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Abstract

Many atmospheric errors affect the positional accuracy of a satellite-based
navigation device, such as troposphere, ionosphere, multipath, and so on, but
the ionosphere is the most significant contributor to positional error. Since
the ionosphere’s dynamics are highly complex, especially in low latitude
and equatorial regions, a dual-frequency approach for calculating slant total
electron content (STEC) for ionospheric delay estimation performs better
in these conditions. However, the STEC is ambiguous and it cannot be
used directly for ionospheric delay prediction, accurate positioning purposes,
or ionospheric study. As a result, STEC estimation and pre-processing are
required steps prior to any positioning application. There is very little litera-
ture available for STEC pre-processing in the NavIC system, necessitating an
in-depth discussion. This paper focuses on how to extract navigational data
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from a raw binary file obtained from the Indian NavIC satellites, estimate and
pre-process STEC, and build a database for STEC. It has been found that an
hourly averaged STEC data is suitable for ionospheric studies and monthly
mean value can be used for ionospheric behavioral research. Furthermore, the
STEC is affected by diurnal solar activity, thus, the seven-month data analysis
that includes summer and winter months has been used to study ionosphere
action during the summer and winter months. It has been observed that STEC
values are higher during the summer months than the winter months; some
seasonal characteristics are also been found.

Keywords: Code range, Carrier range, NavIC, STEC, data pre-processing,
Ionospheric delay.

1 Introduction

Satellite navigation systems are doing wonders in public as well as military
applications. Earlier U.S.-based GPS was being used for Global Navi-
gation Satellite Systems (GNSS) to provide coverage all over the world
(COSTER et al., 1992). At present time other satellite systems such as
GLONASS (Soviet Union), Galileo (European Union), BeiDou (China),
QZSS (Japan) have been developed to provide global as well as regional
coverage (Suryanarayana Rao, 2007). Recently, India has launched the seven
satellite constellation of Indian Regional Navigation Satellite (IRNSS), with
operational name NavIC (Navigation with Indian Constellation) to provide
precision positioning over India and surrounded landmass (IRNSS SIGNAL-
IN-SPACE ICD, 2017). In the NavIC seven satellite constellation three are in
geostationary orbit at 32.5°E, 83°E, and 131.5°E and four (two in each plane)
are in inclined geosynchronous orbit (29°) having their crossing longitudes
55°E and 111.75°E. The NavIC positioning services are transmitted on
L5 (1165.45-1188.45 MHz) and S (2483.5-2500 MHz) band with central
frequencies 1176.45 MHz and 2492.028 MHz (S1) respectively.

The positional accuracy of a satellite-based navigation system is influ-
enced by many atmospheric errors such as troposphere, ionosphere, multi-
path, etc. but the major contributor in the positional error is the ionosphere
(Mannucci et al., 1998). The received navigational signal experiences delay
due to the presence of free electrons in the ionosphere which causes degra-
dation of positional accuracy. To obtain this ionospheric delay, it is necessary
to estimate the Slant Total Electron Content (STEC) between satellite and
receiver.
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To estimate and correct the delay present in satellite signal at the receiver,
many ionospheric models have been proposed and are still widely being
used for position correction. The single-frequency coefficient-based model
is introduced by John A. Klobuchar for ionospheric time delay correction
(Klobuchar, 1987). In this model, the ionospheric vertical delay is estimated
by an amplitude and period varying cosine function depending upon the
location of the receiver. The GPS broadcasts eight coefficients in the navi-
gational signal which is used to determine the delay by forming a third-order
polynomial. A constant value of 5 ns has been taken as a delay for the
nighttime duration. Thus, with a known satellite geometry parameters (i.e.
azimuth and elevation) the user can reduce the ionospheric range error up to
50%. The single-frequency systems are still widely being used for positioning
and remote sensing radars for the estimation of ionospheric effect on the
positioning. To determine the ionospheric time delay and thus error in range
measurement, many ionospheric models have been developed. The European
satellite navigation system is employing (Zhong et al., 2016) model for
ionospheric delay correction. However, the characteristics of the ionosphere
are highly dynamic, especially in equatorial and low latitude regions, and
sometimes undergo severe solar magnetic storms; in such conditions static
ionospheric delay prediction models can introduce a large amount of position-
ing error (Ratnam et al., 2017). In these conditions, a dual-frequency method
performs better in the estimation of ionospheric delay (Hernandez-Pajares
et al., 2011). In this method the code and carrier phase range measurement
from the satellites, at dual-frequency, are compared to calculate STEC which
is further used for delay estimation.

