
 

GPS POSITIONING IMPROVEMENT BY 

MITIGATING THE IONOSPHERIC HORIZONTAL 

GRADIENT 

 

 

 

 

 

 

 

 

 

NABILA BINTI SA’AT 

UNIVERSITI TUN HUSSEIN ONN MALAYSIA 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by UTHM Institutional Repository

https://core.ac.uk/display/83541201?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


This thesis has been examined on date .......................................................................... 

and is sufficient in fulfilling the scope and quality for the purpose of awarding the 

Degree of Master. 

 

 

 

Chairperson: 

 

PROF. MADYA DR. NAFARIZAL NAYAN 

Faculty of Electrical and Electronic Engineering 

Universiti Tun Hussein Onn Malaysia 

 

 

 

Examiners: 

 

PROF. MADYA DR. NORSUZILA BTE YA'COB 

Faculty of Electrical Engineering 

Universiti Teknologi Mara  

 

DR. MARIYAM JAMILAH BTE HOMAM 

Faculty of Electrical and Electronic Engineering 

Universiti Tun Hussein Onn Malaysia 



GPS POSITIONING IMPROVEMENT BY MITIGATING THE  

IONOSPHERIC HORIZONTAL GRADIENT 

 

 

 

 

 

NABILA BINTI SA’AT 

 

 

 

 

 

 

 

 

 

A thesis submitted in  

fulfilment of the requirement for the award of the  

Degree Master of Electrical Engineering by research 

Faculty of Electrical and Electronic Engineering 

Universiti Tun Hussein Onn Malaysia 

AUGUST 2016 



iii 

 

I dedicate this entire work to my beloved parents, Sa’at & Adidah, 

my sisters, Narisa & Nasrin,  

my nephew, Naseem, 

and all my friends 

for their  support and encouragement that has  

constantly been a part of this journey. 

  

In the end, it is the journey that matters along with prayer and food! 



iv 

 

ACKNOWLEDGEMENT 

First, thanks to Allah the All Mighty for giving me health and prosperity to complete 

this study.  Peace be upon Prophet Muhammad S.A.W., may Allah bless him. 

A special mention must go to my supervisor, Dr. Karthigesu A/L Nagarajoo, 

for his encouragements, patience, ideas and guidance throughout the entire project. I 

must highlight that he has done a good deal more for me than most of any 

supervisors. Thanks a lot! 

Special thanks to those in charge who provided me the data needed in this 

project and gave valuable technical guidance in this project. 

Lastly, I am sincerely grateful to my beloved family especially my parents 

who had given me their trust, spiritual encouragement and support throughout the 

duration of the project and not forgetting my friends for their help and always be by 

my side.  I also would like to extend my thanks to everyone whom directly or 

indirectly, have lent their helping hands in this venture. 

 

 

 

 



v 

 

ABSTRACT 

A 3D ionospheric model was developed using TC3D and IRI to enhance the effect of 

the ionosphere to the GPS signals. Four comparisons have been done to see the effect 

of the DGPS positioning such as baselines length (short and long), low and high solar 

activity, range measurement from three and eight satellites and two different duration 

times (one and three hours). Some improvements can be seen after the corrections 

and it was a noticeable positioning improvement at the user location over the 

equatorial region. Improvement in the final positioning error can be found for all 

cases; with and without ionospheric corrections. From the results, positioning 

improvement has been achieved where only 26% of percentage error is from short 

baseline, 27% of percentage error from low solar activity, percentage error from 24% 

of 8 satellites and 40% of 3 hours period of time. It shows that it is important to 

consider criteria such as shorter baseline with more satellites viewing for longer 

duration of time (in hour) during low solar activity to achieve the improvement in the 

positioning. The effect of the ionospheric horizontal gradient which is more 

noticeable in the equatorial region has been resolved and will be very beneficial to 

improve the positioning of the user location, especially in applications such as 

surveying, geophysics, navigation and aviation. 
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ABSTRAK 

Model 3D ionosfera telah dibangunkan dengan menggunakan TC3D dan IRI bagi 

meningkatkan kesan ionosfera ke atas isyarat GPS. Empat perbandingan telah 

dilaksanakan bagi melihat kesan daripada kedudukan DGPS seperti ukuran garis 

dasar (pendek dan panjang), aktiviti solar tinggi dan rendah, pengukuran daripada 

tiga dan lapan buah satelit dan dua tempoh masa yang berbeza (satu dan tiga jam). 

Beberapa penambahbaikan dapat dilihat selepas pembetulan tersebut dan ini 

merupakan peningkatan ketara kedudukan di lokasi pengguna rantau Khatulistiwa. 

