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ABSTRACT

This thesis presents an analysis of the total electron content (TEC) from Global Positioning
System (GPS) frequency band satellites at the equatorial magnetic latitude station, Chumphon,
Thailand, where the phenomenon of the disturbed ionosphere occurs. The objectives of this thesis
are to find and analyze the TEC derived from GPS satellites, GPS receiver bias for a single station,
GPS delay time, the rate of TEC index, the peak electron density in the F-region, and the
ionospheric slab thickness. This thesis focuses on a single station for the diurnal and seasonal
variations of TEC and the period of study is during 2004-2013, corresponding to the low and high
solar activities. Another important objective of this research is to reduce the complexity of GPS
receiver bias estimation and the TEC computation time by proposing is two methods, the median
cut and Lagrange interpolation. The benefit of this thesis is to improve the TEC estimation in the

International Reference Ionosphere (IRI) model over the equatorial latitude region.
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CHAPTER 1

INTRODUCTION

1.1 Background

Global Positioning System (GPS) satellites have been used for the position determination
on the Earth. The positional accuracy of GPS is limited due to several error sources. The major
error source is the ionosphere. The ionosphere is a dispersive medium of charged particles between
the GPS satellites and the user on Earth. These dispersive ionized media play an important role in
the various applications of GPS because the ionosphere directly influences the radio waves
propagating from the satellite to the receiver as shown in Figure 1.1. The ionosphere is utilized as
a transmitter of radio frequency communication signals. The radio wave communication is
significantly influenced by the ionospheric properties such as the total electron content (TEC), the
peak electron density in the F2-region (NmF2), and the slab thickness. GPS signals are useful for
the analysis of TEC. Although the International Reference Ionosphere (IRI) model can predict the
TEC values at all regions of Earth, it has been known that TEC prediction errors of the IRT model
in the equatorial and low-latitude regions exist. The analysis (Ma and Maruyama, 2003) of TEC in

this region is the focus of this thesis.

GPS satellites

Figure 1.1 Th;a GPS system through the ionosphere.



The selected ionospheric location for this thesis is the Chumphon station. The reason why
we use Chumphon station is because the station is near the equatorial ionization anomaly (EIA)
region. EIA is a phenomenon of the anomalous ionosphere at equatorial magnetic and low latitudes.
In addition, Chumphon station is a part of the South East Asia Low Latitude Ionosphere
Observation Network (SEALION). SEALION network stations observe and monitor the

ionospheric variation in the Asia Pacific region near the magnetic equator.

1.2 Objectives of research

In this thesis, the GPS signals are as a special tool for studying the ionosphere. The objectives
of this research are to analyze‘ the TEC from GPS satellites, the comparison of TEC, the rate of
TEC index, the GPS delay time, the peak electron density in the F-region, and the ionospheric slab

thickness at the equatorial magnetic latitude station, Chumphon, Thailand.

1.3 Scope of study

This study focuses on a single station for the diurnal and seasonal variations of TEC, the
variation of rate of TEC index, the variation of GPS delay time, the variation of the peak electron
density in F-region, and the variation of the ionospheric slab thickness at the equatorial magnetic
latitude station, Chumphon, Thailand. The study of TEC from the GPS is complexity and needed
many periods of times. We focus on the daily, monthly, seasonal, and yearly variation of TEC. Due
to the TEC characteristics and the solar cycle with decreasing and increasing phases to the Earth,

the periods during 2004-2013 is chosen for the ionospheric study.

1.4 Benefits of research
The benefits of this research are to improve the TEC estimation in the International
Reference Ionosphere (IRI) model over the equatorial latitude region and to understand the TEC

characteristics at the equatorial latitude region over Chumphon, Thailand.



1.5 Contributions of research

The complexity part of the TEC computation is the calculation of GPS receiver bias. In this
thesis, the contributions of this research are two methods of GPS receiver bias estimations. Those
two methods are the median cut and Lagrange interpolation which are used for TEC computation
on the study of TEC from GPS at the equatorial magnetic latitude region. The median cut is for
reducing the complexity of GPS receiver estimation of TEC computation. Lagrange interpolation
is for saving the times in finding the GPS receiver bias and TEC. In addition, new ionospheric data

analysis in comparison with the IRI model is shown.

1.6 Literature reviews

The ionospheric studies are found in the literature that report comparisons of TEC obtained
by different techniques at different locations and comparisons of TEC measurements with
predictions of models such as the IRI models (Bilitza et al., 1998; Belehaki et al., 2003, 2004;
Gulyaeva et al., 2002; Huang and Reinisch, 2001; Jakowski et al., 1998; Jodogne et al., 2004;
Mosert et al., 2004; Oru's et al., 2003; Sethi et al.,2001).

For the equatorial latitude region, the availability of TEC measurement data is required for
the development of ionospheric models such as the International Reference Ionosphere (IRI)
(Bilitza, 2001; Bilitza and Rinisch, 2008). Adohi et al. (2008) investigated the equatorial night-
time behavior for the F-layer from ionogram at Korhogo, Ivory Coast in 1995, declining solar flux
period, according to the magnetic activity. Bremer (2008) studied the trend of the critical frequency
of the E and F layers and found that the values are slightly dependent on the longitudes with an
indication of the variation at the mid latitude regions. Forbes et al. (2000) investigated the
variability of the ionosphere and observed that the TEC increased as the magnetic activity increases
from lower to higher latitudes. Rabiu et al. (2007) examined the variability of the equatorial
ionosphere inferred from the geomagnetic field measurement and made the statement that the
daytime magnitude of the solar daily variation in the magnetic field is greater than the nighttime
magnitudes for all months.

Measurements of the ionospheric TEC are useful for determining the delay of a radio signal
transmitted from a GPS satellite to a ground receiver (Davies, 1980; Goodwin et al., 1995). In this
study, TEC‘monitoring improved by GPS satellites has been used to investigate the variation in the

ionospheric slab thickness according to diurnal, seasonal, and solar activity variations in the



equatorial ionization anomaly (EIA) region. The ionospheric slab thickness is defined as the ratio
of TEC to the maximum electron density of the F-region (NmF2), proportional to the square of the
F2-layer critical frequency (foF2). Ionospheric slab thickness may also be regarded as the depth of
an imaginary ionosphere that has the same TEC as the actual ionosphere and a uniform electron
density is equal to the maximum electron density of the actual ionosphere (Chuo, 2007).

The GPS receiver biases are estimated by various researchers. For a single stafion, a GPS
receiver bias is estimated by two methods that can be found in the literature. The first group of
studies estimates GPS receiver bias by using a polynomial of coordinates in Earth-Sun reference
system. The polynomial coefficients and biases being the unknowns, the observations form a linear
system of equations that is solved by the least squares method (Lanyi and Roth, 1988; Coco et al.,
1991; Jakowski et al., 1996; Warnant, 1997; Lin, 2001; Kee and Yun, 2002; Otsuka et al., 2002;
Chen et al,, 2004). In the second group of studies, the trial receiver biases are used in TEC
computation then the receiver bias that minimizes the standard deviation is chosen as the receiver
bias value for that GPS station (Ma and Maruyama, 2003; Zhang et al., 2003). However, both of

the two methods have to be used off-line.