The estimation of STEC from code and carrier phase measurement is
not straightforward. The STEC estimated from dual-frequency code ranges
are ambiguous; it includes random fast variations in magnitude due to
ionospheric scintillation and signals multipath (Hager et al., 1991). Thus
the STEC cannot be directly used for ionospheric delay estimation and
precise positioning applications (Jakowski et al., 2011; Bhardwaj et al.,
2020). However, the STEC derived from carrier phase range measurement
is comparatively much smooth but an additional ambiguity that is integer
carrier cycle needed to be determined (Bradford W. Parkinson & James J.
Spilker Jr., 2013). This process of integer carrier cycles requires additional
data processing steps and thus makes the STEC estimation more complex
(Sinha et al., 2018). Hence, the estimation and pre-processing of STEC are
essential steps before any positioning application. For the NavIC system, very
little literature on STEC pre-processing (Bhardwaj et al., 2018; Ma et al.,
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2019) has been found which creates a requirement for an in-depth discussion
on it. Moreover, the characterization of ionospheric behavior is essential for
precise positioning and TEC modeling applications.

This paper focuses on how to extract navigational data from a raw binary
file obtained from NavIC satellites, estimate and pre-process STEC, and build
a database of STEC. Furthermore, the seasonal database of STEC for seven
months (that includes summer and winter months) has been created and used
for ionospheric behavioral analysis.

In Section 2, the typical data obtained from the NavIC satellites and using
these data, the behavior of satellite constellation has been discussed. The
theoretical background of STEC estimation has been discussed in Section 3.
The diurnal and seasonal behavior of STEC along with the effect of time
duration selection in data integration have been covered under the results and
analysis heading in Section 4.

2 Data Collection

The IGS (IRNSS/GPS/SBAS) receiver is installed at Graphic Era University,
Dehradun (31.26°N and 77.99°E). The raw binary data of NavIC, GPS, and
GAGAN satellites are logged at every second in UTC (Coordinated Universal
Time) format. The NavIC satellites (PRN 2 to PRN 7) data are available
at dual frequency L5 and S1, whereas, the data of GPS and GAGAN are
available at L1 frequency only. The data from PRN 1 is not available due
to satellite clock failure. From the raw binary files, the satellite data are
extracted into Comma Separated Value (CSV) file format using extraction
feature in receiver GUI. The sample data for one satellite PRN 2 is given
in Table 1, whereas a single CSV file contained 3 hours of data of NavIC
satellites at one frequency. The typical data consists of Time of week count
(TOWC) signal strength (C/Ng), azimuth & elevation angle, satellite code
range; also called pseudorange (PR), Doppler range (DR), carrier delay,
satellite position, and velocity (in geodetic XYZ coordinate system), etc.
These data files are imported in MatLab software environment combined to
form a 24-hour data file at both L5 and S1 frequencies. The combined data
is converted from UTC to IST (Indian Standard time) format to facilitate
analysis in terms of localized sun position (time of the day). In this paper,
code range, Azimuth, Elevation data have been used and pre-processed for
ambiguities such as missing data, zero or very high values, etc. for STEC
estimation. The variations of azimuth and elevation angle of NavIC satellites
(PRN 2-7) during 24 hours have been plotted in Figure 1. From the figure
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Table 2 Satellite Azimuth and Elevation data (Min. and Max.) during 24 hours on Jun. 5,
2017

