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ABSTRACT

Global ionospheric maps (GIMs) are still commonly used to represent total
electron content (TEC). However, a large number of permanent GPS re-
ceivers provide significant data for monitoring ionosphere. The GIMs sup-
ply accurate TEC results, although spherical models are not able to fit
local ionospheric perturbations as a source of local receiver data. There-
fore, the use of station-based TEC computation becomes more preferred
and convenient. The station-based TEC approach is established on
weighting averaging or modeling vertical TECs. Using this approach to
reveal ionospheric activity depends on geometric distribution of ionos-
pheric piercing points (IPP). The most effective parameter for examination
of station-based TEC estimation is a function of relative geometry be-
tween receiver and satellite. In this study, a quality term has been used to
define, for TEC estimation according to distribution of IPPs, similar to
geometric dilution of precision (GDOP). The quality term has been de-
scribed for the first time in this field and it was named as R-TEC (relia-

bility of total electron content).

1. Introduction

Electromagnetic signals used in global navigation
satellite systems (GNSS), travel through the ionosphere
and interact with the ionospheric plasma, which causes
propagation delays. The ionospheric range delay is pos-
itive for pseudorange measurements and negative for
carrier phase measurements [Nohutcu et al. 2010]. There-
fore, the carrier phase pseudoranges are measured to
be too short and the code pseudoranges to be too long
[Hofmann-Wellenhof et al. 1992]. Due to the fact that
ionosphere is a dispersive medium; the ionospheric re-
fraction depends on the signal frequency [Bergeot et al.
2014]. Thanks to dual frequency equipped receivers,
ionospheric delay can be eliminated or estimated.

Electron density is a primary parameter used to
describe ionosphere and ionospheric delaying effect on
the GNSS signal which is a result of total electron con-
tent (TEC). The TEC is the total number of electrons
in a vertical column of 1 m? cross-section in the iono-

sphere layer. Electron content within its path is meas-
ured in TEC unit (TECU) and 1 TECU is equal to 10'¢
electrons per square meter [Chauhan et al. 2011, Karia
and Pathak 2011]. The observation of total number of
free electrons along the ray path is derived from the fre-
quencies L, (1572.42 MHz) and L, (1227.60 MHz) of the
GPS that provide the relative ionospheric delay of elec-
tromagnetic waves, traveling through the medium
[Saito et al. 1998, Ogunsua et al. 2014]. 10 TECU in-
duces a delay of 5.4 ns (= 1.6 m) on the travel time of
L, signals, and a delay of 8.9 ns (= 2.7 m) on the travel
time of L, signals [Bergeot et al. 2014].

Ionospheric electron densities are very important
parameters for studying its characteristics and effects
on precise positioning, navigational applications, and
electromagnetic signal transmissions [Panda et al.
2014]. The value of the TEC is used for making appro-
priate range corrections, as well as accounting for errors
occurring in the range delays, to determine the effects
of space weather-related events, such as geomagnetic
storms and scintillations due to ionospheric irregulari-
ties [Rama Rao et al. 2006, Kumar et al. 2012]. Various
scientific applications and services increasingly demand
real-time information on the effects of ionosphere on
the GPS signals. Several researches were carried out on
the possibility of estimating the TEC, along the ray path,
This was between a GPS satellite and ground-based re-
ceiver. This was used from the GPS receiver measure-
ments [Mannucci et al. 1998, Ciraolo et al. 2007].

While traveling through ionosphere, the GNSS sig-
nals are exposed to delaying effects caused by electron
density. Thorough relative time delay of L, and L, fre-
quencies, the slant TEC (STEC) is calculated along the
ray path from receiver to satellite. As the slant TEC is
dependent upon the ray path, geometry through the
ionosphere, it is required to calculate an equivalent ver-
tical value of the TEC which is independent from the
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elevation of the ray path [Sharma et al. 2012]. The ion-
osphere is generally divided into several layers of vary-
ing thickness, according to electron density [Hargreaves
1992]. Used in the conventional TEC process, it is col-
lapsed into a single layer. The single-layer model (SLM)
assumes that the thin spherical shell located on a spec-
ified altitude, whereby the STEC is converted to the
vertical TEC (VTEC). The slant TEC is projected to
vertical TEC, using the thin shell model, assuming a
height of 350 km [Weber et al. 1986]. The point where
the signal penetrates the thin shell is called the ionos-
pheric piercing point (IPP).