CHAPTER 2

IONOSHPERE

In this chapter, the structure of ionosphere, the ionospheric measurement, the ionospheric
parameters, the ionospheric models and the variation of ionospheric are explained. In addition, the
information on Chumphon ionospheric station and the importance of this station are described.

The ionosphere is a part of the upper atmosphere comprising portions of the mesosphere,
thermosphere and exosphere. It is ionized by solar radiation and plays an important part in
atmospheric electricity. It has practical importance because, among other functions, it influences
radio propagation to distant places on the Earth. In Figure 2.1, the structure of the neutral
atmosphere consists of troposphere, stratosphere, mesosphere, thermosphere, and exosphere. For

the structure of the ionized atmosphere, there are troposphere, stratosphere, and ionosphere.
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Figure 2.1 The structure of neutral and ionized atmosphere layers. Adapted from the formation of
the earth’s ionospheric regions, in The Earth’s Ionosphere, retrieved January 10, 2014, from

http://utd500.utdallas.edw/ionosphere.htm.



2.1 Structure of the ionosphere

The ionosphere is a region of the upper atmosphere in which the density of free electrons
is large enough to have an effect on the propagation of radio waves (Davies, 1980). The ionosphere
is 60-1500 kilometers (km) above the Earth's surface and forms the transition region between the
neutral atmosphere and the fully ionized magnetospheric plasma. The ionosphere is constituted of
free electrons and ions which are produced during interaction of extreme ultra violet (EUV) and X-
ray radiation with upper atmosphere neutral gas during ionization, a process involving the stripping
of electrons from neutral atoms in the atmosphere to form positively charged ions and negatively
charged electrons. The total number of free ions and electrons in the ionosphere is determined by
the rate at which specific species of ions recombine with electrons to form neutral atoms, a process
called recombination.

In the ionosphere, there are two types of recombinations which are radiative recombination
and dissociative recombination. For radiative combination, the electrons combine directly with
ions, converting them into neutral atoms and emitting a photon to conserve energy and momentum.
The dissociative recombination is a two-step process. In the first step, positive ions interact with
neutral molecules, replacing one of the atoms in the molecule and forming a neutral atom and a
positively charged molecular ion. In the second stage, electrons combine with the newly formed
molecular ion, forming two neutral atoms. The dissociative recombination rate is faster than the
radiative recombination, resulting in much shorter lifetime for molecular ions than for atomic ions
(Bremer, 2008). Due to molecular ions’ short lifespan, when their productions are rapidly reduced
at night, rapid recombination quickly reduces the plasma concentration. Daytime ionization
involving UV radiation is called the photoionization. Because different gas atoms and molecules
are more abundant in some regions of the neutral atmosphere than others, ionization and
recombination of the different species result in differing electron densities concentrated at different
regions of the ionosphere (Forbes et al., 2000).

Figure 2.2 shows the ionosphere layers where the electrons and ions of thermal energy are
present, as a result of ionization of the neutral atmospheric constituents by electromagnetic and
corpuscular radiation. At daytime, there are four layers in the ionosphere including D-layer, E-
layer, and F1 and F2-layers. At nighttime, the ionosphere merges the four layers into three layers

by replacing the F1 and F2-layers with the F-layer located higher in altitude.

The lower boundary of the ionosphere coincides with the region where the most

penetrating radiations produce free electron and ion pairs in numbers sufficient to affect the



propagation of radio waves in the D-region. The upper boundary of the ionosphere is next to the
earth upper atmosphere with the condition of the solar wind. At the nighttime, the ionosphere can

extend to greater distances, representing the solar wind shadow.
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Figure 2.2 The ionosphere layers in daytime and nighttime. Reprinted from Astrosurf, in HF

Propagation tutorial, retrieved January 10, 2014, from http://www.astrosurf.com/luxorion/Radio/.

2.1.1 D-layer

The D-layer is 60 km to 90 km above the surface of the Earth. Ionization here is due to
hydrogen radiation at a wavelength of 121.5 nanometers (nm) ionizing nitric oxide (NO). In
addition, the high solar activity hard X-rays (wavelength < 1nm) may ionize (N,, O,). During the
night, cosmic rays produce a residual amount of ionization. Recombination is high in the D-layer,
the net ionization effect is low, but loss of wave energy is great due to frequent collisions of the

electrons. As a result, high-frequency (HF) radio waves are not reflected by the D-layer but suffer



a loss of energy. This is the main reason for absorption of HF radio waves, particularly at 10 MHz
and below, with progressively smaller absorption as the frequency gets higher. The absorption is
small at night but large about midday. The layer reduces greatly after sunset; a small part remains
due to galactic cosmic rays. A common example of the D-layer in action is the disappearance of

distant AM broadcast band stations in the daytime (Aggson et al., 1995).

During solar proton events, ionization can reach unusually high levels in the D-region over
high and polar latitudes. Such very rare events are known as Polar Cap Absorption (or PCA) events,
because the increased ionization significantly enhances the absorption of radio signals passing
through the region. In fact, absorption levels can increase by many tens of dB during intense events,
which is enough to absorb most transpolar HF radio signal transmissions. Such events typically

last less than 24 to 48 hours.
2.1.2 E-layer

The E layer is the middle layer, 90 km to 120 km above the surface of the Earth. Ionization
is due to soft X-ray (1-10 nm) and far ultraviolet (UV) solar radiation ionization of
molecularoxygen (O,). Normally, at oblique incidence, this layer can only reflect radio waves
having frequencies lower than about 10 MHz and may contribute a bit to absorption on frequencies
above. However, during intense Sporadic E events, the E_ -layer can reflect frequencies up to 50
MHz and higher. The vertical structure of the E-layer is primarily determined by the competing
effects of jonization and recombination. At nighttime, the E-layer rapidly disappears because the
primary source of ionization is no longer present. After sunset, an increase in the height of the E

layer maximum increases the range to which radio waves can travel by reflection from the layer.

The E, -layer (sporadic E-layer) is characterized by small, thin clouds of intense ionization,
which can support reflection of radio waves, rarely up to 225 MHz. Sporadic-E events may last for
just a few minutes to several hours. Sporadic E propagation makes radio amateurs very excited, as
propagation paths that are generally unreachable can open up. There are multiple causes of
sporadic-E that are still being pursued by researchers. This propagation occurs most frequently
during the summer months when high signal levels may be reached. The skip distances are
generally around 1,000 km. Distances for one hop propagation can be close to 900 km or up to
2,500 km. Double-hop reception over 3,500 km is possible (Gulyaeva et al., 2002).



2.1.3 Fl-layer

The Fl-layer is 120 km to 200 km above the Earth’s surface. It disappears at nighttime
when it combines with the F2-layer to form the nighttime F-layer. Ionization of atomic oxygen (O)
by He emission or by Lyman continuum lines, probably accompanied by N2 ionization which
disappears after sunset. Most of the ionization is in the molecular form and disappears by the
dissociative recombination.