Peningkatan dalam ralat kedudukan terakhir boleh didapati untuk semua kes; dengan 

dan tanpa pembetulan ionosfera. Daripada keputusan, kedudukan peningkatan yang 

telah dicapai di mana hanya 26% daripada ralat peratusan dari garis dasar pendek, 

27% daripada ralat peratusan daripada aktiviti solar rendah, ralat peratusan daripada 

24% daripada 8 satelit dan 40% daripada tempoh masa 3 jam telah ditunjukkan. Ia 

menunjukkan adalah penting untuk mempertimbangkan kriteria seperti garis dasar 

yang lebih pendek dengan lebih satelit bagi jangka masa yang lebih lama (dalam 

jam) semasa aktiviti solar rendah bagi mencapai peningkatan dalam penentududukan. 

Kesan kecerunan mendatar ionosfera yang lebih ketara di kawasan khatulistiwa dapat 

diselesaikan dan akan menjadi sangat bermanfaat untuk meningkatkan kedudukan 

lokasi pengguna, terutamanya dalam aplikasi seperti pengukuran, geofizik, navigasi 

dan penerbangan. 
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CHAPTER 1 

INTRODUCTION 

1.1 Project background 

Ionosphere is one of the atmospheric layers that play an important role in radio 

communication. The ionospheric layer is formed by free electrons or sometimes 

termed as electron density concentration varies with height or distance from the 

Earth‘s surface, latitude, time of day, season, and amount of solar activity [1]. For 

high frequency (HF) propagation (3 to 30MHz), ionospheric layer acts as a 

conductive region which reflects the radio wave signals at specific frequencies to any 

radio receiver station on the Earth. However, for transionospheric propagation, it acts 

as a dispersive medium for some radio signals (in the range of 30MHz to 3GHz). 

Those radio signals‘ speed of propagation or termed as group path will be delayed. 

 Ionosphere is prone to significant disturbances, which get considerably worst 

during periods of high solar activity [2]. Due to that, and as was mentioned above, 

the radio signals that propagates through the ionosphere suffers increment of group 

path delay which is proportional to the content of free electrons. The scenario is 

worst for the radio signals that propagate over the equatorial region. The fact that the 

ionosphere is formed by the radiation from the Sun suggests that this mechanism 

results in variations in the ionosphere with time of day, season, solar cycle and 

position on the Earth surface. The travel time of Global Positioning System, (GPS) 

satellite signals can be altered by atmospheric effects; when a GPS signal passes 

through the ionosphere it is refracted, causing the speed of the signal to be different 
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from the speed of a GPS signal in space. Sunspot activity also causes interference 

with GPS signals [3]. 

The GPS signals will be delayed as they propagate through the ionosphere. 

The ionosphere will introduce a significant amount of added group delay which will 

affect the final GPS positioning, if the ionospheric error is not corrected. An example 

of large ionosphere gradients that could cause the significant GPS user errors have 

been observed [4]. A number of studies have been done and is still continuing to 

mitigate the ionospheric horizontal gradient by using variety of methods  in order to 

improve the final user positioning [5]–[8]. For any GPS applications over the 

equatorial region (i.e. navigation, surveying, mapping, mining, agriculture and 

automatic aircraft landing), the ionospheric error and the horizontal gradient effect 

need to be corrected in order to determine the most accurate or precise GPS final 

positioning. Many researches also have investigated the GPS positioning 

improvement using different methods for different range of conditions [9]–[11].  

 In this research, first of all, the effect of the ionosphere over the equatorial 

region (e.g. Malaysia) has been investigated. Then, three dimensional analytical 

mathematical models have been developed to represent the actual formation of the 

ionosphere over the equatorial region. The existing ionospheric online-database such 

as International Reference Ionosphere (IRI) [12], which contains the value of 

electron density at various location and time, was used to do the analytical modeling. 

After that, the characteristics of the GPS signals as they propagate through the 

ionosphere have been determined. By doing so, the effect of the ionosphere to GPS 

positioning has been obtained. To further the research work, GPS positioning 

improvement were done by mitigating the ionosphere horizontal gradient using 

Trimble Business Center (TBC) software. 

1.2 Problem statement 

Over the equatorial region, the formation of the ionosphere introduces greater 

ionospheric horizontal gradient which could give greater positioning error for a user 

station in a GPS system. The ionospheric horizontal gradient is the variation of 

electron density with latitude and longitude which can cause the azimuthally 

deviation of the GPS ray path. The electron density in the ionosphere will cause 
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greater refraction to the GPS signals as it propagates through it. Due to the refraction, 

the final GPS positioning is not accurate. GPS positioning accuracies are affected by 

different error sources. Therefore, TBC software will be used in order to mitigate the 

effect of the ionosphere to GPS signals and a 3 dimensional (3D) analytical 

mathematical model will be developed using IRI.  

