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Abstract

Indian regional navigation satellite system (IRNSS) or Navigation with Indian Constellation (NaVIC) is the satellite-based
navigation system, established and controlled by the Indian Space Research Organization. It provides services of positioning,
velocity, and timing for civilian and military applications. Ionospheric irregularities cause the fluctuations in the amplitude
and phase of the received navigation signals; this phenomenon is known as scintillation. Scintillation can create the error in
precise positioning and degrades the position accuracy of the navigation system. It varies with solar activity, geographical
location, seasonal variation, day—night time, and elevation angle of satellites. The S4 index is one of the key parameters to
estimate the amplitude scintillation to recognize the quality of the navigation signal. In this paper, amplitude scintillation
characteristics are studied with IRNSS/GPS/SBAS in the Ahmedabad region which is at the average altitude of 53 m. $4
index is calculated and analyzed using the real-time navigation data of one week. Here, IRNSS/GPS/SBAS receiver with
L1, L5, and S-band, is used to collect the data at low altitude station IITRAM, Ahmedabad). The position error of normal
sunny days is calculated using IRNSS/GPS/SBAS receiver. The probability of position error is also derived and found that
it follows the gamma distribution function and validate it statistically using a chi-square test. This study also focuses on the
effect of elevation of the satellite on the value of carrier to noise ratio at the location of ITRAM.

Keywords Indian Regional Navigation Satellite System - Microstrip patch antenna - Duroid - PVT-position - Velocity -
Timing - IRNSS receiver - GPS

Introduction

The Indian regional navigation satellite system is now a
fully developed navigation system for India to provide the
services of positioning, velocity, and timing (PVT). IRNSS
is designed to give accurate positioning coordinates within
the error of 10 m over the Indian region and 20 m error in
the surrounded area of 1500 sq.km. The space segment of
IRNSS is the combination of seven satellites, from which
three satellites are in geostationary earth orbit (GEO) and
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four satellites are in geosynchronous orbit (GSO). The
three GEO satellites (1C, 1F and 1G) are positioned at 83°
E, 32.5° E and 129.5° E at 5° inclinations each and four
GSO satellites (1B, 1D, 1E and 1I) are positioned at55
E and 111.75° E. IRNSS offers two main services; the
standard positioning services (SPS) for all users and the
restricted services (RS) to authorize users. The standard
position service (SPS) of IRNSS is transmitted on the L5
band (1164.45-1188.45 MHz) with the carrier frequency
of 1.17645 GHz and S-band (2483.5-2500 MHz) with the
carrier frequency of 2.492028 GHz bands (Indian Regional
Navigation Satellite System 2017). The IRNSS/GPS/SBAS
receiver enables us to receive L1, L5, and S band signals.
The ionosphere is the zone of an atmosphere around 60
to 1000 km of the altitude above the Earth’s surface and
has the ionized particles such as electrons and plasma. The
propagation speed of the radio signal depends upon the elec-
tron density present in the ionosphere. The ionosphere is the
most prominent source of interference in radio waves when
it travels from satellite to receiver. The characteristic of the
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ionosphere is influenced by the variation in electron density
which is described by total electron content (TEC). TEC is
the electron number density, which represents the total num-
ber of electrons placed along 1m? cross-section area in the
propagation path. TEC unit is often expressed as, | TECU =
1016 el/m?, which is intensively dependent on sun activity
(Romero and Dovis 2013). The ionosphere delays the radio
signal proportional to the TEC. The ionospheric delay can
be expressed by using the following equation,