VTEC is computed at many IPPs from its time de-
lays using dual frequency observations. Of course, the
number of VTECs is equal to the number of received
satellites for each epoch. A solution can be obtained
from weighted averaging of all individual VTEC esti-
mates. Weighted average is regarded as TEC for rele-
vant epoch. Weighting algorithms are functions of
relative position between satellite and receiver.

Station-based TEC represents ionospheric activity
at receiver zenith. Preferential selection of signal paths
closest to the receiver will provide a more realistic local
TEC, over receiver location [Cepni et al. 2013]. Hence,
itis desired that observations of satellites that are closer
to zenith have more determinative results for station-
based TEC.

Depending on the positions of IPP and receiver lo-
cation, relative geometry affects the quality of the TEC
computation. Relative geometry between receiver and
satellite has twin parameters: satellite elevation and az-
imuth angles. The satellite elevation angle defines the IPP
distance from receiver zenith; the satellite azimuth angle
determines local time difference between the receiver and
the IPP. Depending on relative geometry terms, IPP dis-
tributions can bementioned as preferable or inadequate.

In this study, the intentions are to describe a term
like dilution of precision (DOP) for station-based TEC
estimations. The DOP is widely used as a criterion for
selecting measurement units, since it characterizes the
geometric effect on GPS positioning error. Quality of
overall navigation, solutions can be determined by ex-
amining the dilution of precision [Wells et al. 1986]. It is
well known that DOP comes in various flavors, includ-
ing geometrical (GDOP), positional (PDOP), horizontal
(HDOP), vertical (VDOP), and time (TDOP) [Langley
1999]. DOP concept should be used in different studies;
e.g. Zirari examined the DOP in Wi-Fi-based position-
ing systems as signal strength dilution of precision [Zi-
rari et al. 2009].

Main purpose of this study is to examine the in-
fluence of relative positioning between receiver and
satellite on the efficiency of TEC estimation. It has to

be emphasized that, the TEC computation with IPPs is
distant and under a different local time to the receiver’s
zenith. It cannot illustrate to the ionospheric electron
its density at the receiver location. Consequently, it has
been described as a numeric parameter for the TEC es-
timation, regarding the ionospheric activity at the re-
ceiver location. This term was named as reliability of
TEC (R-TEC).

2. Methodology

The geometry-free linear combination of GPS sig-
nals (L4), which is also called the ionospheric observ-
able, is classically used for ionospheric researches and it
is obtained by subtracting simultaneous pseudorange
or carrier phase observations [Ciraolo et al. 2007].

L,=L,—L,=21,¢',— 1,0, (1a)
L ——a( T )STEC-!—A B, — A,B, + cDCB' + cDCB,
(1b)

1 =a(L =9.524370, andL means kilometer

to TECU DCB DCB are satellite and receiver biases.
Biases term have to be known or estimated. 4B, —1,B,:
the term is not equal to zero and it has to be estimated.
B, and B, are constant bias due to initial phase ambiguity.

The slant TEC is estimated from (1) for each satel-
lite that passes. STECs occur along the signal path in
ionosphere and related to the length of the path. That
is why STECs have to be converted to the vertical
TECs, which are comparable in terms of value for elec-
tron density.

Although the ionosphere consists of several layers
on processing, the conversionof the STECs is assumed
as a single layer. The single-layer model is used, whereby
the maximum-density free electrons are accepted as
being inside an area with infinitesimal thickness [Hugen-
tobler et al. 2001, Alizadeh et al. 2011]. Briefly, VTECs
are obtained by means of thin shell sphere. Figure 1 il-
lustrates geometry of SLM.

