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Abstract

The quest for the use of GNSS in developing countries is on the rise following the
realization of its numerous advantages over the conventional methods of positioning,
navigation and timing. Africa’s attempt to harness this technology has made it
imperative to investigate the regional problems associated with its implementation by
its member states, which constitute the AFREF. This study goes beyond the
establishment of a GNSS reference network in Ghana by investigating and finding
solutions to some of the regional problems associated with its implementation.

The problem of turbulent atmospheric conditions which includes the severe
ionospheric fluctuations and the erratic tropospheric conditions coupled with the
sparsely populated base stations has led to the development of a new concept of
correction, the Corridor Correction, which is able to correct the atmospheric effect
comparable with the established concepts like the Virtual Reference Station, VRS,
Flaechen-Korrektur-Parameter, FKP and Master Auxiliary Concept, MAC.

In spite of the ionospheric problems in the equatorial region, the number of single
frequency receivers in use for precise positioning is on the increase as compared
with the relatively few multiple frequency receivers. This has necessitated the
investigation of the code-plus-carrier processing approach which uses the idea of
opposite signs of the propagation delay of the ionosphere in the code and carrier
signals to eliminate the ionospheric delay, which normally requires dual frequency
receivers to do same. This improved processing technique has led to the
achievement of an accuracy of 5 cm with single frequency over a distance of 194 km.
Sub-decimeter is generally achieved after 12 hours and 18 hours of observation for a
distance of 200 km and 1200 km respectively with this technique as shown in this
study.

In addition to the improved processing techniques, the ambiguity that characterizes
the use of mean-sea-level for the definition of vertical references as a result of either
the sea level change or movement of the earth crust can be resolved with the use of
GNSS which is independent of these two phenomena. This is achieved by collocating
a GPS base station at the reference tide gauge located at Takoradi. The orthometric
height derived from the tide gauge and the corresponding ellipsoidal height at the
collocated GNSS base station is used to determine the local quasi-geoid. This is
compared with the global geoid derived from EGM96, the global model from NGA, to
obtain a difference that can be applied as a correction factor to obtain orthometric
heights. The release of EGM2008 which has undergone remarkable improvement
over EGM96 in terms of resolution makes it important to investigate into how it can
be used to improve the orthometric height determination using ellipsoidal heights
from GNSS observation. This can be achieved by following up what has been derived
with EGM96 at the Takoradi tide gauge with this newly released EGM2008.

To be able to move through a smooth transition from the existing geodetic reference
system based on the War Office Ellipsoid to the newly established system based on
the geocentric ITRFO05, a set of seven parameter transformation has been derived for
the project area, the Golden Triangle of Ghana.
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Zusammenfassung

Das Bestreben GNSS in Entwicklungsléndern zu nutzen nimmt stetig zu, da man die
zahlreichen Vorteile gegeniiber herkémmlichen Verfahren der Positionierung,
Navigation und Zeitiibertragung erkannt hat. Afrikas Versuch, diese Technologie zu
nutzen, gebietet es, die regionalen Probleme im Zusammenhang mit der Umsetzung
durch die AFREF Mitgliedsstaaten zu untersuchen. Diese Abhandlung geht (iber die
Errichtung eines GNSS Referenznetzwerks in Ghana hinaus, indem sie Lésungen zu
einigen regionalen Problemen in der Umsetzung aufzeigt und untersucht.

Das Problem der turbulenten Atmosphére, die schweren ionospérische Fluktuationen
und sprunghafte troposphdrische Bedingungen verbunden mit den sehr spérlich
gestreuten Referenzstationen, hat zu der Entwicklung eines neuen Konzeptes von
Korrekturverfahren, der Corridor Correction, gefiihrt, die es ermdglicht,
atmosphérische Einfliisse &ahnlich wie etablierte Verfahren wie Virtual Reference
Station, VRS, Flaechen-Korrektur-Paramter, FKP and Master Auxiliary Concept,
MAC, zu korrigieren.

Trotz der Probleme mit der lonosphére in der Aquatorregion, (ibersteigt die Anzahl
der Ein-Frequenz-Empféanger fir die préazise Positionierung die der relativ wenigen
Mehrfrequenzempfénger . Dies machte die Untersuchung des Code-plus-Carrier
Prozessierungsansatzes notwendig. Dieser nutzt den Effekt von unterschiedlichen
Vorzeichen bei der Anderung der Ausbreitungsgeschwindigkeit von Code- und
Tragersignalen durch die lonosphédre um den ionosphérischen Effekt zu eliminieren,
was in der herkbmmlichen Prozessierung Zweifrequenzempféanger bendtigt. Diese
verbesserte Prozessierungstechnik hat zur Erzielung von Genauigkeiten von 5 cm
mit Einfrequenzempféngern (lber eine Basislinienldnge von 194 km gefiihrt. Damit
werden im Allgemeinen Sub-Dezimeter Genauigkeiten nach 12 Stunden
Beobachtungsdauer fir Basislinienldngen von 200 km bzw. 18 Stunden fir
Basislinien von 1200 km erreicht, wie diese Abhandlung zeigt.

Zusétzlich zu den oben genannten Verbesserungen in der Prozessierung, wird eine
Methode aufgezeigt, die die Unsicherheit durch Meeresspiegeldnderungen oder
Bewegungen der Erdkruste, die der Gebrauch des mittleren Meeresspiegels als
Definition des vertikalen Datums in sich birgt, durch den Gebrauch von GNSS, das
von diesen beiden Phdnomenen unberiihrt ist. Dies wird dadurch erreicht, dass GPS
Basisstationen an Orten mit einer Pegelstation eingerichtet werden. Die
orthometrische Hb6he des Referenzpegels und die ellipsoidische Ho6he der
Basisstation werden dann zur Bestimmung eines lokalen Geoids verwendet. Das in
dieser Abhandlung verwendete lokale Geoid ist an das globale Geoid angeschlossen
worden, das aus dem EGM96, dem Modell der NGA, abgeleitet ist. Die
Veroffentlichung des EGM2008, das gegeniiber dem EGM96 im Hinblick auf die
Auflésung erfahren hat bedeutende Verbesserungen, erfordert es, zu untersuchen,
wie es Ghana zur Bestimmung von orthometrischen Hbhen durch GNSS
Beobachtungen nutzen kann. Das kann durch eine Weiterentwicklung des Ansatzes
erreicht werden, der in dieser Studie schon mit dem EGM96 fiir Ghana bei Takoradi
begonnen wurde. Das hierbei aufgebaute GNSS Referenznetzwerk wurde an den
Pegel von Takoradi angeschlossen, einem der éltesten Level auf dem afrikanischen
Kontinent.
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Um einen glatten Ubergang vom vorhandenen Referenzsystem, das auf dem War
Office Ellipsoid basiert, zum neuen, auf dem ITRF05 basierendem System zu
ermdglichen, wurde ein Satz von sieben Transformationsparametern abgeleitet, die
auf den Messungen im Projektgebiet ,Goldenes Dreieck” in Ghana basieren.
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Introduction

1 Introduction

1.1 Global Navigation Satellite System and Ghana

Global Navigation Satellite System (GNSS) is gradually becoming a household
feature in most developed countries and its usage by default, is an indicator of the
level of development in all the countries around the globe. For this reason and the
continuous reduction in the cost of its equipment, there has been a recent scramble
for its introduction into the developing world and Ghana is at the forefront of these
GNSS seekers.

Countries may be categorized into three groups as far as GNSS is concerned. There
are the countries that own this space technology, which includes the space vehicles
with the generated signals and some augmentation systems. These countries are the
United States of America with Global Positioning System (GPS), Russia with the
improving GLONASS and the European Union with the fast approaching Galileo, and
this category may be sooner or later, be joined by China with the Beidou (Compass).
The second category includes those countries that do not have the space vehicles
but are developing various complex augmentation systems to maximize the benefit of
GNSS, like Japan with MSAS and QZSS, India with GAGAN, Canada, Australia and
a few others. The third category is the set of countries that do not have any of these
and at best use simple single-base station differential correction systems and it is in
this third category that Ghana can be placed. The countries in the third category are
generally characterized with lack of GNSS infrastructure, expertise and with little or
no motivation to adopt and develop GNSS and its applications which could enhance
their general development. These countries need good government policies, strong
political will, human resource development, public and private participation for
effective utilization of this technology. This may be the only way to reverse the ever
widening gap between the third group and the rest in terms of development
especially in GNSS.

