

must be incorporated into the GPS user set. This concept is knownas clock

aiding or clock augmentation of GPS receivers. Clock augmentation increases

the availability of the navigation function because only three GPS satellites are

required. Also, it has been shown that clock augmentation improves vertical

accuracy.
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The receiver clock o�set �t i , calculated from the least squares position

estimation method gives the amount of time by which the receiver clock is o�set

from GPST. Receiver Clock O�set shall indicate a positive valuefor receiver clock

ahead of GPS time, and a negative value for GPS clock behind GPS time, and

0 for GPS Clock equal to GPS time. The�t i can be calculated in a di�erent

way without using the least squares method. After an extensive observation and

research, the new method has been proven to work e�ciently andreliably. As

mentioned above, the position record and the measurement record both contain

information regarding ranges to the satellites, carrier phaseand timing. This

timing information provides the time of reception. The timeof reception sent

in the position and measurement records are not the same: the receiver clock

is o�set from the GPST by a fraction of seconds. The hardware of the speci�c

receiver resets its clock in every speci�c intervals (de�ned by manufacturer) to

the GPST. Until that occurs, the amount by which the receiver clock is o� from

GPST keeps increasing and this is termed the receiver clock o�set. This continuous

increase in the o�set causes pseudoranges to increase accordingly, which means

the pseudoranges received by the receiver are more error prone. One of the two

messages discussed above contains the same range information as the other but the

timing information is corrected. The di�erence between thetimes of reception of

the two messages gives the receiver clock o�set. This o�set has been veri�ed with

the o�set calculated from the Least Squares method of position estimation. This

o�set can be used to correct the pseudoranges to obtain more accurate 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 byDGPS

method using pseudorange as the only observable. This chapter explains the

further research work done to improve the accuracy levels of positioning using both

pseudorange and carrier phase as observables. In particular, itdeals with various

techniques for using the more accurate carrier phase data withpseudoranges to

improve accuracy levels. Merging `absolute' pseudorange capability and `relative'

carrier phase capability provides an alternative to pure pseudorange observations

and can provide higher levels of positioning accuracy.

Various techniques using pseudorange and taking advantage ofambiguous

carrier phase for position estimation are discussed below. GPS positioning at the

cm accuracy level is feasible using carrier phase observables indouble di�erencing

mode, provided that the carrier phase ambiguities can be resolved to their correct

integer values [9]. Because the ambiguities remain constant when no loss of phase

lock occurs, they can be estimated at the beginning of the mission. Most of the

methods proposed for ambiguity resolution (search methods, �ltering methods,

geometrical methods and so forth) are constrained for two reasons: the di�culty

associated with holding the user receiver �xed for any period oftime and the

requirement that the reference station receive the same set of satellite signals.

Initializing Carrier Phase GPS estimation at an unknown pointrequires about 30

to 40 minutes. Furthmore, requiring communication with the reference receiver for

data other than corrections restricts the movement of the userreceiver, making it

likely that position estimation cannot be performed in real time. It is these reasons

that the techniques discussed in this chapter have been developed in which the

ambiguities are eliminated by using delta phase information.
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4.1 Time Di�erenced Carrier Phase

The observation equation for carrier phase without the environmental er-

rors is given by equation 2.7 as follows

� j = � j + �t i � c + � � N j
i (4.1)

The carrier phase observation equation can be simpli�ed in a stepwise manner

using Taylor series in the following way

� j = � j
0 �

x j � x0

� j
0

� x i �
yj � y0

� j
0

� yi �
zj � z0

� j
0

� zi + �t i � c + � � N j
i

l j = aj
x i

� x i + aj
yi

� yi + aj
zi

� zi + �t i � c + � � N j
i

where l j = � j � � j
0

aj
x i

= �
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� j
0
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= �
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� j
0

aj
zi

= �
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� j
0

where � j represents carrier phase without DGPS corrections. The equation

can then be represented in the form a of matrix as shown below
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where the number of unknowns areJ + 4, comprising of `J' integer ambi-

guities N 1
i ; N 2

i ; : : : ; N J
i , � x i ; � yi ; � zi and �t i .

This matrix is de�ned for one epoch where the visible satelliteconstellation

contains J satellites. For the following epoch there would be another J equations.

42



For one single satellite visible in two consecutive epochs, the di�erence

of the carrier phase would eliminate the integer ambiguity completely as it is a

constant over time for a satellite if tracked continuously.

� j (t1) � � j (t2) = � j
0(t1) � � j

0(t2) + [ �t i (t1) � �t i (t2)] � c + � � [N j
i � N j

i ]

The above matrix for the di�erence in carrier phase for two epochs can be

written as

�!
L = A

�!
X (4.2)

where

�!
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(4.5)

In the above matrix, the parameters to be calculated are �x i ; � yi ; � zi and

�t i (t1) � �t i (t2). This is again an over-determined set of equations with more

equations than unknowns. The best solution can be calculated using linear least

squares method.
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Table 4.1: Positional accuracies from Time Di�erenced Carrier 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 position(x0; y0; z0)

are tabulated. Rather than listing the coordinates, the distance 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 carrier phase

used here is not corrected by the DGPS corrections because thiswas just for test-

ing. The Carrier phase time di�erenced position estimate is to some extent better

than the pseudorange position estimate|the horizontal error in pseudorange po-

sition estimate without di�erential corrections is about 35 meters as shown in

Table 4.1. But these results did not look promising and they werenot consistent.