R 2
VTEC=STEC\/1—[ﬁ(sin£)] @
E m

Equation (2) is a well-known mapping function for
the calculation of electron density, at vertical direction
of the IPP. Thus, the VTECs are associated with the
IPP. To describe the ionospheric electron density over
the station, the TEC is computed from weighted aver-
age of the VT'ECs. Although local ionospheric modeling
can also be used, weighting average is confidential for
station-wise TEC computation. Conventionally univari-
ate functions have been defined based on satellite ele-
vation angle, for weighting. However in this study, it
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Figure 1. Single-layer model [Cepni et al. 2013].

has been proposed using of bivariate functions, com-
posed of satellite elevation (¢€) and azimuth angles ().

N T,
> W, (e,a)VTEC,
TEC == (3)
Z W, (e,a)
i=1 T

where T -T, is time lapse interval.

As the users can choose the time interval, they can
also use the default interval from the observation file.
In this case the TEC is computed, e.g., 43,200 times for
2 s time intervals and 2880 times for 30 s time intervals
within a day.

Due to the IPP associated processing, if the IPPs
are away from receiver zenith, the weighted averaging
or local modeling may not represent electron density
at station’s location. Distribution of the IPPs is decisive
on the station dependent TEC. In other words, relative
geometries between the receiver and the satellites af-
fect TEC estimation quality.

Relative position of the receiver and the IPP has
been comprised by satellite elevation and azimuth an-
gles. The projection of ionosphere piercing point on
the Earth is called the sub-ionosphere point (SIP)
[Cepni et al. 2013]. Instead of the radius vector between
the IPP and the receiver, the distance between SIP and
receiver (Sg) has to be taken into account. Hence in

quality terms, variables which have to be explained are
elevation and azimuth angles. As the satellite elevation
angle describes the distance between the SIP and the
receiver, the satellite azimuth angle characterizes lon-
gitudinal components of this distance.

The distance between the SIP and the receiver can
be expressed as in (4) with respect to elevation angle.
Additionally, Table 1 is arranged to show distances cal-
culated from (4).

(4)

SIP —

. [h,cote
Sgp = 2R arcsin <2’7RE>
where &, R; and h, symbolize the satellite elevation
angle, the radius of the Earth and the ionosphere
height, respectively. R, and h, are accepted as 6378 km
and 450 km.

Low elevation angles may cause SIP to be so far
from the receiver that the VIEC bears little resem-
blance to local conditions over the station. As seen in
Table 1, the distance can be over 1000 km where there
are lower elevation angles and the most frequently ob-
served distances are between 200 km and 800 km. If the
Sy,p distance exceeds a few hundred kilometers, VTEC
may not represent receiver location. Thus if the eleva-
tion angle is low, representing ability of VTEC is inter-
preted as weak.

Satellite azimuth angle identifies the direction of
Sgpp- So, time difference between the SIP and the receiver
is determined by the elevation and azimuth angles. Local
time effect may correspond to significant gaps on the es-
timated VTEC, due to daily TEC cycles, depending on
the longitudinal component of Sy, [Sentiirk 2014].

Diurnal variation of TEC is a characteristic in ac-
cordance to the rotation of the Sun and curve of daily
TEC looks like a parabola reaching maximum at local
noon. Local time of SIP indicates a shifting on diurnal
TEC cycle from receiver location. Offsets for the e.g. with
a 15 min time difference may reach to 2 TECU. Conse-
quently, minimum longitudinal distance guarantees a
better situation in terms of a local time parameter.

Longitudinal difference can be computed with re-
spect to azimuth (@) and elevation angles (&). Figure 2
shows longitude difference as depending to elevation
and azimuth angles.

Sgpsina

AL = Rycosg,p°

)

where ¢, means latitude for Sg;,; p°=180°/7.

g’ 10 20 30 40

Sgp™ 2569 1238 779 536

50 60 70 80 90

377 259 163 79 0

Table 1. Distances of Sy, according to elevation angles.
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According to the satellite elevation and azimuth angles of the value of 4,
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Figure 2. Longitudinal difference according to elevation and azimuth angles.
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Figure 3. GQP graphic according to elevation and azimuth (extreme) angles.

After describing relative geometry components and
their influences on the TEC estimation, the geometric
quality parameter (GQP) can be defined. Mathematical
expression of the GQP was developed empirically as a
function of satellite elevation and azimuth angles.