1.3 Research objectives 

The objectives of this research:  

1. To determine the ionospheric effect over the equatorial region.  

2. To develop the 3D analytical mathematical model. 

3. To analyze and mitigate the ionosphere horizontal gradient using TBC 

software for positioning.  

1.4 Scope of the project 

1. The region of this study is focused only from the middle to the southern 

region of Peninsular Malaysia  

2. Data was taken from stations of Nanyang Technology University Singapore 

(NTUS) (1.34°N, 103.7°E), Universiti Kebangsaan Malaysia (UKM) 

(9.92°N, 101.7°E) and ISKANDARnet (ISK) (1.56°N, 103.6°E) on June 

2009 (low solar activity) and August 2012 (high solar activity). 

1.5 Thesis outline 

In general, this thesis consists of five chapters. Each chapter will discuss on different 

issues related to the project. 

 The first chapter describes an overview of the project background, problem 

statement, research objectives and scope of the study to carry out the project. 

Chapter two focuses on the review from previous studies that was made which was 

helpful to gain knowledge and to understand the project better. It presents some 

general review of the ionosphere and basic principles on GPS and its characteristic.  
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Chapter three elaborates the methodology of the research. This project requires a lot 

of simulations such as using IRI to obtain electron density, Table Curve 3D (TC3D) 

for calculation and viewing the 3D graph, and TBC software to improve GPS 

positioning. 

 Chapter four contains the details of data that was analyzed. It also contains 

the discussion from this research. Comparisons are made to determine the best result. 

 Lastly, chapter five includes the conclusions and recommendations that can 

be done in the future related to this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction to Ionosphere 

The Earth‘s atmosphere is a thin layer of gases that surrounds the Earth. It composed 

of 78% of nitrogen, 21% of oxygen and 1% of other gases such as argon and carbon 

dioxide [13]. This thin gaseous layer insulates the Earth from extreme temperatures; 

keeps heat inside the atmosphere and also blocks the Earth from the Sun‘s incoming 

ultraviolet radiation. The ionosphere, which is found from the altitude of about 60km 

to 700km, contains up to four layers of free electrons which can enable long-distance 

radio communication [14]. The GPS signals that are propagated through the 

atmosphere are affected by several conditions such as variation at different altitudes 

(height from the surface of Earth), geographical location, diurnal and seasonal 

changes, and also due to the changes in the Sun‘s solar activity. The Earth‘s 

atmosphere consists of a few layers as can be seen in Figure 2.1.  

 Ionosphere was formed when extreme ultraviolet (EUV) light from the Sun 

strips the electrons from the neutral atoms of the Earth atmosphere [15]. This neutral 

atom known as positive ion when it has lost negative charged electron. This process 

is known as photoionization [15]. In contrast, recombination is the reverse of 

photoionization [15]. The rate at which ionization occurs depends on the density of 

atoms in the atmosphere and the intensity of the EUV, which varies with the activity 

of the Sun [16]. 
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Figure 2.1: Earth‘s atmospheric layer [17] 

During late afternoon and early evening hours, the rate of recombination 

exceeds the rate of ionization. Due to this, the density of the ionized layers normally 

begins to decrease in the D, E and F1 layers at this time. However, the F2 layer acts 

differently. The electron density in the F2 layer reaches its lowest value just before 

dawn [18]. Then, once the Sun rises, photoionization takes place which causing the 

content of electron density to increase again in the F2 layer. That is the reason for the 

ionosphere can still be used at night time for HF or ionospheric reflected radio wave 

propagation. Other than recombination, the protonosphere also plays a role here. The 

protonosphere acts like a reservoir as there is no plasma production in the 

protonosphere [19]. It takes plasma from the ionosphere by day, stores it in a loss-

free environment and returns it to the ionosphere at night, which helps to maintain 

the F layer during night time. 

2.2 Structures of Ionosphere 

The ionosphere is composed of D, E and F layers, named in the order of increasing 

height as in Figure 2.2. During day time, the radiation of the sun is high on the local 

atmosphere. At this time, all the layers will exist. At night time or when there is no 

radiation, the ions and electrons will recombine (recombination process). Only the F2 

layer will be seen since the other three layers (D, E and F1) almost completely 
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disappear due to the recombination process.  The ionosphere is composed of the D, 

E, F1 and F2 regions, named in order of increasing height. 

 

 

Figure 2.2: View of the layers in the ionosphere over the period of a day [20] 

2.2.1 D region (60 to 90 km) 

The D region is the bottom layer of the ionosphere that affects radio communication 

signals to any degree. It is only presents during the day to an extent that affects radio 

waves noticeably. It mainly has absorbing or attenuating radio communications 

signals particularly in the LF and MF portions of the radio spectrum, reducing with 

frequency. At night it has little effect on most radio communication signals although 

there is still a sufficient level of ionisation for it to refract VLF signals. 