As the initial position estimate gets farther from the actual location, the horizon-

tal error increases. Therefore, to get a good position estimate with this method,

one must have an accurate estimate of the initial location and this imposes a

major limitation in addition to the use of data from two consecutive epochs. The

range domain hatch �lter was developed to overcome these limitations.

4.2 Range Domain Hatch Filter (RDHF)

GPS receivers provide diverse measurements which can be used toimprove

the positional accuracy and for fault detection. The pseudorange and carrier

phases measured by a single frequency receiver are contaminated by a variety of
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error sources, including thermal noise, satellite - oriented error, ionospheric delay,

tropospheric delay and multipath disturbances. If a user receiver and a reference

receiver (for DGPS correction generation) located nearby are used, the common

error sources such as satellite - oriented error, ionospheric delay and tropospheric

delay can be e�ectively eliminated. The diversity of measurements provided by

the GPS receiver are used in Range Domain Hatch Filter to improve accuracy of

position estimation.

The idea behind the smoothing of pseudorange observations usinginte-

grated carrier phase observations (in short: code smoothing) was put forth by

Mr. Ron Hatch [12] in the early eighties (the smoothing algorithm is called the

`Hatch �lter') and is based on the simple concept that the integrated carrier phase

observation when converted to length unit (carrier range) isalso a measure of the

range between the satellite and a receiver. Therefore, the change in pseudorange

between observations at di�erent points of time (epochs) equals the change in

carrier range. Moreover the change in carrier range can be determined with far

more accuracy (in practice on the order of mm's) than the change in pseudorange

(in practice, on the order of meters).

The stepwise RDH Filtering strategy can be explained with the help of

the block diagram shown in �gure 4.1. The data received from the satellite by

the reference receiver and user receiver consists of the pseudorange, carrier phase,

time of transmission, satellite orbital elements, di�erential corrections etc. The

pseudoranges are corrected for the GPS error as explained in section 2.1. Then,

the di�erential corrections are applied to the pseudoranges.These di�erentially

corrected pseudoranges are �ltered with respect to the changein carrier phase as

highlighted in the block diagram. This is the key step in the RDHF algorithm.

After being �ltered, the pseudoranges are solved for unknown user receiver loca-

tion using Linear Least Squares. The following mathematical model explains the

parameters being estimated and the process of �ltering.
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Figure 4.1: Block diagram representing the stepwise RDHF strategy

4.2.1 Mathematical Model

For a single frequency receiver, the pseudorange and the carrier phase

equations are described as follows.

P j
i = � + �t i � c � �t j � c + T p + I p

� j
i = � + �t i � c � �t j � c + T p � Ip + � � N j

i

In the following description the subscript `i' and superscript `j' are omitted

as the discussion will be focused on a single receiver and single satellite which can
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be similarly applied to all the visible satellites. Also, the tropospheric delay can

be neglected for short baseline lengths.

Let


 (t) = � + �t i � c � �t j � c (4.6)

The pseudorange and carrier phase equations can be simpli�ed as

P(t) = 
 (t) + I p (4.7)

�( t) = 
 (t) � Ip (4.8)

The change in the code and phase with time are given by

� P(t) = � 
 (t) + �I p (4.9)

��( t) = � 
 (t) � �I p (4.10)

�I p is small if the two measurement epochs are close together, so the ionospheric

delay can be disregarded for time di�erencing.

An approximate estimate of the initial pseudorange from carrier phase is

bP(t0) i = P(t i ) � [�( t i ) � �( t0)] (4.11)

Averaging these estimates over `n' epochs gives

Pavg(t0) =
1
n

� i
bP(t0) i (4.12)

Having obtained an estimate ofPavg(t0), the smoothed pseudorange pro�le

can be reconstructed as

Pavg(t i ) = Pavg(t0) + [�( t i ) � �( t0)] (4.13)

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

of length M rather than averaging.

Pf il (t i ) =
1

M
� P(t i ) +

M � 1
M

� [Pf il (t i � 1) + (�( t i ) � �( t i � 1))] (4.14)
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4.2.2 Results and Analysis

These smoothed pseudoranges are di�erentially corrected usingDGPS cor-

rections generated from a reference receiver, and the least squares method is used

to estimate the position of the receiver.

This �lter weighs the carrier phase more heavily than pseudorange because

carrier phase is less noise prone. In principle the more epochs of data that are

used in the smoothing process, the more precise the smoothed pseudorange should

become|in the limit. It should approach the precision of the carrier range (mm -

level). In practice however, there are many factors which e�ect the ideal behavior,

most importantly the ionospheric delay and satellite locking.

� Because the ionosphere delays the pseudorange and advances thecarrier

range (see the equations), the change in pseudorange does not equal exactly

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

� If the receiver channel looses lock on the satellite momentarily or if the range

rate of change is too high, the carrier phase integration process is disrupted,

resulting in a `cycle slip' and an incorrect change in carrier range.

To overcome the above drawbacks, the number of observations used to

smooth the pseudoranges is limited: at one observation per second, a maximum

of 100 is a good value. Moreover, large cycle slips can be detected if the carrier

rate of change is greater by some margin than the pseudorange rate of 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 receiver and the antenna

location. For high quality receivers with optimally located antennas, the margin

could be as low as 1 m (although a value of 15 m is more realistic)which implies

that slips of more than 100 cycles (1 cycle is about 0.2 m) remain undetected [13].