PRN 2 3 4 5 6 7
Elevation Min. 18.4213 509081 13.6250 13.9717 26.9515 21.8579
(Deg.) Max. 68.7271 57.7203 58.3479 58.1495 32.2524 27.3123
Azimuth Min. 200.5060 168.5470 83.5900 84.3242 239.5562 107.6498
(Deg.) Max. 272.7398 171.2036 149.1695 148.9667 248.1551 115.7819
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Figure 1 Diurnal (a) Elevation angle (b) Azimuth angle variation of Satellites PRN 2-7 on
Jun. 5, 2017.

it can be observed that the variation in azimuth and elevation angles for
geostationary (GEO) satellites (PRN 3,6,7) are very small as compared to
geosynchronous (GSO) satellites (PRN 2,4,5); the minimum and maximum
values of azimuth and elevation angles are given in Table 2. All satellites,
except PRN 3, are having an elevation angle below 50° most of the time. Such
condition requires special attention because most of the mathematical model
for satellite navigation prefers elevation greater than 50° and low elevation
could introduce error in positioning. By using azimuth and elevation data a
sky plot has been shown in Figure 2 which gives a clear picture of satellite
position and movement with respect to receiver position (red dot) during a
day. There is a slight change in GEO’s position, while, GSO’s make a figure
of eight in the sky; the path of PRN 4 and 5 are overlapped.

3 Determination of Slant Total Electron Content (STEC)

Corrections for ionospheric range rate errors for a single frequency user are
not practical by ionospheric electron content modeling techniques due to
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Figure 2 Diurnal Sky plot of NavIC satellites (PRN 2-7) on Jun. 5, 2017.

the lack of predicting the uncertain and dynamic behavior of ionospheric
phenomena, which produce range errors of a few seconds to minutes. Also,
non-frequency dependents effects such as satellite clock offset, satellite
orbital error, multipath, etc. are present in the measurement and needed
to calculate for corrected code range. The most efficient method to elim-
inate the ionospheric and other range errors is by using measurements at
dual-frequency signals.

In the dual-frequency method code range and/or carrier phase measure-
ments at dual frequency are used to reconstruct the ionosphere Total Electron
Content (TEC). This dual-frequency method is the main reason why the
GNSS signal has two carrier waves. The STEC can be determined by taking
the difference between code range and/or carrier phase measurements at
dual frequencies. Furthermore, the STEC can be used for ionospheric range
error calculation. The dual-frequency method also eliminates non-frequency
dependent errors such as tropospheric delay, orbital errors, and clock errors.

A code range measurement is given by (Jin and Jin, 2011):

CR; = R+71o+v(ts — tr) +71() + 77 + Tmp + (i) (1)
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where, C'R; is the measured code range (in meters) at dual-frequency (i = L5
and S1); R is the actual line of sight (LOS) range between satellite and
receiver; r, is satellite orbital range error; v is the speed of light; ¢; and ¢,
are satellite and receiver clock offsets respectively; ;) is ionospheric delay;
7 is the tropospheric delay; ., is multipath delay; and r.;) is a delay due
to receiver noise.

Using (1), the code range measurements at L5 and S1 can be expressed as

CRps = R+1o+v(ts — t)+7r1(L5) + 7T + Tmp + Te(L5) ()
CRs1 = R+r1o+v(ts — tr)+7r1(51) + 77 + Tmp + Te(51) 3)
CRrs — CRs1 = (rr(1s) — ri(s1)) +(T=(15) — Te(r5)) “4)

The ionospheric delay r 1(i) in (1) can be obtained as (Li and Jin, 2016):

rIG) = ;/XdL :;/ <fcf>2dL

NdL TE
/ = 40.35 ¢

i fi?
where, f), is ionospheric plasma frequency, f; is carrier signal frequency, dL
is a differential length, Ne is the density of electrons along LOS between
satellite and receiver.