2.2.2 E region (100 to 125 km) 

Instead of attenuating radio communication signals this layer chiefly refracts them, 

often to a degree where they are returned to Earth. As such they appear to have been 

reflected by this layer. However this layer still acts as an attenuator to a certain 

degree. Like the D region, the level of ionisation falls relatively quickly after dark as 
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the electrons and ions re-combine and it virtually disappears at night. However the 

residual night time ionisation in the lower part of the E region causes some 

attenuation of signals in the lower portions of the HF part of the radio 

communications spectrum. 

2.2.3 F region (140 to 500 km) 

This is the most important layer of the ionosphere for HF and transionospheric radio 

wave propagation. It exists from an altitude of about 140 km to 400km and 

sometimes up to 500 km. During daytime, the F layer will split into two layers; 

termed as the F1 and F2 layers. The F1 layer is in the altitude range from 130 to 210 

km whereas the F2 layer is from 210 to 400 km; sometimes up to 500 km. It also has 

been found that, at mid latitudes, the F2 layer has a higher electron concentration 

during day time in winter than in summer. This unexpected behaviour in the F2 layer 

is called the mid-latitudes seasonal anomaly. Due to their larger electron density, the 

F2 layer, and to some extent the F1 layer, are the major source of ionospheric induced 

error for range finding and positioning at GPS frequencies. 

2.3 Variation in the Ionosphere 

The regular variations in ionosphere often known as daily, seasonal, geographical 

location, latitude and solar cycle variations. The frequencies available for HF 

communications and other uses of the ionosphere have the same variations and it is 

important to the propagation of radio waves. For 24-hour diurnal (night/day) 

variation, rotation of the Earth on its axis, producing daily ionospheric changes [21]. 

In seasonal variation, the Earth revolving around the sun; the relative position of the 

Sun moves from one hemisphere to the other with changes in seasons [21]. 

Latitudinal variation cause by the variation with solar zenith angle and the curvature 

of Earth causes a geographical variation in the ionospheric electron concentration 

[22]. Regular solar cycle variation of sunspot activity has a minimum and maximum 

level and occurs approximately every 11 years [21] and thus produce solar cycle 

variation. 
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2.4 Total Electron Content (TEC) 

Total Electron Content (TEC) is an important descriptive quantity for the ionosphere. 

TEC is the total number of electrons present along a path between two points, with 

units of electrons per square meter, where 1x10
16

 electrons/m² = 1 TEC unit (TECU) 

[23]. The ionospheric TEC predictions using dual frequency technique and TEC map 

using Bernese GPS software (BGS) with PPP technique showed that TEC have 

similar variations, where the TEC values start to increase gradually from morning 

and reach its maximum in the early afternoon and decrease just before sunrise [24]. 

TEC during the day was higher than at night and during the low solar activity. It 

varies from a pre-dawn minimum to a maximum during the afternoon and then 

decreases [25]. The low values of TEC are observed in winter and high values 

observed in equinox [26]. 

 TEC is one of the most important parameters that describe the ionospheric 

state and structure. Theoretically, different periods of ionospheric physical process 

can be studied by detecting and analyzing the temporal variations of TEC. TEC can 

be used to correct the radio wave propagation in the space-based radio 

communication application like satellite position, navigation and orbit determination, 

because TEC is closely associated with the time delay of the radio wave.  

 Computing TEC from GPS data is feasible due to the dispersive nature of the 

ionosphere, which affects the speed of propagation of the electromagnetic waves 

transmitted by the GPS satellites on two L-band frequencies (L1=1575.42 MHz and 

L2=1227.60 MHz) as they travel through that region of the atmosphere. The change 

in satellite-to-receiver signal propagation time due to the ionosphere is directly 

proportional to the integrated free-electron density along the signal path. GPS 

pseudorange measurements are increased (the signal is delayed) and the carrier-phase 

measurements are reduced (the phase is advanced) by the presence of the ionosphere. 

After forming the linear combination of these measurements on the L1 and L2 

frequencies, the carrier phase and the pseudorange TEC are obtained. 

Slant TEC (sTEC) is a measure of the total electron content of the ionosphere 

along the ray path from the satellite to the receiver. It can be calculated by using 

pseudorange measurements as in equation (2.1) below:  

𝑠𝑇𝐸𝐶 =  
1

40.3
 

𝑓1
2𝑓2

2

𝑓1
2−𝑓2

2  𝑃2 − 𝑃1      (2.1) 
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Where; 

 f1 = 1575.42 MHz (high GPS frequency)  

 f2 = 1227.6 MHz (low GPS frequency) 

P1 and P2 are the pseudoranges measured (in distance unit) in L1 and L2, 

 respectively 

 

The fundamental navigation principle is based on the measurement of pseudoranges 

between the user and four satellites. Ground stations precisely monitor the orbit of 

every satellite and by measuring the travel time of the signals transmitted from the 

distance of four satellites between receiver and satellites will yield accurate position, 

direction and speed. The term of ‗pseudoranges‘ is obtained when the fourth 

observation is essential for solving clock synchronization error between receiver and 

satellite though three-range measurements are sufficient [27].  