The initial introduction of the use GNSS in Ghana in the middle of nineteen-nineties
did not get the reception it deserved since it was perceived not to be accurate
enough for almost all applications that the surveying and mapping experts required.
As years went by, the drastic change in GNSS technology has made it very attractive
to the survey and mapping experts in Ghana as well as the prospective user
community in Ghana. The improvement in GNSS has not yet been enjoyed in Ghana
significantly due to lack of basic GNSS infrastructure, lack of adequate knowledge as
well as lack of standard GNSS equipment. One of the main drawbacks is the
skepticism of the decision-makers about the reliability of GNSS as compared with the
conventional methods which they are used to.

Despite these setbacks, there have been popular requests for example as in (Kuntu-
Mensah P. , 2006) to utilize this signal in space by the would-be user in the land

delivery processes to ensure faster economic growth as promised by the Land
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Administration Project (LAP) (Odame-Larbi, 2008); (Karikari, 2006), which aims at
supporting the establishment of a multi-purpose geodetic reference network in Ghana
for both local and international applications.

The decision makers, opinion leaders, public and private organizations still have not
been sensitized enough by GNSS experts to make them understand and accept this
technology and invest in it. This therefore calls for a systematic and pragmatic way of
introducing this well tested and approved technology into a country like Ghana which
needs it most, and this thesis aims to provide such service.

1.1.1 Global Navigation Satellite System in Ghana

Despite the numerous shortcomings in the exploitation of GNSS in Ghana, its use is
gradually gaining popularity amongst some private and public organizations and the
growth looks quite promising as users find it very convenient despite the problems
they encounter due to lack of some basic GNSS infrastructure for differential
corrections. One of the healthy developments is the acceptance and use of GPS by
the National Mapping Organization, the Survey Department of Ghana, which has
started using this technology for cadastral surveys, and is encouraging the private
sector to do likewise, though on a small scale for now. With the establishment of the
GNSS Reference Network (GRN) in the Golden Triangle of Ghana, and the plans for
the coverage for the entire country, under the Land Administration Project, the
country is now preparing to reap a reasonable benefit from this technology. The
Building and Road Research Institute (BRRI), has started using this technology for
research and development in the field of traffic and transportation and has now
established a permanently running GNSS base station for its activities. Some mining
companies have been running base stations for their survey and mapping needs, a
few research institutions in the universities have been applying differential corrections
for research and development components of their activities. Some private
companies have also joined in the establishment of the reference stations in the
country and have started trying to explore its potential. Most of the applications as at
now however do not require very high accuracy and integrity but with the increasing
interest in this technology, much needs to be done in terms of the accuracy and
integrity to exploit the full potential for the benefit of not only the country but the sub-
region. The establishment of a single reference network is an advantage over the
emerging trend of various institutions trying to set up individual reference stations for
different applications

1.1.2 The Challenges

The modest success made in the field of GNSS, especially with the establishment of
the reference network in the Golden Triangle of Ghana and the formation of a team in
charge of GNSS application by the Survey Department of Ghana, comes with a lot of
challenges. These include lack of knowledge and solutions of the basic problems that
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militate against the accuracy of the GNSS observations in Ghana which is located in
the tropics between latitude 4°43’30" and 11°10°10" N. Prominent among these are
the atmospheric delays, displacement of the ground station due to natural forces on
the planet like attractions due to celestial bodies, plate tectonic activities, local effects
and others. In addition, lack of basic infrastructure like easy access to communication
facilities which may include internet, GSM, UMTS and other telemetric facilities limits
the use of GNSS to only post-processing applications. Unreliable power supply poses
a big problem and calls for the exploitation of alternative sources like solar power.
While the use of single frequency receivers for precise surveying is generally
decreasing in the category-1 countries, they are increasing in the developing
countries like Ghana and this must be addressed as it poses problems especially in
the equatorial regions. Lack of human resources leads not only to the problem of
poor observation methods, but also poor data processing methods as well as inability
to explore new areas where the system can be used. Lack of guidelines and
standards for the user to make the best of the available resources is one of the
shortcomings of GNSS as far as Ghana is concerned. The change from the Ghana’s
old classical reference system based on the War Office 1926 Ellipsoid, to the GNSS-
based geocentric ITRF has been a great challenge to the survey community due to
the inherent inaccuracies in the original system that has affected the transformation
parameters between the two systems. The vertical reference datum of Ghana, which
has been referenced to the mean-sea-level observed at the discontinued Accra tide
gauge has been a problem to surveyors and other map users not only due to the
local infrastructural problems at the tide gauges, but also the ambiguity associated
with the use of the mean-sea-level for vertical referencing in general. This thesis has
tried to address most of the problems outlined above, most of which will be applicable
to other developing countries especially those in the AFREF region.

1.1.3 The Socio-Economic Perspective

The utilization of the GNSS technology in Ghana has a huge impact on the socio-
economic development of the country and this has been the main driving force for the
implementation of the Geodetic Reference Network (GRN) under the Land
Administration Project (LAP) by the Survey Department of Ghana which is to serve
as the backbone to the all spatially referenced activities in the country. Ghana aims at
implementing good land policies through appropriate land management and related
activities to help in the economic growth and this space technology is to play a
leading role in achieving this goal. GNSS is thus to ensure efficient and cost-effective
land delivery system for the country, replacing the conventional survey methods
which have stifled vital land delivery components like the compulsory Land Title
Registration (LTR) (Kuntu-Mensah P. , 2006). The problem of poor land delivery has
caused a lot of land disputes which does not only scare away investors and but also
cause unrests in the society and hinders development. GNSS is therefore to be used
as tool for conflict prevention and resolution, poverty reduction, food security, and
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other socio-economic benefits. The recent Systematic Land Titling Project under LAP
is a typical example of the use of GNSS in the land delivery in Ghana. Emergency
response and disaster management, traffic and congestion management have been
causing problems in the cities in Ghana. With GNSS as a tool, travel times can be
reduced and this will lead to saving of fuel and in turn lead to the reduction of air
pollution. Reducing air pollution will improve health of the community, increase wealth
and productivity. The use of GNSS in meteorology will be improved and in the field of
geo-informatics, the quality and cost of data capture for Geographic Information
System GIS will be also improved. With these among others GNSS is expected to
take the centre stage of the socio-economic development of Ghana and other
countries in the third category, if well implemented.

1.1.4 The National Preparedness

The nation in general has started preparing for the take off of a functional GNSS
infrastructure development, following the initiation of the LAP project, and the
establishment of plant pool system to ensure that GNSS equipment can be rented
out to users. The establishment of a GRN Office to maintain the geodetic reference
network also indicates the national acceptance of GNSS and its usage. The interest
shown by the private practitioners and government institutions is a positive indicator.
The policy direction as to the changing over from the War Office to the ITRF, and the
provision of GNSS reference points in the ITRF for users within the Golden triangle
attests to the fact that the nation is prepared and is waiting for a project like this.

1.2 Aims and Objectives

The project aims at establishing a network of functional Geocentric Reference
Network based on ITRF05/WGS84, to replace the existing classical Geodetic
Reference Frame based on the War Office Ellipsoid in the Golden Triangle region of
Ghana. This is to be achieved through the following objectives:

e Establishing first order control points in Ghana located in Accra, Kumasi and
Takoradi based on the International Terrestrial Reference Framework (ITRF)
coordinate system using the appropriate IGS stations on the African continent

e Provision of second and third order geocentric control points for the Golden
Triangle of Ghana to serve as reference points for the GNSS user community

e Define the vertical reference datum of Ghana by linking the existing
traditional mean-sea-level reference approach with this internationally
accepted satellite geodesy technique in line with the AFREF proposals, for all
countries in Africa.

e Provision of Transformation Parameters to link the old War Office coordinate
system and the new ITRF established in this project to ensure conversion in
both directions.
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e Investigate into the drawbacks in the processing of GNSS data and the
introduction of appropriate processing techniques including the code-plus-
carrier approach for the optimum use of GNSS in Ghana.

e Investigate the ambiguity fixing under the Ghanaian environment in
preparation towards the standard and recommended practice for the optimum
use of GNSS

e Investigate into the appropriate atmospheric correction models suitable for
the country with emphasis on the Corridor Correction concept developed in
this project.

e Maintain the established reference network in Ghana.