2.1.4 F2-layer

The F2-layer begins at 200 km and peaks at about 300 km, in daytime. The F2 layer’s
height and electron density are highly variable and large daily, seasonal and sunspot-cycle
variations are combined with general erratic behavior. Ionization is due to extreme ultraviolet
radiation (EUV) (10-100 nm) solar radiation of atomic oxygen (O). The ionosphere’s highest

electron density values are present in the F2-layer.

2.2 Ionospheric measurement

In the ionospheric measurements, an ionosonde is a special radar for the examination of
the ionosphere. Figure 2.3 shows the block diagram of the ionosonde system that is installed at
Chumphon station. The ionosonde system consists of:

(1) Two antennas, one for a high frequency (HF) transmitter which can
automatically tunable over a wide range 2-30 MHz and another for a tracking HF receiver which
can automatically track the frequency of the transmitter.

(2) Low pass filter and power amplifier circuits with a suitable radiation pattern
which transmits well vertically upwards and is efficient over the whole frequency range used.

(3) A GPS antenna which is used for synchronous signal.

(4) A personal computer set for data recording

(5) Connecting components such as coaxial cable, RS232, and 25-pin cable.
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CHAPTER 5

GPS RECEIVER BIAS ESTIMATION

As mentioned before in Chapter 4, the current GPS receiver bias estimation methods have
a high complexity. In Chapter 5, the two new methods of GPS receiver bias estimations are
proposed to reduce the complexity and time of the GPS receiver bias estimation. The two methods
are median cut and Lagrange interpolation which are also compared to the two current methods,
polynomial and minimization of standard deviation, which are given in more details in the

following sections.

5.1 Literature review on bias estimation

In the past few years, Global Positioning System (GPS) dual frequency signals have been
widely used to estimate both regional and global TEC values. TEC can be derived from the delay
of the traveling time of the transmitted dual-frequency GPS signals, recorded at the earth-based
receivers. Yet, variation of the ionospheric refractive index with frequency is a major source of
error in computation of group delay and phase advance of GPS observables. Absolute TEC can be
measured from the differential delay of the GPS code on the two GPS frequencies. For both GPS
precise positioning applications and for accurate TEC estimation, the effect of interfrequency
satellite and receiver differential delay biases should be removed from GPS measurements (Brunini
etal., 2005; Chen et al., 2004; Coco et al., 1991; Otsuka et al., 2002; Warnant, 1997). The receiver
biases are also referred to as receiver instrumental bias, receiver differential bias, receiver offset,
differential codebias (DCB) and interfrequency bias (IFB). The differential code biases are
investigated by various researchers. Some methods are developed to obtain TEC and differential
biases by considering more than one station in their computation and model TEC on the double
differences of GPS recordings (Hernandez-Pajares et al., 2004; Makela et al., 2001; Sardon et al.,
1994; Warnant, 1997). For single-station TEC and differential receiver bias estimates, there are two
basic approaches that can be found in the literature. First group of studies models TEC by a
polynomial of coordinates in Earth-Sun reference system. Both satellite and receiver biases are also
included in the model. The polynomial coefficients and biases being the unknowns, the

observations form a linear system of equations that is solved by least squares method (Chen et al.,
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2004; Coco et al., 1991; Jakowski et al., 1996; Kee and Yun, 2002; Lanyi and Roth, 1988; Lin,
2001; Otsuka et al., 2002; Warnant, 1997). In the second group of studies, for a selected
measurement time, TEC is computed from different satellites over a certain angle of elevation, and
the computed TEC values are considered be close to each other. This proximity is found by
calculating standard deviation of TEC obtained from all satellites. To obtain the optimum receiver
bias value, trial receiver biases are used in TEC computation and the receiver bias that minimizes
the standard deviation is chosen as the receiver bias value for that GPS station (Ma and Maruyama,
2003; Zhang et al., 2003). Both of the above methods can be applied to estimate differential receiver
biases for a single station, yet they have to be used off-line.

Differential satellite and receiver biases can also be obtained from internet for a few number
of GPS stations from International GPS Service (IGS) analysis centers, namely, the Center for Orbit
Determination in Europe (CODE) University of Berne, Switzerland; Jet Propulsion Laboratory
(JPL) Pasadena, CA, USA; European Space Operations Center (ESOC) of European Space '
Agency (ESA), Darmstadt, Germany; and gAGE/UPC of Polytechnical University of Catalonia,
Barcelona, Spain. Global Ionospheric TEC maps (GIM) and interfrequency bias solutions of these
analysis centers and are available at the web sites fip://igs.ensg.ign.fr/pub/igs/iono or ftp:/
cddis.gsfc.nasa.gov/gps/products/ionex/ in the form of IONosphere Map EXchange Format
(IONEX) files. Most of the IGS receiver differential biases provided in the IONEX files are
monthly averages of daily values and do not represent the daily variations. The algorithms to
compute the receiver bias values are not clearly explained in the literature, and thus the results
cannot be duplicated by other users. Also, the values provided for receiver biases in IONEX files

from various centers are not always in accordance with each other (Brunini et al.,2005).

5.2 Median cut

Median cut is an algorithm to sort data of an arbitrary number of dimensions into series of
sets by cutting each set of data at the median point. Median cut method is a mathematical procedure
technique to identify all combinations of basic events that result in the occurrence of the top event.
These basic event combinations, called median cut, are then reduced to identify those “minimal”
median cut, which contain the minimum sets of events necessary and sufficient to cause of the top
event. Median cut analysis is described in many texts including Henley and Kumamoto (1981).
This methodology is applicable to GPS receiver bias data, regafdless of size of complexity, that

satisfy the following conditions.
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In this thesis, the median cut method is used by the median cut algorithm to sort GPS

receiver bias data of an arbitrary number of dimensions into series of sets by cutting each set of

GPS receiver bias data at the median point.
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Figure 5.1 The median cut method (a) original data set and (b) median cut data.

In Figure 5.1(a), the original data set shows the data values varying between 3 to 9 points

for each slots. After using the median cut in Figure 5.1(b), the data value has only one value that is

5. So, now, each data slots is given at 5 points.
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5.3 Lagrange interpolation

Lagrange interpolation is the interpolation method which is used to find the derivatives
and integrals of discrete functions in data. Many times, GPS receiver bias data is given only at
discrete points time and bias values such as (x.%). (%.5), weeee s (B¥ur)s (%..3,). So, how then
does one find the value of y at any other value of x ? A continuous function f(x) may be used to
represent the n+1 data values with f(x) passing through the n+1 points as Figure 5.2. Then one
can find the value of » at any other value of x. A Lagrange interpolation is a common choice for
an interpolating function because this interpolation is easy to find a polynomial of order # that
passes through the »+1 data points.