2.5 Global Positioning System (GPS) 

Global navigation satellite system (GNSS) is a generic reference for any navigation 

system based on satellites; the system in widespread use today is the United States' 

global positioning system (GPS) [28]. GPS is now widely available for use by many 

applications. GPS consists of three segments: the space segment, the control 

segment, and the user segment [29] as shown in Figure 2.3. Twenty-four satellites 

(the space segment) in orbit around the Earth send data via radio links that allows 

aircraft receivers (the user segment) to calculate precise position, altitude, time and 

speed on a 24-hour, worldwide, all weather basis. The principles of satellite 

navigation are based on radio wave propagation, precision timing and knowledge of 

each satellite's position above the Earth; this is all monitored and controlled by a 

network of stations (the control segment) [28]. 

The main purpose of the GPS is to determine the position and velocity of a 

fixed or mobile object, placed over or near the Earth surface, using the signals of the 

satellites. A GPS receiver calculates its position by precisely timing the radio signals 

sent by the GPS satellites high above the Earth. The receiver measures the transit 

time of each message and computes the distance to each satellite [30]. Study showed  

that the seasonal variation is a major factor for determining the accuracy of GPS 
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measurements and also, increasing the observation period hardly improves the 

horizontal positioning accuracy while improving the vertical positioning accuracy 

[11]. It seems 3 satellites are enough to solve for position, since it is 3 dimensions at 

space (latitude, longitude, altitude). However, study shows the range measurements 

from more satellites (for example 8 satellites) can give better positioning [31]. 

.  

Figure 2.3: The segment of GPS [32] 

2.6 GPS signals 

Each GPS satellite transmits microwave radio signal which are two carrier 

frequencies (or sine wave) modulated by two digital codes and navigation message 

[33]. The availability of the two carrier frequencies allows for correcting major GPS 

errors, known as the ionospheric delay. 

 The two GPS codes are called coarse acquisition (or C/A-code) and precision 

(or P-code). Each code consists of a stream of binary digits, zeros and ones, known 

as bits or chips. The codes are commonly known as PRN codes because they look 
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like random signals. But in reality the codes are generates using mathematical 

algorithm.  

2.7 Differential GPS (DGPS) 

Differential GPS (DGPS) is a technique for reducing the error in GPS derived 

positions by using addition data from the reference GPS receiver at a known 

position. DGPS developed by the U.S Coast Guard to augment Standard Positioning 

Service (SPS) [29]. DGPS was used by many civilian GPS receivers to greatly 

improve accuracy.  

 DGPS involves the cooperation of two receivers, making position 

measurements. For the standard DGPS method, GPS measurement at two spaced 

receiving stations; one of which is at reference station, where the effect of the 

ionosphere can be determined and used to correct the range measurement at the 

mobile station [10]. The most common form of DGPS involves in determining the 

combined effect of navigation message ephemeris and satellite clock errors at a 

reference station and transmitting pseudorange corrections, in real time, to a user‘s 

receiver, which applies the correction in the process of determining its position [34]. 

This reference station receives the same GPS signals as the mobile station but instead 

of working like a normal GPS receiver it attacks the equations backwards. Instead of 

using timing signals to calculate its position, it uses its known position to calculate 

timing. The receiver then transmits this error information to the mobile receiver 

station so it can use it to correct its measurements [35]. The positioning of a mobile 

station in real time by corrected GPS pseudo-ranges. The corrections are determined 

at a static ―reference station‖ and transmitted to the mobile station. A monitor station 

may be part of the system, as a quality check on the reference station transmissions. 

The differential GPS concept is shown in Figure 2.4. A positioning accuracy of 1 to 5 

m can be provided by DGPS depending on the mobile reference separation and, to a 

lesser extent on the mobile platform dynamics and the processing complexity. 

Research in [36] proposed a methods in reducing the positioning error caused by the 

length of baseline in getting precise positioning by DGPS.  
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Figure 2.4: Differential GPS concept [37] 

2.8 Horizontal Gradient 

DGPS is a system where the range error at a reference station will be eliminated from 

the range measurement at the user station, which ‗view‘ the same satellite, presuming 

that the satellite‘s path to both the reference station and the user experience common 

errors due to the ionosphere, clock errors, multipath and etc. In this assumption, the 

error due to the ionospheric refraction is assumed to be the same for the two closely 

spaced paths and thus the presence of ionospheric horizontal gradient is ignored. If a 

user‘s path is exposed to a drastically large ionosphere gradient (i.e. over the 

equatorial region), the large difference of ionosphere delays between the reference 

and the user stations can result in significant position error at the user station.  