The limit value for M limits the error in the smoothed pseudorange, 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 5.53 m

Vertical Error 8 cm 8.22 m

Code smoothing reduces the e�ect of multipath and receiver noise on the

pseudoranges. Although theoretically a reduction of a factor 10 can be attained,

you can generally count on a reduction of at least a factor 2 andwith some luck 5.

For di�erential code GPS, the multipath and noise are the largest contributions

to the error, and in this case code smoothing does a good job.

This method when implemented practically yields better results than the

position estimation using only the pseudoranges. Figures 4.2 and4.3 show the

pseudorange estimated position error and RDH �ltered position error for a period

of 800 epochs. The horizontal positional errors are reduced togive 30 cm positional

accuracy in 200 to 250 epochs. There is no constant trend seen in the horizontal

position errors. The horizontal error changes as the visible satellite constellation

changes. The vertical position error of RDH �lter is also comparatively less than

the vertical position error using pseudorange positioning.

The maximum and minimum horizontal and vertical errors in �gure 4.2

are summarized in table 4.2. This table lists the error after 250 epochs of data

have been �ltered.

In RDHF, the pseudorange on each of the 12 channels is smoothed with

respect to the change in the carrier phase of the corresponding satellite. Smoothed

pseudorange information is available on all the 12 channels. These smoothed

ranges are then used to estimate the position of the user receiver. The major

disadvantage of this method is that the information in a channel is lost if the

satellite is not locked for even a small period of time. The loss of information in one

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

on the satellite would be available on the channel if the satellite is visible but has

not been �ltered or smoothed enough. If we have few channels with unsmoothed

information, the position estimate degrades signi�cantly. Figure 4.4 depicts the

DOP satellite geometry chosen for the experimental session. The satellites with

signal strengths of 7, 8 and 9 on a scale of 0 to 9 were considered forthe experiment.

When the satellite signal strength falls below 7 it is consideredas an outage. Few

of the satellites maintained constant signal strengths of 9. Some of them kept

moving between 8 and 9. There were at least 6 satellites that always had signal

strength of 7 and above. This was the major advantage of the data collected. The

e�ect of these satellite outages can be seen in the �gure 4.2. Thepeaks in the

graph represent the e�ect of satellite outages, which is very signi�cant. This acts
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Figure 4.3: Vertical Error in position estimation - Range Domain Hatch Filter Vs
Pseudorange Positioning

as a major limitation for the Range Domain Hatch Filtering method of position

estimation. To overcome the e�ect of satellite outages on the position estimation,

Position Domain Hatch Filter (PDHF) was developed.

RDHF does not have a regular error pattern and the result is not pre-

dictable as seen from the graphs. Also the time constant in the �lter has to be

limited because the ionospheric phase advance was a di�erent sign than the pseu-

dorange ionospheric delay error. Finally, the e�ectiveness of the RDHF is limited

because in a kinematic environment frequent signal outages occur, and every time

this happens, all of the smoothed pseudorange information is lost. Thus, the

accuracy of the pseudorange reverts back to its nominal unsmoothed level. To

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

Motivated by the e�ciency of the Hatch gain and the advantage of position

domain �ltering compared to range domain �ltering, the position domain hatch

�lter (PDHF) for kinematic satellite based positioning was developed. The PDHF

is more robust than the RDHF to changes in the visible satellite constellation

during the positioning task [15].

This section describes a method for combining the delta-phase measure-

ment in a �lter that includes the current and previous positions. With both the

current and previous positions in the �lter, a position di�erence is derived that is

directly observable from the phase di�erence measured betweenthe previous and

current epochs.

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

diagram shown in �gure 4.5. The data received by the user receiver from the

satellite are the pseudorange, carrier phase, time of transmission, satellite orbital

elements, di�erential corrections etc. The pseudoranges arecorrected for the

GPS error explained in section 2.1. These di�erentially corrected pseudoranges

are solved for the unknown user receiver location using linear least squares. This

position is treated as an approximate estimate. This approximate position is

�ltered with respect to the change in carrier phase values. As the�ltering is not

done separately on each channel (individual pseudoranges to satellite), the satellite

outages do not have a direct e�ect on the �ltered position estimate. While they
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certainly have some e�ect on the approximate position, but these approximate

positions are �ltered to reduce the e�ect of satellite outages.The mathematical

model below explains the parameters being estimated and the process of �ltering.

4.3.1 Measurement Model

The pseudorangeP j
k and carrier phase �jk with respect to the j th satellite

and kth epoch (assuming common mode errors and multipath errors are eliminated

and dropping the subscript `i' of the receiver) can be modelledas

P j
k = eT

j;k (x j
k � xk) + bk + vj;k (4.15)

� j
k = eT

j;k (x j
k � xk) + bk + nj;k + � � N j (4.16)

where

k : Representskth epoch.

eT
j;k : Line of site (direction of view to the satellite) from the user receiver to the

j th satellite.

x j
k : Earth Centered Earth Fixed (ECEF) co-ordinates of thej th satellite (used to

represent x, y and z).

xk : ECEF co-ordinates of the user receiver.

bk : Receiver clock o�set atkth epoch. (�t i � c).