By neglecting the differential receiver noise term in (4) and from (5) it
can be written as;

=40.3

6))

CRps5 — CRs1 = 40.3 x STEC(f3 — f25/f%1f15)

1
STEC = 5= (f31 = fi5/181015)(CRis = CRs1)  (6)

By putting the values of NavIC frequencies as fr,5 = 1176.45 MHz and
fs1 = 2492.028 MHz in (6) the value of STEC can be written as (Bhardwaj
et al., 2020)

STEC = 4.4192 x 10® x (CRp5 — CRs1) [electron/m?]
— 4.4192 x (CRp5 — CRsy) [TECU] (7)

where, 1TECU = 106 electron/m?.
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4 Results and Analysis

The STEC has been calculated from code range and carrier phase measure-
ments using Equation (7), at each epoch for PRN 2 to 7, and shown in
Figure 3(a) for GSO and (b) GEO satellites separately for better analysis.
In Figure 3(a), the GSO satellites have STEC peaks at different hours of
the day while in the case of GEO satellites (Figure 3(b)) STEC peaks are
during the same time duration (15 to 16 hrs.) This is because along with
diurnal solar activity the STEC depends upon the elevation angle. For GSO
satellites, with a decrease in elevation angle the path length between satellite
and receiver increases and thus increase in STEC (as given in Equation (5))
values. In the case of GEOs, there are small variations in elevation angle
as compared to GSOs and hence the STEC curves are mainly following the
solar activity. Furthermore, as the code range measurements are ambiguous,
a rapid fluctuation in STEC values can be observed in the curves. To remove
these fast variations, a low-pass filter has been applied to STEC data and
the resultant curves are shown in Figure 3(c) and (d) for GSOs and GEOs
respectively. It can be observed from the figure that the fast fluctuations
are greatly removed and slow changes in the STEC curves are now clearly
visible. As the changes in ionospheric TEC are mainly due to diurnal solar
activity, which is a gradual process, the abrupt variations in STEC curves
are due to other ionospheric scintillation effects present in the code range
measurement. Directly employing such STEC data for ionospheric studies
and delay correction could lead to artificial changes in the observation. Thus
a further data processing step that is data integration for a defined interval is
required which can provide a mean value of data during that duration. Also,
the STEC has been calculated at each epoch (logged at every second) leads to
a large volume of data (86400 data points in 24 hours) and it will increase the
data processing time and complexity in case of larger time duration analysis
such as weekly, monthly and yearly. The integration of data based on time
duration could solve these problems. The data integration steps, selection of
optimal integration duration, and outcomes have been discussed below.

In data integration, the most important step is the selection of integra-
tion time duration because the original behavior might get affected due to
inappropriate time duration. If the integration time duration is very small it
may inherit the fluctuations from the original curve, whereas a long duration
might alter the shape of the curve. Diurnal variation of STEC is calculated
for different integration times are shown in Figure 4 (a) 10 Min (b) 15 Min
(c) 30 Min (d) 1 hour in which the integrated curves have been overlapped
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Figure 3 Estimated STEC from Code range for (a) GSOs (b) GEOs, and Filtered STEC for
(c) GSOs (d) GEOs.

over the original curve. For 10, 15, and 30 min integration time duration
(Figure 4 (a) (b) and (¢)) it can be observed that the resultant curves consist of
a sharp change in integrated data points. In the case of 1 hour integration time
(Figure 4 (d)) the curve is much smoother as compared to other time durations
and follows the mean behavior of the original curve. Another advantage of 1
hour integration time is that it drastically decreases the number of resultant
data points, i.e. 24 only, in comparison to 144 for 10 min, 96 for 15 min, and
48 for 30 min duration. Thus 1-hour time duration has been selected for the
data integration step for further analysis.

(a) Diurnal Analysis of STEC

For the analysis of diurnal variation of STEC, one week (From Sunday to
Saturday) of data (04th to 10th June 2017) has been processed and plotted in
figure for PRN 2 to 7. To study the characteristics of the ionosphere, plotted
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Figure 4 Diurnal variation of averaged TEC for different integration time for PRN 4 (a) 10
Min (b) 15 Min (c) 30 Min (d) 1 hour.