The Lagrange interpolation is given by
J.(%) =ZLi(x)f(xI) (5.1
i=0

where 7 in f,(x) stands for the n*" order polynomial that approximates the function y = f(x)

given at n+1 data points as

(xo,yo),(x,,y,), ...... ,(xn_,,y”_l),(xn,yn) , (5.2
and
L) =] [ (53)
5? xl —xj

where Z,(x) is a weighting function that includes a product of #—1 terms with j =i omitted.

fx)

(xn)’l) \

(xz’}’z)

(xs’}’s)

(xm)’o)

v
b

Figure 5.2 The Lagrange interpolation for the discrete points.
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In this thesis, the 5" order Lagrange interpolation (Gil, Segura, and Temme, 2007; Stoer
and Bulirsch, 2002) is presented for the proposed method. In the 5" order Lagrange interpolation,
there are 6 points which stand for the GPS receiver biases at the first point, pre-sunrise point,
noontime pint, post-sunset point, midnight point, and the last point in each days. The equation for

the 5" order Lagrange polynomial interpolation is

y(x) =D L)) (5.4)
i=0

= Ly () y(%) + L(x)y(x) + L (x)7(%;) + L () (%)

(5.5)
+ L, (x)y(x,) + L (x) y(x5)
where
L,(x)= H (5.6)

xmx f xmxy [ X=X | x-x, | x—Xs 5.7)
X=X N\ X=X AXog—%;3 A\ Xg =X, \ X —Xs '
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7=0 ¥ — X,
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fxox [ xmx (xmx | xox ) x-x (5.9
X =X AKX N\ XX A\ K X S\ 0 T Xs |
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5.4 Current GPS receiver bias estimation methods

As it is discussed in the literature, there are various GPS receiver bias estimation
algorithms, and the most commonly used method can be roughly grouped into two methods.

5.4.1 Polynomial model of VTEC method

In this method, VTEC is modeled as a polynomial function that is a function of ionospheric
pierce point coordinates in a coordinate system referenced to Earth-Sun axis (Lanyi and Roth,
1988). Ionospheric pierce point coordinates are provided by Lanyi and Roth (1988), using the
angular definitions between the satellite and GPS receiver coordinates and ionospheric thin shell

height. The slant TEC is modeled as a polynomial of angular coordinate differences as follows
STEC] (n)= o +M(s,, (m)(c, +c,8, +¢,0, +c,b.+cs8,0,+¢0)) (5.19)

where 0] denotes the sum of satellite and receiver biases where subscript  and superscript m
denote receiver and satellite, respectively. The function €, (1) can be computed from satellite-
receiver geometry using satellite ephemeris data, Jp , and é;, are longitude and latitude respectively,
¢;, =1,...,6 are the coefficients that form the VTEC polynomial.

Once the slant TEC is computed, the vertical TEC, VTEC, can be obtained using the thin

shell approximation of Single Layer Ionosphere Model (SLIM) as

VIEC] (n)= STEC, () (5.20)
M(e, (n)
The mapping function M(€,,) is
. Reos A(n) ,-V2
cos A(n
M =|1-| ———= 5.2
(S ) [ & )] (520

where A is the satellite elevation angle, R is the earth radius of 6,378.137 km and 4 is the
ionospheric shell height of 428.8 km from Schaer (1999).

The polynomial coefficients and offset values can be obtained using a least squares
approximation separately for nighttime and daytime measurement sessions. The satellite ephemeris

data and satellite biases are widely available in IONEX files from IGS centers. For each satellite
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and time index for the chosen two hour duration, equation (5.19) is formed. For example, for

satellite m, and time index n,, the equation (5.19) takes the form of

STEC™ (m,)=of" + M(<,, (n))VTEC™(n,) (5.22)
where
VIECT (n)=c, +c,dm (m)+c,0m )+, [ B () | +edm (m)Br (m) + g[8 (n) ]
(5.23)

When the equation (5.22) and (5.23) are written for M, satellites and N, measurement
samples, M, x N, equations are obtained for one observation session. Then, the total bias, 0,"" , and
coefficients ¢,, ¢, ¢;, c,, Cs, C; are solved using least squares. Since the 0] value is different for
each satellite, satellite biases obtained from IONEX files are removed from these median values to
compute receiver bias. Then, the median of these receiver bias values over the 24 hour period are
taken to obtain a single daily receiver bias value. The block diagram of polynomial method is used

to find the GPS receiver bias as shown in Figure 5.3.
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Calculate VTEC
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Calculate VTEC with GPS

receiver bias values

!

VTEC

Figure 5.3 The block diagram of polynomial method for GPS receiver bias estimation.
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5.4.2 Minimization of standard deviation of VTEC method

The other method for receiver bias estimation is the minimization of the standard deviation
of VTEC that is computed from different satellites as discussed by Ma and Maruyama (2003). This
method may be implemented for the measurements of a single receiver or a group of receivers. The
minimization of standard deviation method assumes that the VTEC computed from each satellite
in view should be equal since the measurement time and vertical path of satellite zenith are the
same. This assumption is valid if the satellite and receiver biases are correctly removed from GPS
measurements. Also, most VTEC computation techniques assume both the spatial homogeneity of
ionosphere for a wide range of elevation and azimuth angles and a temporal stationarity period of
at least 5 to 15 minutes (Arikan et al., 2003; Komjathy and Langley, 1996). In this method, a range
of receiver bias values are applied and VTEC is calculated for each bias selection. If the correct
receiver bias is selected, the standard deviation of VTEC data from each satellite with respect to
the mean should be minimum (Ma and Maruyama, 2003).

The standard deviation of VTEC data for a measurement period can be computed from Ma

and Maruyama (2003)

N,
6,.,=.0,(n (5.24)
n=1

where O, , is a total standard deviation of TEC and

I & m —  \2
o,(n)= FZ(VTEC,, (n)-—VTEC"(n)) (5.25)

¢ n=l

and M, denotes the total number of satellites and N, is duration of the desired measurement time
interval in samples. In equation (5.24), the total standard deviation is obtained by summing the

standard deviation value of each measurement samples where N, is selected as 24 hours for this

study corresponding to 2880 GPS measurements. VTEC, (n) denotes the average of all VTEC
from M, satellites.

The minimization of standard deviation of VTEC method is applied by using trial receiver
bias values starting from - 30 ns to 30 ns at the 0.001 ns steps. For each receiver bias value, VTEC
and total standard deviation O, are calculated using the equation (5.24) and (5.25). The receiver

bias value that gives the minimum total standard deviation is the chosen receiver bias value.
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Figure 5.4 The minimization of standard deviation method for estimating the GPS receiver bias.

The block diagram of the minimization of standard deviation method is shown in Figure
5.4. The GPS receiver bias is estimated by selecting the tried out GPS receiver value which gives

the minimum standard deviation of VTEC values.
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5.5 Proposed GPS receiver bias methods

In this thesis, there are two problems which need to be solved on finding GPS receiver
bias. One is to reduce the complexity of GPS receiver bias estimation. The other is to the GPS
receiver bias estimation at the missing points. Solving those two problems, the two GPS receiver
bias methods are proposed. The median cut method is for reducing the complexity of GPS receiver
bias estimation method and the Lagrange interpolation method is to estimate the receiver bias for a
missing point. At the preparing data set, the two methods are applied from the minimization of

standard deviation of VTEC method as giving more details in section 5.3.1 and 5.3.2.