N j : Unresolved ambiguity.

vj;k ; nj;k : Noise terms in code and carrier measurements.

eT
j;k (x j

k � xk) : Range to satellite (� ).

For a single frequency receiver used in the experiment, a typical noise ratio

for
q

n j;k

vj;k
is of the order of 0.01 [15].

The symbol X k is used to denote the true state vector, that is composed
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of three dimensional position sub-vectorxk , and the receiver clock biasbk .

X k =

2

6
6
6
4

xk

: : :

bk

3

7
7
7
5

(4.17)

In relation to the state vector X k , the symbols �X k , � �X k ; �Pk ; X̂ k ; � X̂ k and

P̂k are used to represent thea 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 thekth epoch for the PDH �lter

in particular,

�X k =

2

6
6
6
4

�xk

: : :

�bk

3

7
7
7
5

; � �X k = �X k � X k =

2

6
6
6
4

� �xk

: : :

� �bk

3

7
7
7
5

; (4.18)

X̂ k =

2

6
6
6
4

x̂k

: : :

b̂k

3

7
7
7
5

; � X̂ k = X̂ k � X k =

2

6
6
6
4

� x̂k

: : :

� b̂k

3

7
7
7
5

: (4.19)

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

determined by

� X k = X k+1 � X k = [(� xk)T ... � bk ]T : (4.20)

The indirect measurementzj;k with respect to priori estimation error, �dX k ,

for the measurement update is given by the following equation:

zj;k = � j;k � eT
j;k (x j;k � �xk) � �bk : (4.21)

Thus, zj;k can be written as

zj;k = hj;k � �X k + vj;k (4.22)

where hj;k = [ eT
j;k

... � 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 acquired. Thus all

the scalar notations can be replaced by vector notation for convenience, i.e.,

Zk = Hk � �X k + Vk Vk � (OjX 1; rp � I jXj ) (4.24)

whererp is the receiver noise in pseudorange measurement and the vectors in the

above equations are de�ned as follows:

Zk = [ z1;k ; z2;k ; : : : ; zj;k ]T (4.25)

Hk = [ h1;k ; h2;k ; : : : ; hj;k ]T (4.26)

Vk = [ v1;k ; v2;k ; : : : ; vj;k ]T (4.27)

An indirect measurement vector 
k+1 used to propagateX̂ k in time towards

�X k+1 , is de�ned as


 j;k +1 = eT
j;k � x j;k + � eT

j;k (x j;k +1 � x̂k) � (� j;k +1 � � j;k ) (4.28)

where


 j;k +1 = [ ! 1;k+1 ; ! 2;k+1 ; : : : ; ! j;k +1 ]T : (4.29)

The position domain hatch �lter is summarized below. A selection of

matrix Tk is used to model abrupt satellite inclusions and outages. The selection

matrix Tk consists of 0's and 1's where 1 denotes a measurement that is valid at

both the k and (k � 1) step simultaneously.

4.3.2 Mathematical Model

Initialization:

H �
k0 = Tk0Hk0;

X̂ 0 = E[X k0 j Tk0 � � k0];

and P̂k0 = rp[(H �
k0)T H �

k0]� 1:
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Time Propagation:

H �
k+1 = Tk+1 Hk+1 ; H P

k = Tk+1 Hk ;


 �
k+1 = Tk+1 
 k+1 ;

U�
k+1 = [( H �

k+1 )T H �
k+1 ]� 1(H �

k+1 )T ;

�X k+1 = X̂ k + U�
k+1 
 �

k+1 ;

and �Pk+1 = U�
k+1 [H P

k P̂k(H P
k )T ]U�

k+1 :

Measurement Update:

K �
k = �Pk(H �

k )T [H �
k

�Pk(H �
k )T + rpI ]� 1;

Z �
k = TkZk ;

X̂ �
k = �X �

k � K �
k Z �

k ;

P̂ �
k = (1 � k�

kH �
k ) �Pk(I � K �

k H �
k )T + rpK �

k (K �
k )T :

The gain parameterK �
k e�ects the e�ciency of estimation. The notation

X � 1 and X T is used to represent the inverse and transpose, respectively, of cor-

responding matrix.

After obtaining the approximate estimate from the pseudoranges, the in-

direct measurement vector 
k+1 is estimated, to propagateX̂ k in time towards

�X k+1 , in order to calculate thea priori position. The indirect measurementzj;k

with respect to the a priori estimation error � �X k is calculated and thea posterior

position is estimated.

�Pk and P̂k , a priori error covariance matrix anda posteriori error covariance

matrix at the kth epoch can be used to estimate the amount of the amount of the

error in the �ltered position estimate. These matrices give thecovariance values
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of the X, Y, Z and time errors. A con�dence level of position estimation can be

derived from the standard deviations obtained from the errorcovariance matrices.

4.3.3 Experimental Setup and Assumptions

The user receiver, a Garmin 17N 12 channel single frequency receiver,

was placed at an NGS (The National Geodetic Survey) surveyed location at the

Williams Gateway Airport, Arizona for data collection and experimental imple-

mentation of the PDH Filter.