STEC curves can be divided mainly into four value zones i.e. minimum
before sunrise (0-5 hrs), rise after sunrise and before afternoon (5-13 hrs),
peak (13-16 hrs), and fall (16-18 hrs). In the minimum zone, the STEC
curves for all satellites reach their minimum just before sunrise (i.e. 5 hrs)
during the entire week as shown in Figure 5. This verifies the typical ion-
recombination process in the ionosphere due to the absence of solar radiation.
From Figure 5(a) to (f), it can be observed that the STEC curves experience
a sharp rise after sunrise due to photo-electron generation in the ionosphere
and continue to increase with solar radiations. The rising-rate, peak hours,
and falling-rate of STEC of GEO satellites (Figure 5(c), (e), and (f)) are
found similar, however, the GSO satellites (Figure 5(a), (c), and (d) are
having different rising-rate, peak hours and falling-rate due to the com-
bined effect of elevation angle and solar radiations as discussed previously.
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Figure 6 Diurnal STEC variation of PRN 3 (a) for June 2017 (b) monthly mean STEC (c)
for summer months (d) for winter months.

Another important characteristic, the presence of ionospheric disturbance can
be identified from the STEC graph. The disturbance may be localized or
cover the entire ionosphere, its duration could be a short time (minutes to
hours) or last for the entire day. The unusual behavior of the STEC curve
on Friday can be observed for all satellites, which indicate the presence of
ionospheric disturbance during the entire day, whereas higher STEC peaks
can be observed on Saturday for PRN 4 and 7 only, which shows the presence
of localized disturbance. A similar analysis has been done for the monthly
behavior of ionospheric TEC.

The STEC values were estimated for each hour of the day for seasonal
analysis. The temporal variations of hourly average STEC values for June
2017 are plotted in Figure 6(a). From the figure, it can be observed that the
curve patterns are almost identical except for a few days. The mean of these
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curves is thus plotted with standard deviation in Figure 6(b) for monthly
analysis. The curves display almost similar activity (&1 TEC) at morning
(00:00 to 05:00hrs) and night (20:00 to 24:00), and are within £3 TECU)
during the rest of the day. This shows the feasibility of taking the monthly
mean of the STEC for further analysis.

(b) Seasonal Analysis of STEC

The monthly mean STEC curves for summer (i.e. June, July, and August),
and winter (i.e. November, December, January, and February) months are
grouped. The seasonal curves are plotted in Figure 6(c) and (d) for each
satellite PRN 3 only for better understanding. From the figures, it can be
observed that the STEC curves are having similar diurnal behavior i.e. min-
imum value, peak hours, but different seasonal characteristics, in terms of
rising rate, peak values, and fall rate can be observed. The STEC values are
higher during the summer months than the winter months. Although, in the
summer and winter months STEC are having and similar diurnal variations, a
higher nighttime value and slow falling rate can be observed during summer
months that indicate the effect of ion temperature on electron density in the
ionosphere.

5 Conclusion and Future Scope

In this paper, an in-depth discussion on the NavIC data logging, data extrac-
tion, satellite position and motion with respect to the receiver, and estimation
and pre-processing of STEC have been done. It has been observed that NavIC
satellites are having low elevation angles most of the time which requires
special attention in any mathematical modeling because existing satellite
navigation methods prefer elevation greater than 50° and low elevation could
introduce error in positioning. The estimated STEC from code range mea-
surement experiences fast fluctuation which has been reduced using a low
pass filter. To eliminate unwanted slow variations in STEC and reduction
in data volume a data integration step has been introduced and the 1-hour
integration time duration has been found suitable for it. Using these steps
a database of STEC has been prepared and plotted to analyze its diurnal
variation for each PRN (2-7). It has been observed that the behavior of STEC
for GEOs are similar and follows the diurnal solar variation, whereas, the
STEC of GSOs is having different characteristics due to the combined effect
of their elevations and solar radiation during the day. Furthermore, it has been
found that the STEC curves can detect the ionospheric disturbance as well
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as its characteristics such as short-term, long-term, localized, and regional
effects. A similar analysis has been done for the monthly and seasonal
behavior of ionospheric TEC. The STEC curves are having similar diurnal
behavior but different seasonal characteristics. The STEC are higher during
the summer months than the winter months and a higher nighttime value and
slow falling rate can be observed during summer months that indicate the
effect of ion temperature on electron density in the ionosphere.
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