1.3 Outline of Thesis

The chapter two deals with the existing old geodetic based on War Office 1926
ellipsoid, its shortcomings and the need to change to the geocentric ITRF, and
describes mapping in Ghana based on the old system and ends with the potential
applications expected with the introduction of GNSS. Augmentation systems have
been explained in the third chapter, emphasizing on differential GNSS and
introduces the new Corridor Correction concept, which has been developed in this
study, especially for countries with fewer reference stations having problems with the
atmospheric disturbances on the GNSS signals like Ghana. The fourth chapter is on
the geocentric coordinate systems which Ghana wants to adopt and goes on to
explain the design and the spatial distribution of a nationwide geodetic reference
network, adding some considerations in telemetry. Chapter five deals with the
design of the horizontal network within the Golden Triangle of Ghana as well as
GNSS field data collection. The sixth chapter covers the pre-processing corrections
at the station, during signal propagation and at the satellite position and the selection
of appropriate mapping function for the processing. The chapter seven treats the
data processing using the scientific software developed by the Federal Armed Forces
University in Munich, PrePos GNSS Suite, for very long baselines between the
primary stations and some appropriately selected |IGS stations, and also for short
base lines between the primary and secondary stations and uses adjustment module
NEADS for the network adjustment. Off-the-shelve commercial software, Trimble
Total Control, has been used for coordinating the reference markers. Transformation
parameters for the project area between War Office ellipsoid and the WGS84
(ITRFO5) have been determined using both the Helmert's Seven Parameter Similarity
Transformation approach and the Polynomial Function approach in the Eighth
Chapter. In the Chapter Nine, the establishment of infrastructure for the future
definition of Ghana Vertical Datum is treated by the integration of GNSS to the
traditional method of referencing to the mean-sea-level. Preliminary results of the
geoidal separation investigation have been presented. The Tenth Chapter provides
improved data processing and analysis by analyzing the code-plus-carrier concept
which is used in processing long baselines with single frequency data and also
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investigates the optimum use of GNSS in the Ghanaian environment by analyzing
various techniques for ambiguity fixing. The Eleventh Chapter is devoted to the new
innovation of this study, the Corridor Correction Concept, going through the
development of the concept and analyzing its effectiveness using data from Germany
in the middle latitude and Ghana in the lower latitude. This concept is compared with
the Area Correction Parameter approach as well as other methods for precise
positioning. The final chapter which is the Twelfth Chapter gives summary of the
major conclusions and recommendations for future development of GNSS in Ghana.
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2 Surveying and Mapping in Ghana

2.1 Mapping in Ghana

Ghana is a West African country located between latitudes 4° 30" N and 11° N and
longitudes 3° W and 1° E, Ghana’s Geodetic Survey started as far back as June
1904 by the Governor of the then Gold Coast, Gordon Guggisberg, who made
observation for latitude from a pillar in Accra with a zenith telescope, to 15 stars
giving the final probable error of 0,360”. According to (pp. Gold Coast Survey,
1936)(Mugnier, 2000), the longitude was also observed in November and December
of the same year by exchanging telegraphic signals with Cape Town in South Africa.
These have been adopted as the basic longitude and latitude for the country
although it was found not to be very accurate as later works proved that the Accra
measurement was influenced by local attraction. The coordinates from both
triangulation and traversing were computed using the transverse mercator projection
system and heights were measured with aneroid barometer. Further astronomical
observations were taken at four different stations, West End Base of Akuse, North
End Base of Obuasi, Apam and Nsuta by the Astronomical Wireless Party in 1925.
More accurate time and the rate of the chronometer were obtained by means of time
signal from Bordeaux and Lyon. The astronomical coordinates compared well with
the trigonometric coordinates as stated in (pp. Gold Coast Survey, 1936). These
formed the basis for the computation of the geographical coordinates of Ghana,
adopting War Office ellipsoid as the figure of earth for the then Gold Coast.

The War Office ellipsoid has the following parameters:
Semi-major axis (a) = 20926201.2257 feet
Semi-minor axis (b) = 20855504.6001 feet

Flattening (f) = (a-b)/a = 1/296

Conversion factor (feet/meter): 1ft = 0.3047997062 m
a=6378300m

This system was used alone until 1977 when the control network was improved and
readjusted with more observations and the use of improved computation techniques
resulting in the proposed change from the War Office ellipsoid to the modified Clarke
1880 ellipsoid (Legon datum) with the following parameters:

a=6378249 m
1/f = 1/293-465

Since there was no official endorsement of the Clarke 1880 (Ghana modified), the
use of the War Office ellipsoid persisted till now. There are however some data
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running on this and has been creating confusion for users who sometimes mix them
up. (Graham et al, 2000) highlights on this concurrent running of reference systems
in Ghana.

211 Geodetic Network Frame of Ghana

The Ghana framework diagram of Geodetic Network which is a blend of triangulation,
traverses and precise levels, is covered with triangulation points with baselines of up
to a maximum of about 55 miles and is controlled by three measured bases; one
base near Krobo Odumase in the Eastern Region, the second one is at Obuasi in
Ashanti Region and a third at Laura in the Brong Ahafo Region. The triangulation
was mainly in the mountainous south, up to latitude 8° 20° N and parts of the Volta
Basin; the northern regions and the coastal lowlands were covered with traverses.
These were supplemented with secondary traverses and primary levels. Primary
traverses are found along the coastal belt with the exception of less than 100 km
stretch between Accra and Apam in the Central Region of Ghana which has
triangulation points. This network was published by the Survey Department in 1970,
and is what has been used to provide controls for mapping in the country.

In the existing framework, controls are very sparse in most areas of the country
especially in the Northern Regions of Ghana making it difficult to reference landed
properties to the National grid. Another common problem with this network is the
obliteration of the reference point monuments, which has rendered most of the points
unusable as they are sometimes difficult and expensive, under the conventional
survey methods, to re-establish them after they have been tempered with or
destroyed, usually out of ignorance.
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Figure 2-1: Map of Ghana showing the triangulation network and the primary and secondary
traverses. (Source: Survey Department of Ghana Report of 1966)

9



Surveying and Mapping in Ghana

LEVELS
_*__J[-_____ BT W F E% i v " |
|-t P P 15 R v O E i
" - ; il
P T e < w
’ \——._
; i Navrongo « >
i BOLGATANGA ¥ sZuarungu |
\ @ Han f
- j
2 ey i i
3 0
o i o 5
n32 : et ® 5 |
<ol Walewale aibhgsDa !
| |_—~_=Yagaba
| Wa ‘_ 7
| 3 : w0
M |eTanina /|i§_J : o Karaga
i PDucls.—*
« Savelugu
eDaboya
1 RS & 30
{ | : | TAMALE
| & ®
o i o
e
| i Damonge o
Y 7": } «:Ma"do”ahl?.oie g o
1 | | . i b
‘ 2] 5 ‘ s Wangasi-Turu
- |
|
| -
|
g
! o
i
(3
Q
X
Q
’e 2
i
! i
e KUMASI Bompsha,
\ Debiso Sty
t Les,
L % % - 2
\ Asafog A
‘\ .’i
. ¢
\Dadiaso Obuas| ! i e
" < Kibi iy
1 oFumso ' KOFO \ffac
- 5 unkwa :1 ‘ / i ‘/'
R Prasy 7 f \
L sEnchi I7 5 !\-
;7 g \ LW
e (3
Lo oy i
i /61
% {
\.\ Prestea‘,\ OQ? =
.—-’T' e
oo GHANA
A
sl Miesla 5 o 0 » 0 © 0 e
i s
EPRlMARY .............. +
b [SECONDARY- TERTIARY. __
T i
1 L
3 % 3 x v 0 Meridanof  O° Greenwich W 1'

Figure 2-2:Map of Ghana showing the Primary, Secondary and Terfiary Levels.(Source: Survey
Department of Ghana, Report of 1966)

10



Surveying and Mapping in Ghana

Primary leveling in Ghana started in 1933 referencing to the MSL in Accra along the
main road to Takoradi. The second primary level PL2 was undertaken from Takoradi
to Kumasi, followed by from Kumasi to Accra PL3. The loop comprising of PL1-6 run
from Accra to Kete Krachi through the Volta Region, through Atebubu in the Brong-
Ahafo region, through Mampong in the Ashanti Region and ended in Kumasi. The
level lines PL7-8 were made along the coast of Accra, and PL9 takes off from PL4
and ends at Ada. Secondary and tertiary levels have been run at various parts of the
country.