GQP? = (sin ey ¢ (0./€)) )

Equation (6) has been defined for all observed satel-
lites at each epoch. Indices of i and n indicate the satel-
lite number and epoch. Composition of GQP is based
on proper usage of variables. Sinus function is widely

used with the elevation angles in weighting the algo-
rithms and the exponential function is well-done and
complements the local time effect. Prepotency of two
variables has been taken into consideration. The eleva-
tion angle must be more effective on the GQP and the
effect of azimuth angle should increase a little relatively
to how elevation angle should move away from zenith.
It has been seen that the behavior of Equation (6) en-
sures geometric relationships presented by variables.
Figure 3 outlines the behavior of GQP function.

The GQPY has values at a [0-1] range. When the
value is closer to 1, the GQP expresses ideal relative po-
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Figure 4. Plots for SVN1 and MALZ station on October 23, 2011.

sitioning for the satellite and receiver. In case that the
value descends to 0, the GQP means its insufficient IPP
position cannot represent electron content at the re-
ceiver location.

The GQP®Y is associated with the IPP and also the
VTEC. Because of the fact that TEC is computed from
VTECs via weighting average or local modeling, geo-
metric quality terms for the station should be evaluated
sum or average of the GQPY. In other words, individu-
als representing the ability of each observation and de-
termines quality of estimation for the receiver. Thereby,
statistical average of the GQPs was accepted as geo-
metric quality term: reliability of TEC (R-TEC). It has
to be noted that reliability was used in terms of suffi-
cient relative geometry for TEC estimation.

RTEC =/ (GQPWY + (GQP®' ) + ... + (GQP!)}
)
where i denotes observed satellite.

Equation (7) reminds expression of dilution of pre-
cision (DOP). Both conceptual and mathematical, R-TEC
has resemblance to GDOP. R-TEC can be computed at
each epoch or time interval for station-based TEC esti-
mation. Examination of distribution of R-TEC and dis-
cussion on its thresholds are in next section.

3. Results and discussions

In this study, two types of practice were performed.
The first implementation aimed to introduce GQP
quality term, and the 30 s resolution data on October
23,2011, was used. The data were collected from MALZ
and MURA stations which belong to the Continuously
operating reference station - Turkey (CORS-TR) net-
work. The second implementation intended to show

samples from low, middle and high latitudes. The data,
also 30 s resolution, were collected at three IGS stations
on March 1, 2012. The VTECs have been processed from
observation files initially and they were received as
input for implementations. Afterward, geometric qual-
ity parameters GQP were computed for all observa-
tions from (6).

Figure 4 was arranged for sampling of implemen-
tations and it has drawings at MALZ station for SVN1
(svnl: satellite identification). The VTEC, elevation
angle, azimuth angle and the GQP variations were
drawn all day long. Relationships between relative geom-
etry and the GQP! were monitored in Figure 4. Also,
VTEC and its geometric quality parameter can be seen
together. It is suggested that VTEC graphics should
include GQP bar, like the first and the last rows of
Figure 4.

When Figure 4 is examined, it can be seen that the
reliability of the VTECs is very low at 03-05 UT de-
pending on relative geometry of observed satellites.
This is because the elevation and azimuth angles are
about 15° and 300°, the VTECs have less quality. The
GQP! has no values at this period. Owed to GQP, users
can be aware of unusable observations at this period.
It is suggested that the VTEC is not taken into account
in averaging, due to its low GQP.

Maximum GQP! reading of the day (=0.80) ap-
pears just before 19 UT due to its approximately 70° in
elevation. Azimuth has non-extreme case at this time.
Geometric quality parameter indicates that the IPP! as-
sociated with the VTEC can exemplify ionospheric
plasma at the receiver location at 17:45-19:15 UT suffi-
ciently. Out of this time interval, SVN! observations are
not suitable to define VTEC for this station.
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gl 12 29 52 35 53 21 22
ol 192 228 46 126 309 167 287
GQp®M 0.002 0.049 0.385 0.104 0.406 0.025 0.008
R-TEC 0.5716

(a)
£ 61 69 32 21 52 35 39
ol 87 112 197 120 311 48 272
GQP®Y 0.554 0.743 0.105 0.006 0.379 0.104 0.133
R-TEC 1.3868

(b)

Table 2. (a) Minimum R-TEC of October 23, 2011 - Epoch: 05:07:30; (b) maximum R-TEC on October 23, 2011 - Epoch: 14:26:00.
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Figure 5. (a) Satellite chart for the minimum R-TEC; (b) Satellite chart for the maximum R-TEC.