The pseudoranges of the user receiver were di�erentially corrected with

corrections generated at the reference station 6 km away. Thesingle frequency

receiver is capable of collecting the pseudorange and carrier phase on the L1

frequency at an interval of 1 second. PDHF was implemented usinga pocket PC

connected to the user receiver. The ionospheric conditions were considered to be

the same for the user receiver and the reference station since they were not widely

separated. The tropospheric delay was estimated using modelling algorithm at the

user receiver and reference station. The receivers were placed in a non - re
ecting

and obstacle free environment during the data collection period. Therefore the

multipath e�ects were considered negligible. Also, the receiver noise parameters

were estimated on an averaging basis. To obtain the exact noise parameters,

two dual frequency receivers with data in two frequency bands at zero base line

distance are required (double di�erencing the data in these two receivers gives

the exact noise parameters). The noise parameters for the singlefrequency user

receiver were estimated using past data samples. Pseudorange measurement noise

was considered as 20cm and carrier phase measurement noise was neglected. Note

that a more exact estimation of the noise parameters could increase the positional

accuracy of the receiver. Broadcast ephemeris collected by the GPS 17N was

used to estimate the satellite position, and the satellites with an elevation 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 epoch (12 seconds) data

were not considered in the experiment for reliability purposes (receiver needs few

seconds to obtain a lock with the visible satellites).

The approximate position estimated using the pseudoranges for the visible

satellite constellation was smoothed utilizing the redundantcarrier phase data

provided by the user receiver. The smoothed receiver position in ECEF (Earth

Centered Earth Fixed) co-ordinate system was converted to Latitude, Longitude

and Height in UTM (Universal Transverse Mercator system, zone 12N). The Hor-

izontal error discussed in the results is the error (the estimated position o� from

the surveyed location in meters) in Latitude and Longitude, and 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 estimated using

the di�erentially corrected pseudoranges. The approximate positions are then

�ltered with the carrier phase information available from the user receiver. Final

�ltered position in PDHF of the receiver is not e�ected by the satellites in the

receiver channels individually as compared to that in RDHF, but the approximate

position estimate using pseudoranges is e�ected by the satelliteoutages. This

e�ect is not signi�cant in the �nal �ltered output because the p osition is being

smoothed with the rate of change in carrier phase, which can be determined to a

greater accuracy.

The results of the experimental implementation on the real-time data are

shown in Figure 4.6 and 4.7. Figure 4.6 shows the horizontal position error and

Figure 4.7 shows the vertical position error. Horizontal errorin meters was reduced

to 20 centimeters in about 250 epochs. As the data is �ltered further, horizontal

error reduced to 4 to 10 centimeters. Though the horizontal error in approximate

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

follows a smooth curve. Similar performance can be seen in vertical 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 reaches an er-

ror range of 30cm between 350 seconds to 450 seconds. This deviation is very slow

taking 60 to 70 epochs, and is caused by the change in the approximate position

estimate using pseudoranges. Horizontal errors are about 10 to 15centimeters for

over approximately 200 epochs where the estimated position from pseudoranges

doesn't change drastically. Overall, drastic changes in the approximate position

estimate of the pseudoranges has a very slow and gradual e�ect onthe �ltered

position. With additional �ltering, the better position estim ates are regained.

A summary of maximum and minimum errors (after the �rst 250 epochs
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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 �lter can make use of the

delta phase measurement, as long as it is available in the previous 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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last 100 seconds or more of data is not required. Provided that some set of four

satellites is available over every epoch, the position accuracy of the system can be

maintained and improved. This is in contrast to the RDHF technique, in which

the same four satellites must be continuously tracked for the position accuracy to

be maintained and improved by the same amount. In many environments, various

satellites are obstructed periodically, and while the minimum number of satellites

may be available for a solution all the time, the tracking duration for individual

satellites may be too short. In this environment, RDHF is of little help because

none of the individual satellites are tracked long enough to improve the accuracy

level for the carrier smoothed observations.

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

circular dots on the graph represent a few instances of satellite outages. 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 position estimation

error. The e�ect of satellite outages on the PDHF is negligibleas seen from the

�gure.

As the length of the �lter increases, the stability and reliability improves

further in PDHF relative to RDHF; the experimental results prove that PDHF is

more robust than RDHF over an extended �ltering time. Note that both of these

two �ltering techniques give better results than position estimation 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 accuracy levels

of PDHF: the length of �ltering (amount of �ltering) and the in itial period of

�ltering.

Figure 4.9 shows three di�erent curves, each representing the Horizontal

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

12th epoch. The initial horizontal error in this case is around 2.3meters and it

reaches the cross over point where the three curves meet (horizontal error of 35cm)

in about 250 epochs and stays low from then on. Now consider the second case

where the PDHF stars at the 40th epoch. Here, the initial horizontal error in this

case varies from 2.4 to 1.3 meters because the output of PDHF is more vulnerable

to changes in the approximate position estimates for the pseudoranges during this

initial period. The curve reaches the crossover point in about215 epochs, which is

faster than the �rst case. Lastly, consider the third case in which the PDHF starts

at the 80th epoch. The initial horizontal error now is around 1.8 metersand it

reaches the cross over point in about 180 epochs|which is fasterthan in either of

the �rst two cases. Higher levels of accuracy are obtained in less time 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 in view at the starting

time are of good signal strength and there are fewer satellite outages during the

starting period. The error level in the third case is 23 cm aftera duration of 160

epochs as listed in table 4.4.