40.3

Ionodelay = —— % (TEC

onodelay e ( ) (D
So,

TEC = Tono delay X ¢ X f? 2

40.3

Tonospheric scintillation is defined as the fluctuations in sig-
nal amplitude and phase due to signal refraction when it is
passing through ionospheric plasma irregularities. Ampli-
tude scintillation represents rapid fluctuations in signal
amplitude and phase scintillation represents the deviation
in the phase of the radio signal. The scintillation depends
on the variation in electron density, plasma irregularities,
sun radiation intensity, seasons, and geographical location
(Acharya and Majumdar 2019; Acharya et al. 2007), and in
turn, it causes ranging errors. At the equatorial and high lati-
tude regions, the ionosphere is more active and very less pre-
dictable (Romero and Dovis 2013). As the signal is severely
affected by scintillation, the receiver may suffer from loss
of lock and the navigation system may not be able to locate
a precise position. The ionospheric scintillation characteri-
zation has been investigated by Jiao and Morton (2015) at
high latitude and equatorial region in the Gakona, Alaska,
Jicamarca, and Peru. It shows that the navigation signal suf-
fers from severe scintillation at the equatorial region with
deeper and faster signal power fading and longer duration.
The phase scintillation is more intense than amplitude
scintillation at high altitude region. He et al. (2016) have
analyzed the ionospheric scintillation effect on the BeiDou
signal receiver. Acharya and Majumdar (2019) presented
the calculation of S4 index and ionospheric irregularity
index ROTI of GAGAN TEC Network Station. Steenburgh
et al. (2008) examined amplitude scintillation data spanning
7 years from Ascension Island, UK; Ancon, Peru; and Antof-
agasta, Chile in the Atlantic/American longitudinal sector as
well as Indonesia, and calculated the value of S4 index and
probability of occurrence of $4 index. Sujimol and Shahana
(2017) have studied the effect of ionospheric scintillation
on IRNSS at L5 and S-band at New Delhi and Ahmedabad
and found that the amplitude scintillation severity is more
on L5 band than S-band, scintillation occurrence is mostly in
post-sunset periods. de Oliveira Nascimento Brassarote et al.
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(2017) found the S4 index for five stations from CIGALA/
CALIBRA network and by performing wavelet decomposi-
tion of scintillation §4 index, estimate and remove the mul-
tipath effect from it. Guo et al. (2019) have studied about
ionospheric scintillation characteristics in Australia with
GNSS during 2011-2015. Parmar et al. (2017) investigated
the ionospheric scintillation measurement using TEC varia-
tions for IRNSS receiver at low latitude region, Surat, India.
Desai and Shah (2018) have analyzed various ionospheric
models to improve the position accuracy of IRNSS. Jacob-
sen and Dhnn (2014) have presented a strong correlation
between positioning error and rate of TEC index for GNSS
receiver. It is found that when the rate of the TEC index is
increasing, 3D position error also increases exponentially.
Rino et al. (2019) investigate that when the $4 index is less
than 0.5 with the lower carrier frequency, the scintillation-
induced errors are a small fraction of one TEC unit. TEC
errors are very much small and almost negligible for weak
and moderate scintillation.

This paper focuses on the study of amplitude scintilla-
tion in the Gujarat region particularly in Ahmedabad city, to
evaluate the performance of IRNSS/GPS/SBAS positioning
services. The $4 index is calculated for seven days from June
10, 2019 to June 16, 2019, which are the moderate sunny days
in Ahmedabad. The S4 index for seven days with L1, L5, and
S-band is calculated, plotted, and analyzed. The probability
distribution of positioning error for a week is determined and
the effect of variation in elevation angle on the ionospheric
delay at ITRAM, Ahmedabad station is also determined.

lonospheric scintillation effect on IRNSS:
theoretical study

The Ionosphere delay is inversely proportional to the square
of the frequency, so for a higher frequency, the delay is less.
In the case of IRNSS receiver, the S-band will suffer from
less amount of delay compared to L5 and L1. The ionospheric
delay is directly proportional to TEC. The variation in the elec-
tron density at the ionosphere causes curvature in the propa-
gation path of navigation signal which increases the pseudo-
range for satellite positioning. The pseudo-range or first-order
ionospheric free range for dual-frequency IRNSS user can be
defined as

p=(ps—rps)/(A1=7) 3)
where L5 and S are the center frequency of IRNSS
v =5 /15s) - “