Since the TEC is obtained from the VTECs, geo-
metric quality term R-TEC has been described as the
statistical average of geometric observation quality pa-
rameters of the VTECs (GQPY). Figure 6 is the graphic
image of daily R-TEC for the MALZ station. Tables 2a
and 2b figure out minimum and maximum R-TECs of
the session day. The tables include quality parameter
and its variables to make comparisons. Also, Figures 5a
and 5b have been charted in order to demonstrate IPP
distributions for minimum and maximum rates of the
R-TEC.

The effect of the elevation and azimuth angles on
the GQP can be viewed once again from the tables.
Due to the preferred azimuth angle, GQP is better than
the others even when elevation angles are slightly
lower, such as in Table 2a, columns 4, 7 and 8. When
the tables are examined, correlations between the rela-
tive geometry and the quality parameter can be seen
clearly, e.g., epoch of minimum R-TEC has no obser-

vation over 55° elevation angle.

The track of R-TEC throughout the day was plot-
ted in Figure 6. The graphic depicts information to re-
view its quality. The geometric reliability term appeared
between 0.57 and 1.39, it exceeds “1” equals approxi-
mately to 70 percent. Eventually, Figure 6 exhibits the
final product of this study and it needs special exami-
nation. Moreover, the examination of reliability terms
is required to be analyzed by outputs.

In order to reveal the distribution of the R-TEC,
15 days of data was processed. Due to repeated satellite
constellation, trial data has been considered enough.
The data belongs to the MALZ station in October 2011.
The data consist of 43,200 epochs in total, and 6600
epochs were unable to process. The distribution can be
seen in Figure 7.

It has been examined that Equation (7) produces
values mostly 0.1 - 1.4 interval and resemble the asym-
metric Gaussian distribution. The skewness of distri-
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Figure 6. Plot of the daily R-TEC for the MALZ station on October 23, 2011.
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Figure 7. Distribution of the R-TEC values.

bution can be distinguished easily from bell curve on
left (negative) skew. Negative skewness for quality terms
means convergence to better cases and it points out
that it is likely to provide sufficient reliability. Then the
graphic information of the R-TEC distribution can be
evaluated as realistic.

Statistical parameters are also shown in Figure 7.
Mean, median and mode of distribution are very close
to each other and all indicate 1. Without having a
threshold in statistics, values which are less than 0.6 and
more than 1.2 may be interpreted as extreme, by accu-
mulation of the values. In fact, determination of criti-
cal values for reliability terms is primarily significant.
To qualify the TEC estimation, the critical value has to
be determined.

3000 e i sl ane

As well known, about 68% of values drawn from
a normal distribution are within one standard deviation
away from the mean.

Pu—o<X<u+o)=0.6826. (8)

With a great similarity, 69% of the R-TEC values
are over the 1 in this implementation.

1—F(0.9)=0.6980 (9)

Range equality in Equations (8) and (9) should be
considered as proof of the R-TEC distribution limit
value. It can be stated that rate 1 is the critical value,
and, if the R-TEC is greater than or equal to 1, the sta-
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1d Location Lon (E)° Lat (N)°
reso Resolute/Canada 265.1067 74.6908
ankr Ankara/Turkey 32.7586 39.8875
riop Riobamba/Ecuador ~ 281.3489 -1.6506

Table 3. Information of IGS stations used for interpreting at differ-
ent latitudes.

tion dependent TEC estimation can be assumed to have
a reliable geometry. In addition to confidence intervals
in Equations (8) and (9), distributions parameters (mean,
median, mode) confirm rate 1 with respect to the ac-
cumulation of the data set.

It must be stated that the R-TEC is an indicator for
illustrating the ability of electron density at the receiver
location. In case the R-TEC is less than 1, the IPP posi-
tions may not be competent in the estimation of the
TEC for the receiver location.