The ionospheric horizontal gradient has greater effect for the DGPS user 

position over the equatorial region [6]. However, after the mitigation process, the 

error could be reduced. There is method to obtain the magnitude and direction of the 

gradient from real data. In [38] the dual frequency method has been used to obtain 

both South-North and East-West gradients by using four different receiving stations 

separated in those directions. It can be estimated from the gradient in sTEC observed 

from the received GPS satellites or based on an empirical model updated with real-

time data, or both.  
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The effect of an ionospheric horizontal gradient that cause an error in DGPS 

positioning has been investigated to obtain a more accurate ionospheric correction 

for DGPS [39]. By performing ray-tracing calculations with and without a linear 

horizontal ionosphere gradient, the effects of ionospheric horizontal gradient have 

been separated and a final positioning improvement has been shown at the user of a 

DGPS system over the equatorial region.  

In the context of Local Area Augmentation System (LAAS), [4] study the 

presence of stationary ionospheric gradients and their effect on the GPS Signals. 

Large ionosphere gradients that could cause the significant user errors have been 

observed at low/equatorial latitudes even within a distance of approximately 4km a 

maximum gradient of 460mm/km, which is comparatively very high. Hence, there is 

necessity to enhance upper bound for the ionospheric gradients threat space over low 

latitudes.  

2.9 Positional Dilution of Position (PDOP) 

Positional Dilution of Position (PDOP) refers to the geometric positioning of the 

satellites that are being used to calculate a position (measure of accuracy in 3-D 

position). An ideal geometric positioning of satellites is one in which four or more 

satellites are distributed evenly throughout the sky [40]. A poor geometry is one in 

which satellites are clustered together in the sky, with many satellites directly 

overhead or nearly so. As the satellite geometry shift away from the ideal situation, 

PDOP increases [40]. 

 PDOP is a unitless value that expresses the relationship between the error in 

user and the satellite position. It describes how well or bad the satellites' geometry 

for a user and indicates when the satellite geometry can provide the most accurate 

results. 
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Table 2.1: DOP ratings [41] 

DOP Value Ratings 

 

1 

 

Ideal 

2-4 Excellent 

4-6 Good 

6-8 Moderate 

8-20 Fair 

20-50 Poor 

 

A low DOP indicates a higher probability of accuracy as shown in Table 2.1. 

A high DOP indicates a lower probability of accuracy. The quality of the data 

decreases as the PDOP value increases [41]. Due to the presence of ionospheric 

disturbances, satellite geometry was also affected. Study in [42] showed that in a 

disturbed ionosphere the maximum value of PDOP varied between 3 and 4 which is 

high compared to quiet ionospheric conditions which varied between 0.8 and 1.5. 

 

 

Figure 2.5: Illustration of good and bad geometric dilution of precision [43] 

The concept of the geometric dilution of precision is more clearly illustrated 

in Figure 2.5. When the visible satellites are widely spread in the sky, pseudorange 

error is minimized; however, when visible satellites are closely spaced, the 

uncertainty is increased [43]. 
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2.10 Solar Activity 

In general, the electron density in the ionosphere is greatest during summer, in the 

middle of day, and near the equator. The radiation of the Sun heats the air near the 

surface, most strongly in equatorial regions where the Sun is directly overhead [44]. 

The accuracy of the GPS positioning in summer is higher than in winter was shown 

in [11]. The ionosphere also varies with significantly with solar activity, the amount 

of EUV radiation from the sun waxes and waves every 11 years. The UV radiation 

from the Sun is influenced by the number of sunspots on the Sun‘s ―surface‖, which 

shows a cycle of about 11 years (see Figure 2.6). 

 

 

Figure 2.6: Cycle 24 sunspot number predictions [45] 

The sunspot number clearly goes up and down every 11 years; it has a cycle 

of about 11 years. Virtually everything associated with the Sun of relevance to the 

ionosphere occurs with an approximately 11 year cycle, hence the name solar cycle. 

The previous solar cycle (Cycle 23) starts in about 1998 and ends in 2009. That is 

why 2009 has the lowest solar cycle as very few, and only relatively small, 
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sunspot‐carrying active regions were observed [46]. In current solar cycle, which is 

solar cycle 24, the solar activity is maximum. According to NOAA and NASA, the 

sunspot cycle hit an unusually deep bottom from 2007 to 2009. In fact, in 2008 and 

2009, there were almost no sunspots, a very unusual situation that had not happened 

for almost a century [47]. The Sun is getting more active with resulting in 

ionospheric disturbances at high latitudes and in equatorial regions. One effect is 

increased ionospheric delays [3]. The sunspot number is used as a parameter to 

compare the values of critical frequency at high and low sunspot numbers for the 

day. Although sunspots themselves produce only minor effects on solar emissions, 

the magnetic activity that accompanies the sunspots can produce dramatic changes in 

the ultraviolet and soft x-ray emission levels [48]. Solar variation causes changes in 

space weather and climate and has important consequences for the Earth's upper 

atmosphere. It causes a periodic change in the amount of irradiation from the Sun 

that is experienced on the Earth. The years of high solar activities correspond to high 

electron density, while the years of low solar activities are also years of low electron 

density [49]. 