The amount or length of �ltering also plays an important role in the accu-

racy levels obtained and the stability of the output. Considerthe period of time

between 350 seconds to 500 seconds (392 seconds and 510 seconds are listed in

table 4.4), where the horizontal error reaches its maximum value and drops down

to the minimum error range. In the case of PDHF starting at the 12th epoch, the

output accuracy is less a�ected by drastic variations in the approximate position

estimation from pseudoranges. The maximum error in the �rst case is 35 cm, in

the second case the maximum is 60 cm and in the third case it is 70 cm. In 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 35 cm
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, in second case 8

cm and in the third case 18 cm. This variation is due solely to thevariation in

the �ltering duration: the longer the �ltering 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 applications

that require fast and precise positioning such as mining, and automated highway

systems as well as in other high-tra�c land-based applications.However, there are

situations where GPS by itself does not provide the desired accuracy, for example

when satellite signals are blocked or when the achievable accuracy is restricted by

the geometry of the satellite constellation. This research work has focused on the

use of redundant information provided by the GPS receiver in obtaining 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 magnitudes of errors in

GPS measurements have been tabulated, making it convenient for a reader to

approximately estimate the level of the accuracy in a measurement.

Basic measurement techniques using pseudorange and carrier phase observ-

ables have also been discussed to make our research results more understandable.

To improve the attainable accuracy, a number of techniques have been discussed

that use the carrier phase in association with pseudorange measurements to obtain

higher accuracy position estimates.

Position estimation using only the pseudorange measurement is the most

basic position estimation technique in GPS. Results presented here show that the

level of accuracy obtained in this way is limited to 10 to 30 meters, and is improved

further to 1 to 5 meters using DGPS in single frequency receivers. To improve the

accuracy of position estimate to sub-meter levels, redundant data provided by the

receivers (carrier phase) is used. Motivated by the e�ciency of the Hatch gain and

the advantage of position domain �ltering as compared to range domain �ltering,

this research work has discussed the attractive carrier-smoothed-code �lters for
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di�erential kinematic positioning. To show the e�ectiveness of the PDHF relative

to RDHF, experimental test results have been presented.

Experimental results for code (pseudorange) processing for DGPS have

been presented and the accuracy levels obtained by code processing have been

discussed along with a brief review of various GPS errors a�ecting the position

accuracy. The validity of di�erential corrections has also been discussed. Di�er-

ential corrections can be transmitted with a rate of 15 seconds.These corrections

are valid for about 1 to 2 min and gradually degrade the level of accuracy ob-

tainable. A technique to overcome the clock drift in Garmin receivers has been

discussed as well. To improve the positional accuracy, more precise carrier phase

measurement is used to smooth or �lter the pseudoranges. Further improvements

in accuracy levels obtained by using various carrier smoothing techniques (RDHF

and PDHF) have been discussed and experimental results have been analyzed. It

has been shown that the best attainable accuracy using range domain hatch �lter

was 30 to 80 centimeters, which is better than the 1 to 5 meter accuracy obtained

by pseudorange DGPS.

There is no constant trend seen in the position estimation errors-the po-

sition error changes as the visible satellite constellation changes. In RDHF, the

pseudorange on each of the 12 channels is smoothed with respect to the change in

the carrier phase of the corresponding satellite. The major disadvantage of this

method is that the information in a channel is lost if the satellite is not locked

for even a small period of time. The loss of information in one channel e�ects

the position estimation because in the next epoch the information on the satel-

lite would be available on the channel if the satellite is visible but has not been

�ltered enough. If we have few of channels with unsmoothed information, the

position estimate degrades signi�cantly. It needs same set of satellites throughout

the �ltering session to perform e�ciently. Satellite outages are always expected

to a kinematic environment. It is almost impossible to have same set of satellites
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throughout the session and so continuous smoothing cannot be achieved on all the

channels in the receiver degrading the performance. To overcome the limitations

of RDHF, Position Domain Hatch Filter (PDHF) is developed.

The PDHF is robust to changes in the visible satellite constellation, com-

pared to RDHF to during the positioning task. This section describes a method

for combining the delta-phase measurement in a �lter that includes the current

and previous positions. With both the current and previous positions in the �lter,

a position di�erence is derived that is directly observable from the phase di�erence

measured between the previous and current epochs. In PDHF, the approximate

position of the user receiver is estimated using the di�erentially corrected pseu-

doranges. The approximate positions are then �ltered 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 receiver channels individually

as compared to that in RDHF. The accuracy of position estimate using PDHF

ranges from 10 cm to 30 cm.

The advantage of PDHF over RDHF is that the �lter can make use of the

delta phase measurement, as long as it was available in the previous epoch: i.e.,

the past 100 seconds or more of data is not required, making it a better technique

to be used in real time. Provided that some set of four satellites is available over

every epoch, the position accuracy of the system can be maintained and improved.

This is in contrast to the RDHF technique, in which the same four satellites must

be continuously tracked for the position accuracy to be maintained and improved

by the same amount. Note that all of the techniques implementedand results

presented here have been performed on inexpensive single frequency 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. Variation of

the baseline is an important factor a�ecting the level of accuracy attainable in the

position estimate. Tests are being conducted to study the variation in the dis-

tance between the reference station and the user receiver. Thedistance between

these two receivers will have an impact on the accuracy of yourdi�erential correc-

tion. The degradation of accuracy with distance is known as spatial decorrelation.