The behavior of GQP at low and high latitude is
examined in general. Implementation was realized at
three IGS stations located at low, mid and high latitudes
for data samples on March 1, 2012. The station infor-
mations are given in Table 3.

RESO station is located at Cornwallis Island at ~75°
latitude. Because of the GPS constellation, it is ex-
pected that this station has bad visible satellite geome-
try for VIEC computation. RIOP station, at Ecuador,
is a sample at low latitude for GQP, and ANKR station’s
data is used as mid-latitude sample.

Figure 8 shows efficiency of visible satellite geom-
etry on reliable of V-TEC. At RESO station, R-TEC val-
ues are lower than other’s, as expected, due to to orbital
deficiency. According to position of station and time,
relative geometry between receiver and observed satel-
lites may not be sufficient any time. Thus, implemen-
tations at high and low latitudes point out signification
of quality term R-TEC.

4. Conclusion

The relative geometry between the receiver and
the satellites has considerable importance on the sta-
tion-based TEC process. Certainly, accomplishment of
estimation is influenced by this geometry. In this study,
it has been aimed to compose a criterion depending on
relative geometry components: satellite elevation and
azimuth angles.

The effects of the elevation and the azimuth angles
on the TEC computation were explained in detail in the
previous sections. The impact factor of the IPP posi-
tions has been defined as the geometric quality param-
eters (GQPs). The GQP was expressed mathematically
as in (6) by experimental study on composition of vari-
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Figure 8. R-TEC values of IGS stations on March 1, 2012. (a) R-
TEC values at RESO station located at low-latitude; (b) R-TEC val-
ues at ANKR station located at middle-latitude; (c) R-TEC values
at RIOP station located at high-latitude.
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ables. The GQP introduces representing ability to the
ionospheric activity at receiver location by values within
[0-1]. 0 and 1 demonstrate extremely inadequate and
most sufficient IPP positions, respectively. The GQP ap-
proaches 1 for observations closer to the receiver zenith,
while it decreases to zero for observations away from
zenith in case of a local time difference.

Mathematical expression of the GQP has satisfac-
tory form to cover desired features. It can be said that
GQP criteria are able to present quality for the VIEC
process. In addition to the quality factor, Equation (6)
can be used as stochastic model for regional modeling
or averaging of the VTECs. Actually, regional modeling
on the CORS networks may require suitable weighting
function just like the GQP.

The quality of station-based TEC process has been
described as a statistical average of GQPs and it was
named as reliability of TEC. It has to be emphasized
that reliability should be evaluated in terms of appro-
priate relative geometry.

The geometric quality term (R-TEC) was formu-
lated as in (7) and the R-TEC varies within 0.1-1.4 range.
The distribution of the R-TEC values has been exam-
ined in order to detect a threshold. As a result of the ac-
cumulation analyze of the data, 1 has been determined
as a limit for qualification. The R-TEC over 1 can be ac-
cepted as effective IPP geometry to estimate TEC. Nev-
ertheless, it has to be noticed that R-TEC is always below
1 threshold at high latitudes.

The GQP and the R-TEC validate both averaging
and modeling of the VTECs. Independent from method,
geometric quality terms qualify the TEC estimations
related to the IPP’s relative locations.

Even if TEC is obtained via weighted average, it
is mentioned from a simple modeling according to the
positions of the IPP. The R-TEC informs us about rel-
ative positions of the IPP that are referenced in a
form of modeling. It is possible to conceive that in
case of a high enough R-TEC, the modeling is imple-
mented in the small and local area. On the contrary, if
the R-TEC is less than a necessary value, the IPPs are
far away from the receiver and the modeling is real-
ized at a wide region. The smaller the geometric qual-
ity term gets, the larger the area becomes. Thus the
station dependent TEC estimation becomes similar to
spherical models.

Due to the fact that the GPS constellation provides
observation facility, it is not expected to lower the R-
TEC for a long time. However, Figure 6 shows that this
period may be over 3h twice a day. It is beneficial that
the users should be aware of non-local TEC estimation
along these periods. It is suggested to consult global
ionospheric maps (GIMs) at such sessions.
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