2.11 Geomagnetic Kp and Ap Indices 

Daily regular magnetic field variation arises from current systems caused by regular 

solar radiation changes. Other irregular current systems produce magnetic field 

changes caused by the interaction of the solar wind with the magnetosphere; by the 

magnetosphere, by the interactions between the magnetosphere and ionosphere, and 

by the ionosphere itself [50]. Magnetic activity indices were designed to describe 

variation in the geomagnetic field caused by these irregular current systems. 

 K indices isolate solar particle effects on the Earth's magnetic field; over a 

three-hour period, they classify into disturbance levels the range of variation of the 

more unsettled horizontal field component. Each activity level relates almost 

logarithmically to its corresponding disturbance amplitude. Three-hour indices 

discriminate conservatively between true magnetic field perturbations and the quiet-

day variations produced by the ionospheric currents. 

K indices range in 28 steps from 0 (quiet) to 9 (greatly disturbed) with 

fractional parts expressed in thirds of a unit.  A K-value equal to 27, for example, 
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means 2 and 2/3 or 3-; a K-value equal to 30 means 3 and 0/3 or 3 exactly; and a K-

value equal to 33 means 3 and 1/3 or 3+. This planetary index is designed to measure 

solar particle radiation by its magnetic effects [51]. During an ionospheric disturbed 

day, Kp index showed a value greater than 4, while during quiet day, the Kp index 

value remained below 2 [42]. 

Table 2.2: Equivalent range Ap for given Kp [50] 

Kp 0o 0+ 1- 1o 1+ 2- 2o 2+ 3- 3o 3+ 4- 4o 4+ 

Ap 0 2 3 4 5 6 7 9 12 15 18 22 27 32 

Kp 5- 5o 5+ 6- 6o 6+ 7- 7o 7+ 8- 8o 8+ 9- 9o 

Ap 39 48 56 67 80 94 111 132 154 179 207 236 300 400 

Table 2.2 shows the A-index ranges from 0 to 400 and represents a K-value 

converted to a linear scale in gammas (nanoTeslas), a scale that measures equivalent 

disturbance amplitude of a station at which K=9 has a lower limit of 400 gammas 

[51]. 

In the next chapter, the research methodology used for this study and how it 

has guided data collection, analysis technique and development of theory will be 

provided. The software used to collect the data, including formula implemented to 

maintain validity and reliability of the software are described. 

 

 

 



 

CHAPTER 3 

METHODOLOGY 

3.1 Introduction 

In order to ensure the scope of work to be done perfectly, many approaches were 

taken. This chapter was concentrated on the procedures in order to carry out research, 

which was briefly explained. So, the steps were taken properly and requirements of 

each step were fulfilled in order to complete the research successfully. 

 The first step is to identify the needs and requirement of the project. Before 

that, to have knowledge on the background of the problem statement of this project, 

the theoretical analysis on the variations of the ionosphere over the equatorial region 

and its effect to GPS positioning was carried out first. This is done by reviewing and 

understands previous related research works from relevant books and highly cited 

research papers.  

 The project planning in the format of project flowchart has been prepared to 

make sure the research can be conducted systematically according to the flow chart. 

Figure 3.1 shows a framework for overall project in this research. 
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Figure 3.1: Flow chart for overall project 

To conduct this research, there are few methods that need to be carried out. In 

brief, the methodology of this project can be simplified below; 

i. Study of the ionospheric error to GPS positioning over the equatorial region 

Latest information of this subject area has been gathered and reviewed. This is useful 

to know the current establishments that have been done in this research area. 

 

ii. Modeling the ionosphere in 3 dimensional 

The ionosphere has been modeled in latitude, longitude and electron density, Ne (3 

dimensions) over the equatorial region (e.g. Malaysia). Existing ionosphere predictor 

such as IRI has been used to obtain the data. Software named TC3D can be used to 

do the 3D modeling. It helps to obtain the best analytical mathematical model that 

fits very well the variations of the ionosphere in 3 dimensions. 

 

iii. Trimble Business Centre (TBC) Software 

The results obtained can be improved further by determining the ionospheric 

horizontal gradient effect to GPS positioning over the equatorial region. 