5.5.1 Median cut method for GPS receiver bias estimation

The GPS receiver bias is estimated by using the minimization of standard deviation of
VTEC method. For this method, the GPS receiver bias is assumed to be consistent value in every
15 minutes. The receiver bias (b, ) is obtained from the median cut algorithm by using the median
cut. The GPS receiver biases are in ns unit which are obtained from the GPS RINEX file at
Chumphon station during 2004-2013. Figure 5.5 shows the block diagram of the median cut
method.

Median cutdata

l

Select a time point

GPS receiver bias

\ 4
Calculate VTEC with
STEC and GPS receiver

bias values

l

VTEC

Figure 5.5 The block diagram of median cut method used to find the GPS receiver bias.
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The daily median of GPS receiver bias is to be 96 points a day in 2004-2013. x is a time
point for each 15 minutes and y is a median GPS receiver bias for each time point. The data structure
for daily median of GPS receiver biases is constructed in Table 5.1. Then, the algorithm of median
cut method is in the Table 5.1 which is used as the representative median cut data of GPS receiver

bias for any days and years.

Table 5.1 Median cut data for the daily median GPS receiver bias.

S I AN B B A I 4 y * Y x Y x Y Yy | *| VY

1 3113 375 1 25 4.5 | 37 =575 | 49 -5.5 | 61 5173 -5 | 85 -5.25
2 -325 | 14 4126 45| 38 -5.75 | 50 -5.5 | 62 475 | 74 -5 | 86 -5
3 315 -4 | 27 475 | 39 -5.75 | 51 -5.25 | 63 475 | 75 -5 | 87 -5
4 -3.25 | 16 -4 | 28 ~4.75 | 40 -5.75 | 52 -5.5 | 64 475 | 76 -5.25 | 88 -5
5 375117 -4 |29 475 | 41 6| 53 -5.25 | 65 435 | 17 -525 | 89 -5
6 375 18 -4 | 30 -5 | 42 6| 54 -5.25 | 66 475 | 18 -5.25 | 90 -5
7 33519 -4.25 | 31 -5 | 43 6| 55 -5.25 | 67 475 | 719 =525 | 91 -5
8 -3.75 | 20 425 | 32 <525 | 44 -5.75 | 56 -5 | 68 -4.75 | 80 =525 | 92 -5
9 -4 (21 ~4.25 | 33 55| 45 =575 | 57 -5 169 -4.75 | 81 =525 | 93 -5
10 -4 |22 45 | 34 -5.5 | 46 -5.75 | S8 5170 -4.75 | 82 -525 | 94 -4.75
11 -4 123 45 | 35 5.5 | 47 -5.75 | 59 S| -4.75 | 83 =525 | 95 ~4.75
12 375 1 24 4.5 | 36 =575 | 48 5.5 | 60 S -4.75 | 84 -5.25 | 96 ~4.75

From the above data structure in Table 5.1, the daily median GPS receiver is plotted against

15 minutes time point as shown in Figure 5.6.
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Figure 5.6 The daily median GPS receiver.
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5.5.2 Lagrange interpolation method for GPS receiver bias estimation
For this method, the GPS receiver bias estimation is calculated by using the 5" order
Lagrange interpolation. According to the Lagrange interpolation method, six important points for

daily median GPS receiver biases are selected from the daily median 15 minute GPS receiver biases

as follow
x, =1, y(xo)=_3 x =16, y(xl)=_4 x, =43, y(x2)=_6
x, =64, y(x,)=-4.75 x, =80, y(x,)=-525 x, =96, y(x,)=-4.75

Then, using the equation (5.4)-(5.18) of the Lagrange interpolation method for GPS receiver bias

is defined as follows

y(x) = =3.177179993438 + 0.167520974463x — 0.026621541654x* + 0.000081300189x°
-0.000000955941x* +0.0000000038868x°, 1<x<96

(5.26)

As an example of the Lagrange algorithm, let x = 1 (UTC time at 0:15) in equation (5.26), then
y(1) = -3.177179993438 +0.167520974463(1) - 0.026621541654(1)

+0.000081300189(1)° — 0.000000955941(1)* +0.0000000038868(1)°

=-3.0355

The estimated GPS receiver bias at 0:15 UTC is -3.0355 ns, which is close to the -3 ns at the selected
point.

This method, the time is required to be selected to find the GPS receiver bias. Selected
time can be outside of 15 minutes interval. For example, if the selected time is 0:01 UTC. Then,
time point for finding GPS receiver bias is scaled and the result of GPS receiver bias is calculated

as following. Let UTC time at 0:15 be 1, then 0:03 is
3— x1=0.2
15
$(0.2) = —3.177179993438 +0.167520974463(0.2) — 0.026621541654(0.2)"

+0.000081300189(0.2)° - 0.000000955941(0.2)* +0.0000000038868(0.2)°

=-3.1447

Then, the estimated GPS receiver bias at 0:03 UTC is -3.1447 ns which is used for VTEC

calculation.
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Figure 5.7 The block diagram of Lagrange interpolation method for GPS receiver bias estimation.

In Figure 5.7, the block diagram of Lagrange interpolation method is presented for
estimating the GPS receiver bias. The input for this method is 96 GPS receiver bias values. This
method gives more than 2880 GPS receiver bias values which depend on the interval time.

In this thesis, the two methods are not only proposed methods in this thesis, but also used
for VTEC computation in Chumphon station. The advantages of two proposed method are that the
complexity of finding GPS receiver bias is reduced and the time of GPS receiver bias estimation at

a specified time can be achieved as well.
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6.1.6 The variation of the peak electron density in the F2-region (NmF2)

In this section, we use the parameter foF2 which is obtained from the ionogram recorded

at Chumphon station during 2004-2009 to calculate the NmF2 values following as shown in Figure

6.13. The plotting time starts at 0000 LT. It can be seen that the daytime values in 2004 are larger

than those during 2005- 2009. The minimum values occur in the winter of 2008 and the maximum

values are in the equinox of 2004. The minimum value of NmF2 occurs between 0400 LT and 0600

LT, the pre-sunrise hours in all seasons.
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Figure 6.13 Seasonal variations of NmF2 results at Chumphon station during 2004-2009.
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6.1.7 The variation of ionospheric slab thickness

After calculation on NmF2 and TEC, the results of slab thickness can be found. As shown
in Figure 6.14, this thesis study shows the diurnal variation of slab thickness for equinox, summer
and winter seasons at Chumphon station from 2004 to 2009. It can be seen that the diurnal variation
of slab thickness pattern follows similar trends during these three years. During day time, the slab
thickness ranges from 200 kilometers to 580 kilometers for all seasons. During nighttime, the
maximum value of slab thickness is 1250 kilometers for summer in 2004 with the maximum values
occurring at pre-sunrise hours, and the minimum values occurring at nighttime hours. The
maximum value of slab thickness occurs when the peak electron density in the F2 region is at the
lowest level. The diurnal variation shows abnormal peaks during 0300 LT-0500 LT, the pre-sunrise
hours. Furthermore, the diurnal variation shows two minima at 0900 LT and 1900 LT, during the

post-sunrise and sunset hours.
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Figure 6.14 Seasonal variations of slab thickness results at Chumphon station during 2004-2009.
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As a result, the average daily slab thickness is greatest during summer and the lowest value
is during equinox of 2007. In addition, the slab thickness values are greater during nighttime than
those during daytime for all seasons. Among all three years, the average TEC is lower as the year
goes up, due to the higher solar activity in 2004 than 2005 to 2009. For all seasons from 2004-2009,
our study confirms the results of Jayachandran et al. (2004) for the slab thickness variation at low,
mid, and high latitudes.