2.1.2 The Ghana National (Colony) Grid

For cadastral applications, geographical coordinate system had to be converted to a
more convenient system, so Gold Coast (Ghana) had to adopt a plane rectangular
coordinate system on the Transverse Mercator Projection. The country was placed
on the same origin of 4° 40’ N for X coordinates and 900000 ft added to the Y
coordinates to avoid negative coordinates. A central meridian of 1° W was adopted
for the country and a scale factor of 0.99975, making the scale error exceeding the
projection values only at the extreme ends of the country.

2.1.3 Geographic Transformation System

The mapping systems used in Ghana generally do not have any officially confirmed
parameters to transform it into an international geocentric system like the WGS84 or
the ITRF. There is the Three-Parameter Transformation from the National Imagery
and Mapping Agency (NIMA) of the USA (Mugnier, 2000), the UK Military (Graham et
al, 2000) and other local and foreign organizations but these are not approved
officially by the Director of Surveys hence they cannot be used to work officially. The
urgent need to derive the National Transformation Parameters became apparent
after it was realized that land delivery system in the country could be greatly
improved with the use of GNSS. Under the Land Administration Project, (LAP) in
collaboration with the Institute of Geodesy and Navigation of the University FAF
Munich, an acceptable Helmert's Seven Parameter Transformation for the Golden
Triangle of Ghana has been derived and is undergoing field test. A nationwide set of
transformation parameters is yet to be derived in the second phase of the GRN under
the LAP.

2.1.4 ITRF as a National Reference System

The International Terrestrial Reference Frame (ITRF) was formed from the
contributions of space geodetic solutions for global set of coordinates and velocities
combined. This frame specifies how its origin, orientation, scale and their time
evolutions are materialized. It has the center of mass of the earth as its geo-center.
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Its defining parameters are implicitly defined by the combination of worldwide tracking
sites of VLBI, SLR, DORIS and GPS (GNSS) involved in the IERS global solutions.

Although the coordinate frame of the WGS84 is accessible through broadcast and
precise ephemeris there is an advantage of using the ITRF due to the associated
velocity at each station which indicates its time-dependent absolute displacement
associated with movements in the earth’s crust. The ITRF has undergone
improvements, with only 13 fiducial GPS stations collocated with SLR or VLBI used
for the coordinates taken from ITRF92, ITRF93, and ITRF94 successively, the limited
distribution and availability, and performance of the fiducial network was improved by
1997. With the introduction of ITRF96 on March 1998, the set of fixed fiducials was
greatly expanded and improved to 47 sites, and later to 51 with ITRF97 on 1 August
1999. The ITRF2000 orientation time evolution was believed to satisfy the no-net-
rotation (NNR) conditions at about 2 mm/yr level or better. (Ray et al, 2005). The
current realization ITRF2005, like the preceding ones, included the four techniques
IGS, ILRS, IDS and IVS, but with increased number of stations, about 800 stations at
about 500 locations. However unlike the previous ones, the ITRFO5 included the
daily Earth Orientation Parameters (EOPs) and time series of station positions which
according to (Altamimi, et al, 2007) is consistent with the combined or C04 and pole
motion and length of day LOD is as good as the official IGS combined series 30 us
for pole motion and 15 ps for length of day.

As explained by (Arias E. F.; W. Lewandowaki, 2008) the ITRF, whose orientation is
maintained in continuity with the past international agreements endorsed by IUGG, is
aligned with WGS84 at a few cm-level similar to that of the future Galileo Terrestrial
Reference Frame (GTRF) which is also aligned at a few cm. Other systems that is
linked to this primary system ITRF, is the PZ-90 used by GLONASS, which is fast
approaching its full operational capability. Though the PZ-90.02 (2007) agrees better
than 40 cm, with the use of transformation parameters as derived for example by
(Rossbach, 2001) it can be as an additional option for positioning like other GNSS
systems. With these systems basically aligning to the ITRF it is advantageous to
adopt it as a national reference system in order to make the use of GNSS easier in
Ghana especially as Galileo is fast approaching its operational capability. The
adoption of the ITRF as a country, on the African continent is also in line with a
requirement of AFREF (Neilan, R., Wonnacott, R, 2002).

2.1.5 Map Production in Ghana

The Survey Department of Ghana which produces the core dataset for the country is
the main institution in charge of mapping in Ghana. With offices in all the ten regions
of Ghana, the organization has representation in all the one hundred and twenty
districts in the country and has basic data covering the whole country. There are
other organizations that produce maps but they usually use the core data sets of the
Survey department to produce thematic maps.

12
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The Department has produced various map series including the 1:1250, 1:2500,
1:50000, 1:2500000 and others. The department is also responsible for Geodetic
Framework Diagram, Photomaps (1:2500), other aerial photographs, digital maps
and others. Their large scale maps cover only the major cities and towns and some
of these are produced by private survey companies and it is checked and approved
by the Director of Surveys or his representative. These are usually contracted by the
Stools or the Skins, the Ghanaian traditional designation of the monarchical
authorities, to which land is vested. The Photomaps, like the large scale base maps
also cover only some of the major cities, they were flown under the Urban Il Project
of the World Bank, aimed at developing the infrastructure of the selected cities (Poku-
Gyamfi, 2000). The digital maps include 1:2500 cadastral maps and 1:50000
topographical databases.

Organizations like the Centre for Remote Sensing and Geographic Information
Services (CERSGIS) of the University of Ghana, Council for Scientific and Industrial
Research (CSIR), Meteorological Services Department, Ghana Minerals
Commission, Lands Commission, Wildlife Division, Volta River Authority (VRA),
Ghana Statistical Service, Ghana Highway Authority (GHA) and many others are in
charge of various thematic maps of the country but these institutions mainly use the
base maps of the Survey Department.

The mapping needs of the country are diverse and need a lot of coordinated efforts
to meet the ever growing demands of the nation. With many organizations preparing
various maps for different applications, a lot of precious funds are wasted due to
duplication as well as incompatibility of their spatial data resulting from different
standards for the preparation of the maps. This led to the formation of the National
Framework for Geospatial Information Management (NAFGIM), an offspring of the
Ghana Environmental Resources Management Project (GERMP) which was
organized between 1993 and 1998. This was to facilitate data development and
management and the building of metadata. A Spatial Data Infrastructure (SDI) was
thus created to facilitate mapping in Ghana.

Private mapping organizations are also playing a very important role in the mapping
industry in Ghana. Although the Survey Department of Ghana is the national
mapping authority, private mapping agencies also contribute a lot, from flying aerial
photographs, production of digital maps and cadastral maps. Some of these private
companies have started the use of GPS and are yet to reap the full potential of it due
to some bottlenecks that include lack of basic GNSS infrastructure, standards and
specifications. Due to the high demand of mapping experts in the country, there is
another category of engineers who though are not licensed get into cadastral
surveying but who have to be checked by a licensed Surveyor before their products
can be accepted officially.