Improvement made by mitigating the ionospheric error. 

GPS positioning improvement will be done by mitigating the ionosphere 
horizontal gradient

Further determination of the ionospheric horizontal gradient effect to the GPS 
positioning over the equatorial region using TBC software

Modelling the ionospheric in 3 dimensional using IRI and TC3D

Literature review on the variations of the ionosphere and the effect of the 
ionosphere to GPS positioning over the equatorial region.
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Basically the work is divided into two parts; material or types of data and software 

that has been used in this research and the method or analysis techniques in order to 

perform the research. The detail about this work was discussed in the following 

section. 

3.2 International Reference Ionosphere (IRI) 

The International Reference Ionosphere or known very well as IRI is an international 

project sponsored by the Committee on Space Research (COSPAR) and the 

International Union of Radio Science (URSI) [12]. IRI is updated yearly. For a given 

location, time and date, IRI describes the Ne, electron temperature, ion temperature, 

and ion composition in the altitude range from about 50 km to about 2000 km, and 

also the electron content can define the variations of the Ne from bottom of the 

ionosphere to the altitude of maximum density. IRI is more accurate in describing the 

variations of the electron density from bottom of the ionosphere to the altitude of 

maximum density than in describing the TEC [12]. The performances of the IRI 

models in predicting the characteristics of the ionosphere using GPS have been 

investigated in [52] and shows that TEC reproduced by IRI and models are in good 

agreement with observed TEC. On the other hand, TEC calculation from IRI-2012 is 

better than IRI-2007 [52]. 

For this project, the data was collected from about one hour after sunrise to 

one hour before midnight at four different local times (LT) at 8.00am, 1.00pm, 

6.00pm and 11.00pm from 1st June 2009 to 7th June 2009 to observe the diurnal 

electron density variation over the equatorial region during low solar activity.  The 

Ne was obtained at 350 km altitude. This altitude was chosen to do this modelling as 

this has been presumed as the altitude where the content of the Ne is highest at this 

altitude [29]. Figure 3.2 show the part of the cross section of IRI-2012. 
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Figure 3.2: Part of the cross section of IRI-2012 [53] 

3.3 Table Curve 3D (TC3D) 

After data was collected, formation of mathematical model in three dimensions has 

been built. In this task, comprising TC3D has been used to form latitude, longitude 

and Ne in order to represent the ionosphere. TC3D gives scientists and engineers the 

knowledge to find the ideal model for even the most complex 3 dimensional data, 

including the equations that might never have been considered before [54]. 

 The Figure 3.3 show that the process of fitting the database to create an 

equation with 3 dimension layout. For this project, assume the input data are X, Y and 

Z and they represent the values of longitude, latitude and Ne respectively. All these 

data was obtained from IRI 2012. By using an excel document, these values can be 

imported into the T3CD software to do the fitting. The values of X and Y would be 

specified in radians as it would be easier to use them later in Matlab to calculate the 

value of Z from the equation. The Ne from IRI has been compared with TC3D and 

from Matlab. 
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Figure 3.3: Table Curve 3D automated fitting process 

To smooth the mesh plot or to get better fitting, the `Options' can be adjusted 

so that the value of r
2
 (coefficient of determination) will approach 1 (100%) and the 

SSE (Sum of Squared Errors) will approach 0. Approaching these figures will signify 

the best fitting. Then, the smoothed plot will be added to the main window. Once this 

has been done, TC3D will determine an equation that can best represent the given 

input data. Normally, the software will suggest the best equation (the equation with 

first rank) as in Figure 3.4. In this project, the form of an equation that can consist of 

only sine and cosine terms or their combinations was used to model the electron 

density. The sine and cosine functions are primarily chosen because (i.e. the 

exponential) their derivatives are always continuous, which is useful when the model 

being used in ray tracing program [9].  
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Figure 3.4: The equation list after surface fit all equations 

At the same time, TC3D also produced Data Summary and Numeric 

Summary files (Appendix A-B). The Data Summary file will show the data values 

that have been input through the Excel file (X, Y and Z values). Then TC3D will use 

the given X, Y and Z values to `calculate' another set of Z values; called the predicted 

Z values. These predicted Z values together with the X and Y values will be used to 

find an equation. The differences between the true Z values and the predicted Z 

values are shown as residuals which can also be obtained from the Data Summary 

file. The Numeric Summary file will give the values of parameters that are used in 

the equation. Basically, both files are required if the values of Z will be calculated 

using Matlab. Both files can be saved in the *.txt format and then can be used later to 

do the calculations. Therefore, this software has been used to get an equation or 

model of Ne, which varies over a specific region of longitude and latitude at one 

specific height. The process of modelling the diurnal variation of ionosphere was 

done by using TC3D whereby the data was obtained from the IRI as shown in Figure 
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