This study also compared the slab thickness at Chumphon station in the equatorial latitude
with Kokubunji station (35.71°N, 139.49°E) at the mid latitude. The slab thickness data at
Kokubuniji are given by Dr. Takuya Tsugawa from NICT, Japan. The results from Chumphon and
Kokubunji stations are shown from 2004 to 2006 in Figure 6.15. In Figure 6.15, the dotted line
represents the slab thickness variation at Chumphon station and the solid line is for Kokubunji
station. The x axis represents the universal time (UT) and y axis is for TECU at all seasons during
2004-2006. The local times at Kokubunji station are two hours ahead of Chumphon.

As shown, the maximum slab thickness at Chumphon station is higher than that at
Kokubunji station for summer during 2004-2006. During daytime, the lowest slab thickness
variation is 150 kilometers at Chumphon station while the slab thickness variation reaches 1180
kilometers at Kokubunji station. However, during nighttime, the lowest slab thickness variation
occurs at Kokubunji station but the highest slab thickness variation peaks, 1250 kilometers, at
Chumphon station. In the equinox, the difference in the maximum slab thickness between
Chumphon station and Kokubunji station is 200 kilometers. In the summer, the peak difference is

as high as 850 kilometers, while, in the winter, this difference is about 450 kilometers.
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Figure 6.15 The variations of slab thickness at Chumphon and Kokubunji during 2004-2006.

6.2 Discussions

The data of TEC are obtained from Chumphon station, Thailand, located near the magnetic

equator during 2004-2013. Those data are used for deriving and analyzing the diurnal, monthly,

and seasonal variations. The GPS TEC derived from the TEC data at Chumpon equatorial station,

Thailand is compared with the IRI TEC (IR1-2007 TEC) and the IGS TEC from 2004 to 2013. The

maximum differences are about 15 TECU during daytime and about 5 TECU during nighttime.

When compared with the IGS TEC, the GPS TEC measurements from the Chumphon station and

the IGS model are quite similar, and both are higher than the TEC predicted from IRI-2007 model.

The IRI-2007 model fits the GPS TEC data mostly in the momning hours, but generally

underestimates the GPS TEC since the plasmasphere is not included in the model. The

underestimation is more apparent at daytime than nighttime, particularly, during the noon bite-outs.
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The ionospheric delay time effects on the Chumphon station at equatorial region. The GPS
receiver receives the GPS delay signal according to the ionosphere layer by maximizing at 25 ns.
The highest delay time for GPS satellites during 2004-2013 is 21.661 ns and the lowest delay time
is 7.221 ns.

The study indicates that the minimum NmF2 values occur in the winter of 2008 and the
maximum values are in the equinox of 2004. The minimum value of NmF2 occurs between 0400
LT and 0600 LT, the pre-sunrise hours in all seasons. The slab thickness variation at the equatorial
latitude of Chumphon location is about 200-580 kilometers during daytime for all seasons. The
highest slab thickness variation peaks at 1250 kilometers. However, at low latitude, the slab
thickness variation is about 239-344 kilometers from Jayachandran et al. (2004) and about 160-300
kilometers studied by Gulyaeva et al. (2004). For mid latitude, the slab thickness variation is about
304-345 kilometers reported by Jayachandran et al. (2004) and about 153-346 kilometers studied
by Gulyaeva et al. (2004). Similarly, for high latitude, slab thickness variation is about 235-351
kilometers and 143-346 kilometers from Jayachandran et al. (2004) and Gulyaeva et al. (2004),
respectively. At the equatorial latitude of Chumphon station, the median diurnal variations of the
seasonal slab thickness are at the highest levels during the summer. This result is also found by
Chuo (2007) for low latitude and by Jayachandran et al. (2004) for mid-latitude and high latitude.
However, Gulyaeva et al. (2004) shows that the highest values of slab thickness at low latitude are
at equinox.

At Chumphon station, the local minimum for foF2 around 1200 LT is caused by the strong
eastward electric field and the resulting fountain effect. In general, lower TEC and NmF2 in the
summer as compared to other seasons are caused by atmospheric composition changes, generally
referred to as the seasonal anomaly (Chuo, 2007). Higher NmF2 values and smaller slab thickness
in the equinox as compared to the other seasons around midnight are caused by the convergent wind
toward the equator. A large slab thickness around 0300LT-0500 LT can be interpreted as follows:
During the night, chemical recombination proceeds in the lower ionosphere. At mid-latitudes,
however, plasma is supplied from the plasmasphere along magnetic field lines. The equatorial
jonosphere on the other hand is not connected to the plasmasphere by magnetic field lines, and
therefore no plasma replenishment is provided.

The increasing in foF2 and TEC with decreasing slab thickness indicates that TEC
increases lower than NmF2. It is interesting to note that there is an abnormal peak (1250 km) in the

slab thickness during the pre-sunrise period (0300LT - 0500 LT), particularly in summer and winter
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for all the solar phases. Two major factors are associated with this peak at pre-sunrise: electric field
and zonal neutral wind. Woodman (1970) reports an enhanced vertical plasma drift before the
sunrise in the F-region at Jicamarca. In addition, the researchers (Krishna Murthy et al., 1990;
Aggson et al., 1995; Titheridge, 1973) have suggested that the pre-sunrise peak in the slab thickness
is due to the downward movement of the ionosphere, when the neutral winds maintaining the
ionosphere decrease or reverse. The post-sunset increase in the slab thickness observed during
different seasons at low latitudes (Bhuyan et al., 1986) could be attributed to the equatorial pre-
reversal enhancement caused by the occurrence of a post-sunset strong eastward electric field
existing over equatorial latitudes (Fejer et al., 1979).

As the GPS signals propagate through the ionosphere, they are refracted and slowed
especially when they traverse regions of intense auroral currents. The ionosphere is used as a
transmitter of radio frequency communication signals. The radio wave communication is
significantly influenced by the ionospheric properties such as TEC, foF2, and slab thickness. High
frequency radio wave communications are most affected from the ionosphere to carry the signal to
distances beyond the local horizon. At the times of high ionospheric activity, the signal can be even
completely absorbed making the HF radio propagation impossible and can be degraded or even
completely lost during times of high solar activity. The ionospheric delay time effects on the
Chumphon station at equatorial region. The GPS receiver is received the GPS delay signal
according to the ionosphere layer by the minimum delay frequency which transmits signal from
GPS satellites to the GPS receivers at 46.166 MHz and the maximum delay frequency from GPS
to the GPS receiver at 138.48 MHz.