p = pseudo-range corrected for first-order ionospheric effects
P15, Ps = pseudo-range measured on the channel indicated
by the subscript.
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For navigation system, two measurements pseudo-
range and carrier phase measurements are very impor-
tant. The navigation receiver measures the time difference
between the transmitted signal by using a satellite clock
and received signal by using the receiver clock. When the
satellite clock and receiver clocks are synchronized, the
measured range is called true range otherwise it is pseudo-
range. Generally, pseudo-range measurement is used for
the civilian purpose where high accuracy is not required.
In the carrier phase measurement technique, the receiver
measures the range between a satellite and receiver in
terms of cycles of the carrier frequency. It gives a very
high precision measurement in the millimeter range. In the
day time, the ionization activity is more severe compared
to night time so the ionospheric delay is more at day time
(Brahmanandam et al. 2012). This ionospheric activity
will fluctuate the amplitude and phase of navigation sig-
nal which induce the scintillation event. The dilution of
precision (DOP) is a measure of the error caused by the
relative position of navigation satellites. The one value of
DOP represents the ideal condition means negligible error
and high value of DOP indicates the more error. The low
elevation angle gives more scintillation due to the reduc-
tion of GDOP (Jianjun et al. 2006). The S4 index is used
to investigate the amplitude scintillation for navigation
system (de Oliveira Nascimento Brassarote et al. 2017). It
is the ratio of the standard deviation of the received carrier
power to the average carrier power by considering the data
stability of 1 minute and can be expressed as, (Chen et al.
2017; Chakraborty et al. 2017)

$,= l<s?> - <si>2] ”

<Si>2

where §; is the detrending of the carrier-to-noise ratio
(C/N,) to construct the time series of received navigation
signal for estimating the trend. C/N, is the ratio of carrier
power to noise power per unit bandwidth and expressed in
terms of dB-Hz. S; is a linear scaled C/N,, and S, indicates
the average value of signal intensity for 60 s. If the value of
the S4 index is less than 0.3, the navigation signal will not
be affected. When the value of the §4 index is within 0.3 to
0.6, it shows moderate scintillation and if the S4 index is
greater than 0.6, the navigation signal will suffer from strong
scintillation (Jianjun et al. 2006; de Oliveira Nascimento
Brassarote et al. 2017).

Due to the dispersive characteristics of the ionosphere,
the different frequencies will have different amounts of
time delay. The time delay for a higher carrier frequency is
less than the lower carrier frequency wave. This is the main
reason to select the dual-frequency for navigation receiver
to achieve a better result compare to a single-frequency

®

receiver. As S4 is highly sensitive to the Fresnel scale
(Carrano et al. 2019), the effect of amplitude scintillation
for the navigation signals can be derived by the effect of
Fresnel diffraction caused by ionospheric irregularities.
The Fresnel diffraction (D;) can be described by the fol-
lowing equation

D, =2h... (6)

where A represents the wavelength of the carrier wave and
h is the height of the irregularities (typically 300—400 km).
The amplitude will fluctuate at the Fresnel frequency is
given by,

Je=V/Dy @)

where V is the drift velocity of the irregularities.

Here, the drift velocity of plasma irregularities (V) is
typically 100-200 m/s. So, for L5 band 4 = 0.25 m, and the
scale range of Fresnel diffraction will be 387.2-447.2 m and
the amplitude will fluctuate at 0.25-0.51 Hz. According to
the sampling theory, the sampling rate should be at least
twice as fast as the Fresnel frequency, i.e., 0.5-1.02 Hz and
sometimes more than this. Amplitude scintillation directly
reduces the value of the carrier-to-noise ratio (C/N,) of
navigation signals in the receiver. The receiver tracking
threshold value for the signal-to-noise ratio is 32 dB for
IRNSS receiver and if the signal intensity degrades from
this threshold, the receiver will suffer from loss of lock on
that satellite and the acquisition of signal is required within
few seconds. The tracking will be lost for this time duration.
This will reduce the accuracy and may have a loss of data
for a particular time. The strong scintillation will lead to
an error in positioning accuracy. There is no direct relation
between ionospheric scintillation and position error but 3D
position error increases exponentially with increasing Rate
of change of TEC index (ROTI) (Carrano et al. 2019). The
ionospheric delay can be overcome by using the efficient
ionospheric delay correction algorithm. Here, grid model
is selected to minimize the effect of ionospheric delay to
improve the performance of IRNSS/GPS/SBAS receiver.