Spatial decorrelation is often expressed in terms of parts-per-million (ppm) of the

distance between the base and rover receivers. Spatial decorrelation values of

GPS systems typically range from 1-2 ppm to as much as 20 ppm. So accuracy

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 multipath environment

on the PDHF positional accuracy can be studied to develop a con�dence level for

the output.

Further research will be focused the real-time factors e�ecting the location

of the receivers. Working in a tree canopy environment the userwill typically have

limited views of the sky, causing the GPS receiver to view only satellites that are

high overhead. As satellites are clustered together, this results in poor PDOP.

And there is high probability of losing the lock with the satellites causing cycle

slips. These environmental conditions can a�ect the performance of the PDHF.

This has to be tested for worst conditions.

Another interesting idea would be to apply the PDHF technique for `stop

and go' user receivers: i.e., where the user only wants to mark few points on his

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

Apart from testing the robustness of this method over a wider range of op-

erating conditions, further research is needed to develop position domain smooth-

ing techniques for aircraft and race track monitoring wherevehicles are moving

with high velocities. Such systems could prove very useful in defense 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 satellite to

a GPS receiver, where it facilitates rapid satellite vehicleacquisition within

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

begin.

� Ambiguity

The phase measurement when a receiver �rst locks on to a GPS signalis

ambiguous by an integer number of cycles (because the receiver has no way of

counting the cycles between satellite and receiver). This ambiguity remains

constant until loss of lock.

� Anywhere �x

The ability of a receiver to start position calculations without being given

an initial approximate location and time.

� Availability

The number of hours per day that a particular location has su�cient satel-

lites (above the speci�ed elevation angle) to make a GPS position �x.

� Azimuth

Angle at your position between the meridian and the direction to a target.

� Baseline

A baseline consists of a pair of stations for which simultaneous GPS data

has been collected.

� Base Station
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Also called a reference station. A receiver that is set up on a known location

speci�cally to collect data for di�erentially correcting rover(user receiver)

�les. The base station calculates the error for each satellite and, through

di�erential correction, improves the accuracy of GPS positions collected at

unknown locations by a roving GPS receiver.

� C/A code

The standard (Clear/Acquisition) GPS code; also known as the "civilian

code" or S-code.

� Carrier

A radio wave having at least one characteristic (e.g. frequency, amplitude,

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

� 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 achieve

an exact lock on the pseudo random code. More accurate than standard

approach.

� Clock bias

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

� Coarse Acquisition (C/A)

Code a spread spectrum direct sequence code that is used primarily by

commercial GPS receivers to determine the range to the transmitting 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 calculating positions or

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

� Cycle slip

A discontinuity of an integer number of cycles in the measured carrier beat

phase resulting from a temporary loss-of-lock in the carrier tracking loop of

a GPS receiver.

� Data message

A bit message included in the GPS signal which reports the satellite's loca-

tion, clock corrections, and health.

� Di�erential GPS (DGPS)

A technique to improve GPS accuracy that uses pseudorange errors mea-

sured at a known location to improve the measurements made by other GPS

receivers within the same general geographic area.

� Di�erential positioning

Precise measurement of the relative positions of two receiverstracking the

same GPS signals.

� Dilution of Precision (DOP)

an indicator of satellite geometry for a unique constellationof satellites used

to determine a position. Positions tagged with a higher DOP value generally

constitute poorer measurement results than those tagged with lower 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 atmospheric delays.
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� Ephemeris

The predictions of current satellite position that are transmitted to the user

in the data message.

� Ephemeris Errors

errors which originate in the ephemeris data transmitted by aGPS 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 ofreference

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

� Global Navigation Satellite System (GLONASS)

This is the Russian counterpart to GPS. GLONASS provides worldwide

coverage, however, its accuracy performance os optimized for 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 transmitted

from a constellation of 24 satellites

� GPS Time

The time scale to which GPS signals are referenced, steered to keep within

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 begining January

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

� Grid

Also \Coordinate System". A coordinate system that projects the earth on

a 
at surface, using square zones for position measurements.

� Ionosphere

the band of charged particles 80 to 120 miles (or often wider)above the

Earth.

� Ionospheric Delay

A wave propogating through the ionosphere experiences delayby refraction.

Phase delay depends on electron content and a�ects carrier signals. Delay

in pseudorange depends on dispersion and a�ects signal modulation. The

phase and pseudorange delay are of the same magnitude but opposite sign.

� Keplerian Elements

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

the semi major axis and eccentricity, the inclination of the orbit plane to the

celestial equator, the right ascension of the ascending node, the argument

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

� Kinematic positioning

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

stationary object (automobile, ship, bicycle) is determined.

� L1 frequency

1575.42 MHz GPS carrier frequency which contains only encrypted P code,

used primarily to calculate signal delays caused by the ionosphere.

75



� Latitude

A north/south measurement of position perpendicular to the earth's polar

axis.

� L-band

The group of radio frequencies extending from 390 MHz to 1550 MHz. The

GPS carrier frequencies L1 (15735 MHz) and L2 (1227.6 MHz) are in the

L-band.

� Longitude

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

an imaginary circle that passes through the north and south poles.