13



Surveying and Mapping in Ghana

2.1.5.1 Cadastral Mapping in Ghana

Cadastral mapping which is an integral part of cadastral system plays an important
role in land use, planning and administration. This is yet to be well developed in
Ghana to let it play its expected role in the general land management. In Ghana the
impact of cadastral survey is felt only in the cities and towns whilst the rural areas are
in most cases neglected. Apart from a few plans executed by surveyors and
referenced usually to the base maps for land ownership documentation, ownership
and records are mainly by oral tradition and at best demarcation with special trees as
monuments. These usually lead to a lot of land disputes which sometimes end up in
very unfortunate incidences. Recently there were about sixty thousand cases
involving land disputes in the law courts of Ghana and it is believed that similar
number was before the various houses of chiefs (Prah, 2004). This is a big drain on
the national economy and a hindrance to sustainable development.

Contrary to the problem of the absence of cadastral maps in the rural areas, a
number of towns and cities in all the ten regions in Ghana have cadastral maps at the
scale of 1:2500 with a few of them benefiting of photomaps at the same scale and
these are used for physical planning schemes. With the decentralization of the
Survey Department to all the 115 districts in Ghana, it is expected that all these
district capitals and some major towns will have their base maps prepared for
cadastral activities for development. The biggest challenge in cadastral mapping is
the rate at which the cities are spreading, which is faster than the production of
cadastral maps. This leads to uncontrolled and haphazard development and reduces
the value of the land which causes drain to the economy.

A lot of measures have been taken by the Government, mapping agencies, and the
donor agencies like the introduction of the Land Title Registration in 1986 PNDC Law
152, the Land Administration Project (LAP) which is financed jointly by six
international institutions, the Urban Land information System which is jointly
organized by the Ministry of Local Government and Rural Development of Ghana and
the Swedesurvey of Sweden (SWEDESURVEY, 2004). These entire efforts hinge
round a good mapping system and for Ghana to be successful, cost-effective survey
methods must be used, and it is not surprising that GPS has been proposed for
cadastral mapping in Ghana. According to (Kuntu-Mensah P. , 1997) the field survey
methods as currently used, are not the cheapest, fastest, or most cost-effective and
the accuracies being imposed are overly burdensome for initial parcel delineations.
Means of upgrading accuracies of parcel delineations over time should be
considered. The Survey Department and the Survey profession should be less
expensive, fast and proven technologies like GPS for Cadastral surveying is most
appropriate

Cadastral Surveying is mainly executed by private companies and has to be checked
and approved by the Survey Department. Production of base maps is sometimes
executed by the surveyors usually financed by the custodian of the land, and on
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completion submitted to the Regional Surveyor who checks and approves it before it
is sent for physical planning at the Town and Country Planning Department (TCPD).
On acceptance and approval by the political head of the District and the Director of
the TCPD it is sent to the surveyor for demarcation for individual land users. In some
cases production of cadastral maps are financed by the District Administration but in
consultation with the skin or stool that owns the land.

A few areas in the major cities have been declared Land Title Registration Districts
which is a result of the enactment the Land Title Registration Law of 1986
(PNDCL152, 1986) which aims at bringing sanity in land transactions. Experts are
still advocating for the use of GNSS for cadastral survey component to enhance the
rate of land registration as the use of the conventional survey methods is not only
time consuming but expensive. This will go a long way to alleviate the land problems
due to population growth, land ownership insecurities, costly adjudication of land
disputes and litigations and hindrance to infrastructure developments.

2.1.5.2 Thematic Mapping in Ghana

The Survey Department after producing the base maps, which comprises mainly
1:2,500, 1:25,000, 1:50,000 1:250,000 map series, Geodetic Framework, Aerial
Photographs, Photomaps, National, Regional and District boundary maps and other,
in both analogue and digital formats make them available to various organizations to
add on their themes. Some institutions like CERSGIS, Soil Research Institute (SRI),
Environmental Protection Agency (EPA), Forestry Commission, Institute of
Renewable Natural Resources (IRNR) and a few others that have their own GIS
laboratories digitize the Survey Department’s analogue maps and add on their
appropriate themes, for example satellite imagery by CERSGIS, soil and ecological
maps by SRI, forest reserve maps by the Forestry Commission and others. Other
organizations use the digital maps produced by the Survey Department as the base
maps for developing their thematic maps.

In all cases data needs to be collected from the real world and these spatial data, in
order to optimize cost data has to be collected with the best and appropriate methods
and most organization prefer the GNSS approach. Some of these organizations have
started using GPS although the infrastructure has not been well developed. The
enthusiasm in the potential GNSS user agencies and individuals is commendable.

2.1.5.3 Topographic Mapping in Ghana

The Ghana Government through the assistance of other international bodies

including the Canadian Government has been able to cover the whole country with

the topographic maps in the 1:50000 series and an earlier version 1:65000 series.

These are the main base maps for most thematic maps of the country. Notable
15
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among them is the Geological maps of Ghana which covers the whole country at the
scale of 1:50000. Though, the topographic maps have not been revised for decades,
most of the core data sets like the drainage, contours and political boundaries have
undergone very little changes. Road networks, human settlements and other
important features must be used with caution as there have been significant changes
in them over the years. GNSS can play an important role in the map revision of the
topographic maps.

2.1.5.4 Digital Mapping in Ghana

The demand for Digital maps is on the increase in Ghana due to the awareness
created by the Spatially Aware Professionals on the versatility of Geographic
Information System, GIS. The training institutions, especially the universities are
shifting emphasis on GIS hence digital map production. The Department of
Geomatics of the Kwame Nkrumah University of Science and Technology, KNUST,
the Geography Departments of the University of Cape Coast and the University of
Ghana have set up GIS laboratories and are training graduates for the industry.
Institutions within the universities like the Centre for Remote Sensing and Geographic
Information Service, CERSGIS of the University of Ghana and the Institute of
Renewable Natural Resource IRNR of the KNUST have GIS laboratories and
produce digital maps. Other institutions like the Soil Research Institute of the CSIR,
the Environmental Protection Agency, the Forestry Commission and others produce
digital maps as well.

The Survey Department of Ghana is the main producer of digital maps for the
country. The above mentioned institutions mostly use the core data sets produced by
the Survey Department or digitize the analogue maps produced by the department.

Some private organizations also produce digital maps on subscription. These
companies are linked to some international agencies like Digital Globe System that
delivers high-resolution imagery and geospatial data that seamlessly integrate with
any existing information management systems. This is yet to be tried and tested in
the Ghanaian system.

2.2 Vertical Datum of Ghana

The mean sea level is commonly used to define the vertical datum since it provides
the materialization of an equipotential surface. Tide-gauges are normally used to
estimate the mean sea level by averaging (preferably) continuous observations of the
vertical variations of sea level with respect to physical markers located on a stable
solid ground. The time-series should be long enough, over 18.6 years, (Baki Iz,
2006), in order to remove variations associated with tides and other short-period
effects. The definition of the vertical datum for the country which is part of this study
has been treated in Chapter 9
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The vertical datum for Ghana at the moment is defined by the reference to the mean
sea level obtained from the tidal observation from a point in Accra from 9™ April 1922
to 30™ April 1923. This was linked to an established monument GCS 121 which was
consequently linked to the trigonometric network to obtain the orthometric heights for
the points in the network (Gold-Coast-Survey, 1936). This reference point in Accra
was used for the first primary levelling from Accra along the main road to Takoradi
which started in 1933, by which time the tide gauge at Takoradi (1927) had been
established. Due to the significant changes in the mean sea level at Takoradi
annually, another tide-gauge was established at Tema, in 1963 for the sake of
comparison and control for the levelling in the country. The Tema gauge is no longer
working but plans are far advanced to restore it.

The vertical variations at the tide-gauges could be due the rise in sea level resulting
from the global warming phenomenon or the solid earth motion like the tectonic plate
movement. In the case of Southern Ghana, where these tide-gauges have been
installed, seismic activity can be an important cause for sudden variations. Two major
earthquakes occurred on the mainland in Accra in 1862 and 1906 and a third, an
offshore one, was experienced in 1939. The later occurred after the establishment of
the vertical datum with the Accra tide-gauge. The use of an integrated system
(collocating GPS station near the tide-gauge) can contribute to the monitoring and
quantifying of such movements with direct consequences in the Vertical Datum of
Ghana.