CHAPTER 7

CONCLUSIONS AND SUGGESTIONS

7.1 Conclusions

In this thesis, the two proposed GPS receiver bias methods are presented for improving the
TEC computation. One is the median cut method and the other is the Lagrange interpolation
method. These two methods are suitable for a single GPS receiver station. The proposed methods
described in the thesis are efficient and qualified for use to derive the absolute TEC, and to
determine the biases of GPS receiver. Since the daily variation of GPS satellite biases is small, it is
only necessary that the instrumental receiver biases be estimated or calibrated from time to time.
The proposed median cut method for estimating a single receiver’s bias is faster and sufficiently
accurate for a receiver at the equatorial magnetic latitude. Lagrange interpolation method has the
advantage to meet the requirement of being able to monitor the ionosphere in near real-time
applications.

The GPS-derived TEC is mainly contributed from the electrons in the F2-region. Those
data are used for deriving and analyzing the diurnal, monthly, and seasonal variations. The GPS
TEC derived from the TEC data at Chumpon equatorial station, Thailand is compared with the IRI
TEC (IRI-2007 TEC) and the IGS TEC from 2004 to 2013. The maximum differences are about 15
TECU during daytime and about 5 TECU during nighttime. When compared with the IGS TEC,
the GPS TEC measurements from the Chumphon station and the IGS model are quite similar, and
both are higher than the TEC predicted from IRI-2007 model. The IRT-2007 model fits the GPS
TEC data mostly in the morning hours, but generally underestimates the GPS TEC. The
underestimation is more apparent at daytime than nighttime, particularly, during the noon bite-outs.

This study shows that the slab thickness at Chumphon located near the equatorial latitude
is much larger than those found at the low, mid, and high latitudes. The seasonal variations show
that the largest average slab thickness appears during summer, but the lowest value occurs during
the equinox. The diurnal variation shows abnormal peaks at 1250 kilometers during 0300LT - 0500
LT, the pre-sunrise hours in the summer of 2004. During daytime, the slab thickness ranges from
200 to 580 kilometers for all seasons. During nighttime, the value of slab thickness varies between

200 and 1250 kilometers. In addition, this study finds that the maximum ionospheric slab thickness
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value at Chumphon is higher than the maximum value at Kokubunji. The result confirms that the
slab thickness at the equatorial latitude is larger than those found at mid latitude.

Satellite navigation systems such as Global Positioning System (GPS) or the European
Galileo operate by transmitting radio waves from the spacecraft to ground based receivers. Signals
from several satellites are then used to calculate the observing position to high accuracy. As the
signals propagate through the ionosphere, they are refracted and slowed especially when they
traverse regions of intense auroral currents. The ionospheric delay time effects on the Chumphon
station at equatorial region. The GPS receiver receives the GPS delay signal through the ionosphere
layer by the minimum delay frequency which transmits signal from GPS satellites to the GPS
receivers at 46.166 MHz and the maximum delay frequency from GPS to the GPS receiver at 138.48
MHz.

The ionosphere is utilized as a transmitter of radio frequency communication signals. As
the radio amateur knows, the radio wave communication is significantly influenced by the
jonospheric properties such as TEC, foF2, and slab thickness. High frequency radio wave
communications are most affected, as they use the reflection from the ionosphere to carry the signal
to distances beyond the local horizon. At the times of high jonospheric activity, the signal can be
even completely absorbed making the HF radio propagation impossible. Moreover, the
telecommunication systems increasingly utilize ultra-high frequency bands to transmit signal to
satellites to be relayed to other locations. Also this frequency range is vulnerable to the TEC in the

ionosphere, and can be degraded or even completely lost during times of high solar activity.

7.2 Suggestions

In this thesis, the two proposed GPS receiver bias methods, the median cut method and the
Lagrange interpolation method, can be used for improving the TEC computation. Those two
methods are to use in a single GPS receiver station. However, those methods can probably apply to
the multi GPS receiver stations by calculating the VTEC for each stations and by comparing the
TEC value to each GPS receiver stations. In the median cut method, the daily median GPS receiver
bias can be less than or more than 96 important points. These important points depend on what the
purpose of TEC observation. For example, the median cut point can be one point for a day TEC
monitor or the median cut point can be 1,440 points for one minute TEC observation. For the real
time TEC monitoring, Lagrange interpolation method is significantly utilization to use the time

interval less than one minute.
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For the future work, the median cut method and Lagrange interpolation can certainly apply
to estimate the receiver bias of other satellites which their orbits are above the ionospheric layer at
500 kilometers in any period of years. Then, the study of total electron content at equatorial region
is not only by using GPS satellite, but also using other satellites with their altitudes above the

ionosphere.
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APPENDIX I

TEC COMPUTATION PROGRAM

% Estimate a single receiver bias and TEC computation
% By using GPS-TEC and satellite bias

% Programmed by Prasert Kenpankho

clear all;

clc;

% Define the variables for calculation

h=400000; % the height of the ionospheric layer 400 km from Ma and Maruyama[2003]
RE=6378137; % the mean radius of the Earth 6378.137 km from Schaer[1999]
takenday = [70:71,80:81];

% Input Days for importing files

for filenames = takenday % Change number of file name

%filenames = 400 ;

% Change GPS Station Here

TECfilenames = ['CPN_' num2str(filenames,'%03d") '0.TEC'];

Y%#===== Import and read the satellite bias file ========

% Afile ='002.txt';

Satbiasfile = [num2str(filenames,'%03d") '.txt'];

fid = fopen(Satbiasfile);

satbiasdata = textscan(fid, '%f %f','HeaderLines',1);

fclose(fid);

satprndata = satbiasdata{1};

% for testing satprn = satprndata(1,1);

satbias = satbiasdata{2};



format = '%f %f %f %f %f %f %f %f %f %f %f %f %f %f';
fid = fopen(TECfilenames,'r);
files = filenames;
while fid ==-1
files = files + 1;
TECfilenames = ['CPN_' num2str{(files,'%03d’) '0.TEC'];
fid =fopen(TECfilenames,'r);
end
filenames = filenames + (files - filenames);
%names = textscan(fid, format,'HeaderLines',20);
names = textscan(fid,format,'HeaderLines',4); % Start reading at line #5

fclose(fid);

% ==== The original program

%Import and read GPS-TEC file

% fid = fopen('CPN_0010.TEC");

% names = textscan(fid, '%f %f %f %f %f %f %f %f %f %f %f %f %f %f,'HeaderLines',4); %
Start reading at line #4%

% fclose(fid);

Yttt PROGRAM MUST TO START HERE #HHHHHHHHHHHHHHHAHEHHEHT
brnum =-9:0.25:2; % set the assumed range value of br

br =[brnum]*2.853; % 0.5ns

brs = size(br);

brsize = brs(1,2);

brcheck = brsize +1;

