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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. 
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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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