2.3 Role of GNSS in Surveying and Mapping in Ghana

Surveying and Mapping are some of the main applications for which GNSS is
expected to be used in Ghana. For example the Land Title Registration which started
in 1986 has been crippled due to the backlog of works that has been left undone as a
result of the use of the conventional survey methods. The Ghanaian economy
depends mainly on the land, farming, lumber production and mining which are the
main foreign-exchange earners are all land dependent. Land has got a remarkable
socio-political value to the Ghanaian, thus there are always problems especially
boundary disputes between stools, skins, families and individuals due to poor land
management. Fast and cost effective survey and mapping coupled with good
tenancy agreements, is the solution in the Ghanaian land management system. The
numerous cases at the government courts and the traditional courts, which has been
a drain on the economy as well as a hindrance to development, will be minimized.
The use of GNSS for surveying which is not only fast and efficient but also cost-
effective, is a better option as compared with the conventional surveying methods
which currently dominating surveying and mapping in Ghana
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2.3.1 Potential GNSS Applications in Ghana

The Global Navigation Satellite System technology is yet to be tapped by most
developing countries, and Ghana is not an exception. Due to its numerous
advantages, many experts have proposed this technology as a means of
accelerating development in a sustainable manner (Henaku, 1999);(Silayo, 2005). In
Ghana, the potential of GNSS is enormous and the following are just a few of them.

2.3.1.1 Traffic and Transportation Applications

GNSS has a great potential in the Traffic and Transportation sector in Ghana. This
can be in the field of route and engineering surveying, navigation, fleet and
congestion management, route inventory taking, research and development and
many others. Air and water transports will benefit from this technology. The approval
of NEPAD to utilize EGNOS is in the right direction (NEPAD, 2004). The Ghanaian
harbours can utilize broadcast corrections from GNSS base stations to guide vessels
to dock. The rail and road sector of the Ghanaian transportation will benefit most as
they constitute over 95% of the vehicular transportation in Ghana. With the formation
of the Ghana Ambulance Service for emergency response, the need to incorporate
real-time ambulance monitoring in Ghana cannot be overemphasized. Expert advice
is required in the field of GNSS for this purpose. The Building and Road Research
Institute (BRRI), which is in charge of traffic and transportation research in Ghana
has planned to integrate GNSS as one of the tools of their research in this field. With
the problem of traffic flow, road administration, precise vehicle location, congestion
management, pollution assessment in our cities, GNSS technology will be very
appropriate.

2.3.1.2 Geographic Information System

Geographic Information System has become an important tool in the daily activities of
most research and development activities in Ghana. Private and public organizations
are now using it to their advantage as it gains popularity in their activities. This has
led a lot of institutions to invest in this technology. Training institutions are emerging
and a lot of people are now seeing it as an inevitable tool in the development of a
nation in a sustainable manner.

With the Survey Department producing the core data sets which is used by most
institutions, the rest of the data must be collected by these institutions to generate
their required outputs. It is generally known that data acquisition takes about three
quarters of the cost of producing GIS solutions. An efficient and less expensive
method of data collection must be sought for, and since most of the data is spatial,
GNSS has proved to be the best choice all over the world. GPS is used not only for
core data set preparation but also the thematic data collection as well.
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2.3.1.3 Geodynamics Studies

Ghana is located on the south-eastern margins of the West African craton, although it
is far away from the major earthquake zones that mark the present day lithospheric
plate boundaries, it has however suffered from damaging earthquakes dating as far
back as 1636. Three major ones occurred on 1862, 1906 and 1939 and it has
suffered many minor tremors. Most of these earthquakes are located in south-eastern
Ghana in the vicinity of the capital city Accra (Amponsah P. , 2002);(Andam, 2004).
The heavily faulted area on the eastern coast around Accra is very active and
continuously registers below 4 on the Richter scale. Experts are predicting high
fatalities should there be any earthquake and are estimating that should the 6.5
Richter which occurred on June 22 1939, had occurred in 2000 the fatalities of 17 out
of the population of 77,000 would be 600 out of the population of 1,719,100, using a
linear regression estimates (Andam, 2004). This will be far worse today with the
population over 2.5 million.

In view of the economic, social and political role Accra plays in the life of the
Ghanaian, and some of the cities and towns along the coastal region of Ghana, it is
very important to scientifically study the crustal activities in these areas so as to be
able to know more, predict and mitigate the events of earthquake. Opinion leaders
are showing concern and it is now time for GNSS experts to team up with the
Geological Survey Department, which is working hard with other methods to
investigate the seismic activities in this region as, pertains in many parts of the world
with the GNSS technology.

2.3.1.4 Engineering Survey and Deformation Studies

With the recent increase in physical infrastructural development, time has come for
engineers to come out with better ways of executing their construction and other
engineering application. The tremendous improvement of GNSS in accuracy,
availability and continuity of service makes it the best candidate for most of the
applications and can execute high quality jobs at very competitive costs and benefits.
Gradually Ghanaian cities especially Accra are attracting high-rise buildings and as
has already been explained, some of the cities are heavily faulted and therefore
these buildings need to be monitored for subsidence and other deformation studies
and with GNSS this can be achieved at a reasonable cost. Other structures that
require monitoring using the GNSS technology include the Akosombo Dam which
holds the Volta Lake, one of the biggest artificial lakes in the world which generates
almost all the electrical energy in the country. Due to the important role it plays in the
life and economy of the country it must be monitored to realize any deformation.
Other structures like the Adomi Bridge and all the major bridges require the same
treatment and the preferred method is the GNSS approach.
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2.3.1.5 Applications in Agriculture Sector

Ghana being an agrarian country stands to benefit if GNSS is applied in the
agricultural activities, especially in precision farming, product delivery etc. Recent
studies by CERSGIS (pp. Faalong et. al., 2006) showed how GPS-GIS integration
has helped in the mapping, harvesting and delivery of pineapples for the farms for
on-time delivery to European importers. Mechanized farming which is gradually being
developed in the country will be enhanced with the application of GNSS for the
purposes of land acquisition, preparation, cropping, and addition of fertilizer,
harvesting and transport of products. The installation of a reference station at
Winneba basically for the benefit of agro-industries in the neighboring area in
September 2008, testifies to this assertion.

2.3.1.6 Mining

Mining which follows Agriculture in contribution to economy of Ghana, stands to
benefit with the development of GNSS in the country. Due to the advantage in its
usage, some mining companies have started using this technology for most of their
mapping needs, (Pudder, 2006) gives several applications of GNSS in Ghana which
include the mining.
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3 Differential GNSS (Augmentation) Techniques

3.1 Positioning with GPS

There are two fundamental observables for positioning with GNSS: pseudorange
(code) and carrier-phase, which are both subject to errors, systematic and random.
The geometric range between the satellite and the receiver which is usually distorted
by lack of synchronization, the media of propagation, usually the ionosphere and the
troposphere and others. The carrier-phase technique is based on interferometric
measurements of the carrier frequencies.

3.1.1 Pseudorange (Code) Measurement

Pseudorange is a measure of the distance between the satellite and the antenna of
the receiver, given by the time difference between the epoch of signal transmission at
the satellite and the epoch of its reception by the receiver. The transmission time is
which is measured by correlating identical pseudorandom noise (PRN) codes
generated by the satellite with those generated internally by the receiver, is plagued
with unavoidable errors including the timing, atmospheric errors, orbit errors. The
general expression for the pseudorange is given as in Equation 3-1. Literature on this
has been widely written and can be obtained from (Seeber, 1993); (Leick, 1995). The
measured range is always longer than the geometric distance as the signals
encounter the dense atmosphere.

Pseudorange:

PR = p + c(dt, — dt®) + 81 + 8T + €coqe

3-1
Where,
PR Pseudorange between receiver R and satellite S
dt, Receiver clock correction
dt® Satellite transmit correction
c Speed of light in vacuum
p true range
) ionospheric delay
6T tropospheric delay
€Code Pseudorange noise

Two different codes are used, the coarse acquisition (C/A) code and the precise (P)
code. The C/A pseudorange, which has a wavelength (24 MHz bandwidth) of 300 m
is ten times as long as the P code which is 30 m and respectively have frequencies
or chipping rates of 1.023 MHz and 10.23 MHz. Rough rule is that peak correlation
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function can be determined to 1% of width (with care) (Herring, 2003), therefore 3 m
for C/A code and 0.3 m for P code.