%==========START finding the receiver bias
% for ppoint = 1:brsize

ppoint = 1;

while ppoint ~= brcheck

Yo HHHHHHHHRHI R R AR
% Define ymd data field
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yeardata = names{1};
monthdata = names{2};
daydata = namés {3} ;

% Let

year = yeardata(1,1);
month = monthdata(1,1);

day = daydata(1,1);

% Define HMS data field
Hdata = names{4};
Mdata = names {5} ;
Sdata = names{6};

% Let

hour = Hdata(1,1);

min = Mdata(1,1);

sec = Sdata(1,1);

% Calculate the zenith angle Chi
% Chi=asin((RE*cos elevangle)/RE+h))
Elevation = names{7};

% for testing Elevaangle = Elevation(2,1);

% PRN number field
PRNdata = names{1};

% for testing prnum = PRNdata(2,1);

% Slant TEC data field

STECdata = names{12};

% VTEC data field

VTECdata = names{13};

% for testing VTEC = VTECdata(2,1);
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% Define the number of PRN
NumofPRN = names{7};

nPRN = size(NumofPRN);
LinenPRN = nPRN(1,1);

Linechk = size(PRNdata);

Linecount = Linechk(1,1);

PRNnread = 1;

% Set the number of satellite bias data

m_max=size(satprndata);

mmax=m_max(1,1);

% =========CStart reading for VTEC calculationn
% (24hrx60min)/15mins = 96
for nstd = 1:96

% =======—= Start reading data for time interval 15 minutes =======

% It will be 30 times ===> ((60secsx15mins)/30secs)= 30 times

for ndatasat = 1:30

% Check for line end of data
if PRNnread > Linecount
PRNnread = Linecount;

end

numPRN = NumofPRN(PRNnread, 1);
PRNchk = numPRN+PRNnread;

st = PRNnread+1;
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% Calculate VTEC with sat bias and receiver bias
for n = st:PRNchk .
sat(n).pm = PRNdata(n,1);
sat(n).elevangle = Elevation(n,1);
sat(n).VTEC = VTECdata(n,1);
sat(n).STEC = STECdata(n,1);

% Match satellite prn for using sat bias
for m = 1:mmax
if sat(n).prn == satprndata(m,1)
sat(n).bias = satbias(m,1);
end
end %
for m = 1:mmax %
if sat(n).bias == 999999.000
sat(n).bias = 0;
end

end

% VTECadj calculation
sat(n).Chi = asin((RE*cos(sat(n).elevangle))/(RE+h));
sat(n). VTECadj = (sat(n).STEC*cos(sat(n).Chi)) - (sat(n).bias*cos(sat(n).Chi))-
(br(1,ppoint)*cos(sat(n).Chi));
%if sat(n). VTECadj < 0.00
% sat(n).VTECadj = 0;
% end

end

PRNnread = PRNchk+1;

end



% End of VTEC 15 minutes loop

end

% End of VTEC a day loop
PRNnreadl=1;

% Move cell index to array
VTECadj = [I;
VTEC =[;
STEC =[;
for i=1:Linecount
VTECadj = [VTECadj sat(i). VTECadj];
VTEC = [VTEC sat(i).VTEC];
STEC = [STEC sat(i).STEC];

end

sat(ppoint). VTECbs = VTECadj;
% Read the number of PRN for finding the end line steps

chkline = size(VTECadj);
chklinemax = chkline(1,2);

nnpend = Linecount-chklinemax; % (25973-23166=2807)

for nn = 1:nnpend

% Check for line end of data
if PRNnreadl > Linecount
PRNnreadl = Linecount;

end

numPRN1 = NumofPRN(PRNnreadl,1);
PRNchk1 = numPRN1+PRNnreadl;
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stl = PRNnread1+1;

% Calculate VTEC with sat bias and receiver bias

sat(nn).numprn = numPRN1;

PRNnreadl = PRNchk1+1;

end

% Move cell index to cell array for number of PRN
SatnumPRN=[];
for ii=1:nnpend
SatnumPRN =[SatnumPRN sat(ii).numprn];

end

chklinel = size(SatnumPRN);
chklinemax1 = ¢hkline1(1,2);

% Find Standard Deviation for each, 15 minutes, interval
pttime= 0;
npp=1;
npt=0;
upt = 30;

nssEnd = fix((Linecount-chklinemax)/30);

for nss = 1:nssEnd
pttime = pttime+sum(SatnumPRN(npp:(npt-+upt)))-30;
if (npt+upt) > chklinemax1
npp = nssEnd*30;
xxp = (Linecount-chklinemax)-(nssEnd*30);
pttime = pttime+sum(SatnumPRN(npp:(npp+xxp)))-30;
end

sat(nss). VTECstd = std(sat(ppoint). VTECbs(npp:pttime));
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% sat(nss).VTECstd = std(VTECadj(npp:pttime));
nummean = pttime-npp;
nnck = npp;
nbb = nummean;

for nck = 1:nummean

% sat(nss). TECcheck = sat(ppoint). VTECbs(nnck);
if sat(ppoint). VTECbs(nnck) == 0 % sat(nss). TECcheck ==
nbb = nbb-1;

end

end
if nbb ==
sat(nss). VTECday = mean(sat(ppoint). VTECbs(npp:pttime));
else
sat(nss). VTECday = sum(sat(ppoint). VTECbs(npp:pttime))/nbb;
end

npp = npt-+upt;

npt = npp;

end

VTECday = [J;
for i=1:nss
VTECday = [VTECday sat(i). VTECday];

end

% Find the sum of Standard Deviation for a day

% Check ppoint value

STD15min = [];
for iti = 1:nssEnd

STD15min = [STD15min sat(iii). VTECstd];
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end

VTECsumSTD(1,ppoint) = sum(STD15min);

filenames % For Date checking
ppoint = ppoint+1 % For time checking

end

Yottt Find the minimum VTEC sum STD ###H#HHiH

[sortedX idx] = sort(VTECsumSTD);

minVals = sortedX(1:6); % For checking the 6 minimum valules
minldx = idx(1:6); % For checking the 7 minimum localtion
minTECstd = sortedX(1);

minbr = idx(1);

showbr = br(1,minbr)/2.853;

% days(filenames, 1) = filenames;

% CPNRecb(filenames,1) = showbr;

% VTEC15min = VTECday';

%====== Save a receiver bias file
% save Br_(‘files').txt CPNRecb -ascii;

Rbsfiles = [BrV_' num2str(filenames,'%03d") ".txt'];
fid = fopen(Rbsfiles, 'w");

fprintf(fid,'%f %f \n',showbr,minTECstd); % Write file must be in Cell array NOT Cell index

fclose(fid);
clear all;
cle;

% Define the variables for calculation

h=400000; % the height of the ionospheric layer 400 km from Ma and Maruyama[2003]
RE=6378137; % the mean radius of the Earth 6378.137 km from Schaer[1999]

end
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