� Mask Angle

The minimum acceptable satellite elevation above the horizon to avoid block-

age of line-of-sight.

� Multi-channel receiver

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

� Multipath

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

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

� Multipath error

Errors caused by the interference of a signal that has reached the receiver

antenna by two or more di�erent paths. This is usually caused by one path

being bounced or re
ected.

� Multiplexing channel

A channel of a GPS receiver that can be sequenced through a number of

satellite signals.
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� NAVSTAR

The name given to GPS satellites. NAVSTAR is an acronym for NAVigation

Satellite Timing and Ranging

� P-code

The Precise or Protected code. A very long sequence of pseudo-random

binary biphase modulations on the GPS carrier at a chip rate of10.23 MHz,

which repeats about every 267 days. Each 1-week segment of thiscode is

unique to one GPS satellite and is reset each week.

� Position

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

often associated with a position.

� Pseudo-random noise (PRN)

A signal with random noise-like properties. It is very complicated but re-

peated pattern of 1's and 0's.

� Pseudo-range

A distance measurement based on the correlation of a satellite transmitted

code and the local receiver's reference code, that has not been corrected for

errors in synchronization between the transmitter's clock and the receiver's

clock.

� Range

A �xed distance between two points, such as between a starting andan

ending waypoint or a satellite and a GPS reciever.

� Real Time Kinematic (RTK)

the DGPS procedure whereby carrier phase corrections are transmitted in

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

A base station which computes, formats, and transmits corrections usually

through some sort of data link (e.g. VHF radio or cellular telephone) with

each new GPS observation. The roving unit requires some sort of data

link receiving equipment to receive the transmitted GPS corrections and get

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

� Relative positioning

The determination of relative positions between two or more receivers which

are simultaneously tracking the same GPS signals.

� RINEX

Receiver INdependent EXchange format. A set of standard de�nitions and

formats to promote the free exchange of GPS data and facilities the use of

data from any GPS receiver with any software package. The format includes

de�nitions for three fundamental GPS observables: time, phase, and range.

� Rover

Any mobile GPS receiver collecting data during a �eld session. The receiver's

position can be computed relative to another, stationary GPS receiver.

� Satellite constellation

The arrangement in space of a set of satellites.

� Selective availability (S/A)

Intentional degradation of the performance capabilities of the NAVSTAR

satellite system for civilian use by the U.S. military, accomplished by arti�-

cially creating a signi�cant clock error in the satellites.

� UTC

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

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

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

� Universal Transverse Mercator (UTM)

A grid coordinate system that projects global sections onto a 
at surface to

measure position in speci�c zones.

� User segment

The component of the GPS system that includes the receivers.
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Appendix A: Positioning methods

A.1 Ionospheric Refraction :

A user equipped with a dual-frequency (L1-L2) GPS receiver can estimate

the ionospheric group delay and phase advance from the measurements, and es-

sentially eliminate the ionosphere as a source of measurement error. The time

delay � t1 at frequency L1 caused by the ionospheric e�ect can be calculated as

� t1 =
f 2

2

f 2
1 � f 2

2
� � (� t)

where f 1 and f 2 are the frequencies at L1 and L2 respectively,� (� t) is the mea-

sured time di�erence between frequenciesf 1 and f 2 from the same satellite. this

� t1 can be considered as the measured value.

A.2 Taylor's Series :

The common Taylor Series approach can be described using the following

series.

y = f (x1; x2; x3; x4)

X = ( x1; x2; x3; x4)

y0 + � y = f (X )x0 +
�f (X )

�X
� X

A.3 Chain Rule :

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

dun

dx
= nun� 1 du

dx
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A.4 Linear Least Squares :

A Linear Least Squares problem is

minimize
x

kb� Axk2 (A.1)

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

element solution vector.

In the most usual casesm � n and rank(A) = n, and in this case the

solution to problem A.1 is unique, and the problem is also referred to as �nding

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



Appendix B: Matlab Code for PDHF

1. ReadObs�le:

Reads the user observation �le in RINEX format containing pseudorange,

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 time and 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 ephemeris data.

7. ECorr:

Returns the rotated satellite co-ordinates due to earth rotation during signal

travel time.

8. Topocent:

Calculates azimuth and elevation angle, given rotated satellite 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. DGPScorr:

Gets di�erential corrections from reference receiver.

11. Bancroft:

Calculates preliminary co-ordinates (X k) for a GPS receiver based on pseu-

doranges to 4 or more satellites [17].

12. RtRange:

Calculates range from preliminary receiver co-ordinates to rotated satellites.

13. ELOS:

Estimates line of site from the receiver to the individual satellites and forms

`H' matrix.

14. IniHatch:

Initializes Hatch �lter, for �rst epoch.

15. OHMCalc:

Calculates the indirect measurement vector 
�k , utilizing delta phase observ-

ables.

16. PDHF:

Performs time propagation and measurement update part of PDHF.



Start

ReadObsfile

rinexe

GetEph

For all satellites perform
FindEph
CheckT
satpos

ECorr
topocent

Tmatrix

DGPScorr

Apply  DGPS
corrections to
Pseudoranges

Bancroft

Variable declaration and
initialization

Figure B.1: Flow Chart for Matlab Code used in Implementing PDHF
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Figure B.2: Flow Chart for Matlab Code Continued
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