3.1.2 Carrier Phase Measurement

As far as a receiver is locked on a particular satellite, there is an additional
measurement aside the codes based on Doppler frequency shift on the carrier
frequencies. There is a wavelength count as well as the advance in carrier phase
determined by integrating the carrier Doppler frequency offset over the interval of an
epoch. At the end of each epoch a fractional phase measurement is made by the
receiver. This represents the difference between the phases of the receiver
generated carrier signal and the carrier signal received from a satellite at the instant
of measurement. The phase of the received signal at any instance can be related the
phase at the satellite at the time of transmission in terms of the transit time of the
signal and this carrier phase measurement can be written as,

@ = p + c(dt, — dt®) — 81 + 8T + AN + €ppace

3-2
Where,
p geometrical range between satellite and receiver
N carrier phase integer ambiguity
A carrier wavelength
ol ionospheric delay
oT tropospheric delay
€phase carrier phase noise
dt, receiver clock correction
dt® satellite transmit correction
c speed of light in vacuum

The relative motions between satellites and receivers accounts for the changing
Doppler frequency shift on the frequency bands. Integrating this Doppler frequency
offsets results in an extremely accurate measurement of the advance in signal carrier
phase between time epochs (Cosentino, R. J., D. W Diggles, 1996). This however
has problem with integer ambiguity which remains constant as long as the carrier
tracking loop maintains lock and must be resolved to benefit from the extreme
accuracy of the carrier phase measurement.

Both the code and carrier measurements are corrupted by a variety of biases and
errors which have to be kept at appreciable levels to be able to attain the resolution
level of 1% or better of the wavelength of the carrier signal that is 3 m for code
measurement and 2 mm for carrier phase measurements.
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These biases are the satellite dependent ones like the ephemeris and satellite clock
errors, receiver dependent biases like the receiver clock and noise, station coordinate
errors and observation dependent ones like the ionospheric and tropospheric delays
and carrier phase ambiguities. The errors may include carrier phase cycle slips,
multipath disturbances antenna phase offsets and others.

All GPS-based positioning techniques operate under a set of constraints. A very
important technique to eliminate or drastically minimize these systematic errors is the
by building differences, which is an old surveying technique. This principle of
differential corrections has led to the development various augmentation techniques
round the GNSS world based on the user requirements.

3.2 Augmentation Techniques

Augmentations of the signal-in-space are required to enhance the accuracy of
geographic positions of the user, which is improved by removing the correlated errors
between the user and a reference station. The reference station which usually has
precisely surveyed geographical coordinate is used as the base is electronically
measured for its coordinates. The common error which is derived from the difference
between the precisely measured coordinate and the one observed electronically at a
discrete point in time is assumed to represent the differential corrections. This is used
to correct coordinates of the rover at the same epoch as the base, broadcast in real
time or stored and processed along the user position data at a later time as post-
process.

Local area correction is generally employed over relatively short baselines, and as
the area increases for example countrywide, there is the need to overcome the
decorrelation errors which are distance dependent, by establishing a network of
stations for area correction. These corrections are broadcast via geostationary
satellites. Such space-based technique employed in the correction transmission is
referred to as the wide area differential technique (Kaplan, 1996)

3.2.1 Space Base Augmentation Techniques

Satellite-based Augmentation System (SBAS) consist of GNSS compatible
geostationary navigation payloads over a region that have been designed to receive
satellite navigation signals, supported by ground stations which generally consists of
reference stations and mission control centers and uplink earth stations. User
differential range errors (UDRESs), improved ionosphere and troposphere grid models,
and improved navigation satellite ephemeris are transmitted to the navigation
payloads which then re-transmit them in addition as a GPS-like signal to the user
receivers. SBAS improves the performance of the signal-in-space in terms of
accuracy, time to alert, continuity and availability
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SBASs though primarily defined as regional systems, they are expandable
depending on the needed coverage. The existing systems include Wide Area
Augmentation System WAAS of North America; European Geostationary Navigation
Overlay System (EGNOS) of Europe, the Multi-functional Transport satellite (MTSAT)
Satellite-based Augmentation System (MSAS) of Japan and recently GPS and Geo
Augmentation Navigation GAGAN of India and Satellite Navigation Augmentation
System (SNAS) of China.

Other forms of Space-Based Augmentation DGPS System have been developed by
multinational companies, including SkyFix XP of Thales GeoSolutions Group, Starfix
HP of Fugro Chance Inc. and Starfire of the NavCom Technology Inc. They provide
Wide Area DGPS (WADGPS) services worldwide on commercial basis (Bisnath et al
2003). These rely on several ground stations around the world that collect data for
different regions, generate corrections, and upload them to a geostationary satellite
which then re-transmit to the signals users.

3.2.1.1 Wide Area Augmentation System

WAAS currently consists of two geostationary satellites PanAmASat and Telesat
located at 133°W and 107°W respectively. These have replaced AOR-W and POW
which were located at 142°W and 178°E. The ground component consist of ground
reference stations that are spread over the whole of the USA at precisely surveyed
locations known as the Wide-Area Reference Stations (WRS), Wide-Area Master
Stations (WMS) and Ground Uplink Station (GUS), refer to Figure 3-1.

GPS signals are received by the WRSs which are precisely surveyed and therefore
detect any accompanying errors and relay the data to the WMSs where the
correction information is computed and correction algorithms computed integrity of
the system assessed. A correction message is prepared and relayed to the GUS for
onward uplink to the GEOs. These correction messages are then broadcast on the
same frequency as GPS L1 (1575. 42 MHz). The GPS-like signal from the navigation
transponder can be used by the WAAS enabled receiver as additional navigation
signal for position determination, thereby improving the signal availability to users.
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Figure 3-1: Schematic diagram showing the WAAS Architecture

The recent modernization did not affect only the replacement of the geostationary
satellites but also expanding the coverage of the system on the continental USA by
establishing new GUS in Mexico, Canada and Alaska and also establishing new
WMS in Hampton. Georgia USA

With the current modernization, accuracies of 2-4 m laterally and 4-6 m vertically are
attainable. For integrity, the time to alert is within 6 seconds as compared with 30
seconds for GPS only (Snow, 2007).

3.2.1.2 European Global Navigation Overlay System

European Geostationary Navigation Overlay Service (EGNOS) is the European
GNSS Satellite Based Augmentation System (SBAS) developed by the European
Tripartite Group (ETG) made up of the European Commission (EC), European Space
Agency (ESA) and the European Organization for the safety of Air Navigation
(Eurocontrol). EGNOS aims at improving GNSS services in terms of accuracy,
service guarantee and signal availability, so that all modes of transport, air, sea and
land as well as other user needs will be met. The serviced requirements are to be
fulfilled by means of overlay augmentation of GPS, GLONASS and in the near future
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Galileo and other emerging satellite systems, based on broadcasting through
geostationary satellites, GPS-like navigation signals containing integrity and
differential-correction information applicable to the navigation signals of the satellite
systems. (Gauthier et al, 2001). Of these modes of applications, civil aviation
requirements are the most stringent; in terms of integrity and continuity hence
EGNOS performance objectives are mostly driven by the needs of civil aviation,
covering then the needs of land and marine user communities (Ventura-Traverset J. ,
2003).

3.2.1.2.1 EGNOS Services

The main services offered by EGNOS are, according to (Hein, 2000); (Gauthier et al,
2001,)
1. Wide Area Differential (WAD), which is the broadcasting of differential
corrections to improve the accuracy of the GNSS signals
2. GNSS Integrity Channel (GIC), which is the broadcasting of integrity
information to enhance the safety requirements of the GNSS signal
3. GEO Ranging (R-GEO), which is the transmission of GPS-like signals
from the GEO satellites thereby augmenting the number of available
satellites to users. (This is not enabled)

3.2.1.2.2 EGNOS Architecture

Like all SBAS, EGNOS is composed of four segments, space segment, ground
segment, and user segment and support facilities. The space segment consists of
geostationary satellites, Inmarsat Ill AOR-E (15.5°W), Inmarsat Ill IOR (65.5°E) and
Artemis (21.5°E). The ground segment consists of the Ranging and Integrity
Monitoring System (RIMS), the Master Controls Centre (MCC) and the Navigation
Land Earth Station (NLES). The support facilities include the Development
Verification Platforms (DVP), Application Specific Qualification Facilities (ASQF) and
Performance Assessment System Checkout Facility (PACF), see Figure 3-2.

The user segment consists of an EGNOS standard receiver that utilizes this signal-in-
space for aviation, marine, land and other applications.
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Figure 3-2: Schematic diagram showing the EGNOS Architecture

The RIMS basically perform the following functions among others (Brocard et al,
2000)
e Signal quality monitoring: local interference and local multipath mitigation
detection of excessive interference and multipath levels
e Satellite pseudo-ranges measurements (code plus carrier) on GPS and the
SBAS geostationary satellite signals
e Messages formatting and transmission towards EGNOS MCCs
e Measurement of the time offset between a reference UTC clock and the
EGNOS network time (ENT)

The MCC is the ‘brain’ of EGNOS, where signal processing techniques are more
intensively used. It includes a processing-set and two check-set units. The
processing-set is a data processing facility where data coming from the different
receivers located at the RIMS are processed to generate the EGNOS navigation
message. The check-set implements specific signal processing algorithms to perform
various checks to the EGNOS products.

The NLES synchronizes the uplink signal to the EGNOS Network Time (ENT) at the

output of the GEO-L1 band antenna. It generates a GPS-like signal and transmits to

a GEO transponder. A specific processing function is built to control the code/carrier
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coherency of the transmitted signal and to check in the downlink format/content of the
message sent. The support facilities are needed to support the system operation and
future qualification (Ventura-Traveset et al, 2001).

3.2.1.3 MTSAT Satellite-based Augmentation System (MSAS)

MTSAT Satellite-based Augmentation System (MSAS) is the Japanese version of
SBAS based on the Multi-Function Transport System, MTSAT, funded by the
Japanese Civil Aviation Bureau (JCAB-Japan, 2003). This was conceived as a result
of the need to improve the air navigation system with the introduction of
Communication, Navigation, Surveillance and Air Transport Management (CNS/ATM)
in global Air Navigation System. Like the WAAS, this system relies completely on
GPS as the Japanese and the US Governments issued a joint statement in
September 1998 in the use of GPS (Abousalem et al, 2001)

The space segment is made up of geostationary satellites, MTSAT-1R and MTSAT-
2. The ground segment is made up of two Ground Earth Stations (GES) and two
Tracking Telemetry and Command (TT&C) Stations located at the Kobe Aeronautical
Satellite Centre and Hitachi-Ota Aeronautical Satellite Centre. There are Monitoring
and Ranging Stations in Australia and Hawaii and Monitoring stations at Naha,
Sapporo, Tokyo and Fukuoka, see Figure 3-3. Redundancy built into the systems
ensures high reliability, integrity and availability even in case of satellite and/or
ground system malfunction or outages due to natural disasters, (JCAB-Japan, 2003)
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Figure 3-3: MSAS Configuration; courtesy JCAB (Japan), 2003
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Global beam of MTSAT covers most of Asia /Pacific airspace, with spot beams
covering heavy traffic areas to meet the demands of increasing air traffic. The GPS
augmented information generated by MSAS is broadcast according to the formats
defined in the ICAO standards, (KASC, 2007)

3.2.1.4 GPS and Geo Augmentation System (GAGAN)

GPS/GLONASS and Geo Augmentation System (GAGAN) is India’s contribution to
the SBAS. This is intended to bridge the gap between the European EGNOS and the
Japanese MSAS to provide a seamless navigation system across the globe, (Kibe,
2003), a target that ICAO is trying to meet when all the SBASs are in full operation.
GAGAN is aimed at becoming operational by 2011. This is jointly being undertaken
by Airport Authority of India (AAl) and India Space Research Authority (ISRO).

GAGAN ARCHITECTURE ‘4;_

Corrections &
INMCC Confidence
p——

Bangalore

Figure 3-4: GAGAN Architecture (source: Jain, 2008)

The space segment of GAGAN is made up of two operational navigation payloads on
Indian GEOs and one in orbit as spare. (Jain, 2008). The payload is compatible with
the GPS L1 and other modifications to enhance services. The ground segment
consists of Indian Reference Stations (INRES), Indian Master Control Centre
(INMCC) and an Indian Navigation Land Uplink Station (INLUS). There is a
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communication link that interconnects the ground elements refer to Figure 3-4. Like
EGNOS this system will use both the GPS and GLONASS (Singh, 2004).

3.2.1.5 Beidou

Beidou-1 and Beidou-2 Compass Satellite Navigation System (CSNS) is the Chinese
contribution to GNSS which are supposed to be regional and global systems
respectively. The Beidou-1 which is a form of Space-based augmentation system
consists of five geostationary satellites, the first four being experimental and the fifth
as the first operational spacecraft. These satellites provide location without the use of
other navigation satellites. The ground systems include the central control station,
three ground tracking stations for orbit determination located at Jamushi, Kashi and
Zhanjiang, ground correction stations and user terminals (SinoDefence, 2008).

The Beidou-2 (COMPASS) will consist of 30 medium earth orbiting satellites (MEO)
which unlike the Beidou-1 which requires dual-way transmission between the user
and the central control station via the satellite will allow ground receiver to calculate
its position by measuring the distance between itself and three or more satellites
similar to the operation of the currently operating global satellite systems (Lemmens,
2007). This was designed for military use and started in 2001 and was later joined by
civilian users in 2004. The first Beidou-2 (CSNS) satellite was launched in April 2007
into orbit at an altitude of 21,500 km

3.2.1.6 NIGCOMSAT

This is the first attempt of Africa towards SBAS, launched by Nigeria in corporation
with China, under the National Space Research and Development Agency
(NASRDA) of Nigeria, NigComSat aimed at providing Navigation Overlay Service
(NOS) based on the EGNOS technology (Suleiman, 2006). Among the variety of
transponders it carried was a set of two L-band, transmitting L1 and L5 signals. This
was to be used for augmentation in aviation, maritime, survey and mapping, defense
and security, traffic and transportation, telecommunication agriculture among others.
The 5,150 kg NigComSat-1 satellite was launched on the 13" of May 2007 is located
at 42°E and has a lifespan of 15 years (Anza, 2008). This has however been lost in
space.

3.3 Ground-Based Augmentation Systems (GBAS)
GBAS is the system of augmentation of GNSS signals by employing terrestrial
means for data transmission especially for real time positioning. The corrections of

such augmentation systems is achieved using a network of multiple stations, a single
station or, two stations, as introduced in this study, for the correction within a corridor
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linking two reference stations. This study considers both real time and post-
processing modes.

3.3.1 Real Time Kinematics Mode

Centimetre-level accuracy positioning in real-time based on GNSS measurements
referred to as RTK ("real-time kinematics") positioning involves a reference receiver
transmitting its raw measurements or observation corrections to a rover receiver via
some sort of data communication link (e.g., VHF or UHF radio, cellular telephone).
The data processing at the rover site includes ambiguity resolution of the differenced
carrier phase data and coordinate estimation of the rover position. This system could
be based on a single reference station. However a drawback of this single base RTK
approach is that the maximum distance between reference and rover receiver must in
most cases, not exceed approximately 10 km in order to be able to rapidly and
reliably resolve the carrier phase ambiguities, as over a distance of greater than 10
km, errors could be comparable to the GPS signal wavelength and would interfere
with the ambiguity resolution algorithm (Petrovski et al, 2001). This limitation is
caused by distance-dependent biases such as, ionospheric and tropospheric signal
refractions and orbit error. These errors, however, can be accurately modeled using
the measurements of a network of GNSS reference stations surrounding the rover
site. This then brings in the need for the establishment of RTK positioning using a
multi-base technique that is the network RTK.

In order to provide such a service to a larger geographical region or a whole country
many reference stations have to be set up and maintained. Here, the development of
a multi-base has a tremendous advantage over establishing various single base
station RTK, since the number of reference stations can be reduced drastically thus
saving operational cost per unit area.

The data 