Instrumental setup and data processing

Two IGS receivers A314 and A315 (IRNSS/GPS/SBAS)
are installed in the laboratory at the Institute of Infrastruc-
ture Technology Research and Management (IITRAM) at
Ahmedabad, Gujarat, India. The antenna is set on the roof-
top of the building to receive the navigation signal; the
receiver is connected with the computer which enables us
to log the real-time navigation data using the GUI inter-
face. The real-time data have been extracted in the form of
an excel file that further processed using IRDAS. For this
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study, the data are extracted from June 10-16, 2019 from
IGS receiver and processed by IRDAS and MATLAB to
get a resultant plot. Figure 1 shows the basic experimen-
tal setup to collect real-time navigation data from IRNSS
satellites.

The L1, L5, and S-band data for this study are received
by IRNSS receiver and further processed as follows:

1. The IRNSS receiver is connected with the computer
to log the data. The data is logged in the form of a raw
data file.

2. The raw data is extracted in the form excel file. The 8
folders are created for one day with an interval of 3 h.

3. Position data are logged into the system in the form of
X position, y position and z position. These x, y, and z
position data are taken from the POSB file.

4. To find the position error, the x, y, and posi-
tion data are subtracted from reference data X, Y,
and Z. X = 1754426 m, Y = 5605814.42 m and
Z =2477176.59 m.

5. Position error and its occurrence probability are found
by MATLAB.

6. The C/N, is taken from the SATB file. Here, C/N, is
taken for L1, L5, and S-band.

7. The average value of C/Nj is taken every 60 s to find
the S4 index (Ya’acob et al. 2010).

8. The standard deviation of C/N, is calculated.

9. The mean of C/N, is calculated.

10. S4 index is calculated by the ratio of standard deviation
by mean of C/N,,.

11. Here, the S4 index is found for Satellite B for L1, LS5,
and S, with the data of seven days.

12.  S4 index is plotted with MATLAB 2017

IRNSS Antenna

(]

A

Computer
Receiver

Power Supply

Fig. 1 Experimental setup to collect real-time navigation data from
IRNSS Satellites
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Results and discussion

The performance of IRNSS can be evaluated in terms of
carrier-to-noise ratio, elevation angle, positioning error,
distribution probability of positioning error, and amplitude
scintillation. Here, IRNSS/GPS/SBAS receiver receives L1,
L5, and S-band signals, so these signals are processed to
find ionospheric delay, position error, distribution probabil-
ity of positioning error, and $4 index. We also analyzed the
carrier-to-noise ratio and ionospheric delay w.r.t elevation
angle of IRNSS satellites.

Distribution of position error

The position error can be found by the difference between
the reference position and the measured position. IRNSS
receiver gives the position data in the form of X, Y, and
Z position. The reference position (golden reference)
for ITRAM is X = 1754426 m, Y = 5605814.42 m, and
Z = 2477176.59 m. The error in positioning data can be
calculated by the following equation

Pos. error = /(X —x12+ (¥ —y12+(Z—-z1)%... (8)

where X, Y, Z are reference positions of IITRAM, and x1,
x2, x3 are the observed position of IITRAM using IRNSS
receiver. Here, positioning error per second for seven days
are calculated to estimate the maximum positioning error of
the days and to plot the distribution function.

Figure 2 shows the probability of a position error of
seven days from June 10, 2019 to June 16, 2019. The maxi-
mum, minimum and average value of position error belongs
to a day for a week is mentioned in Table 1. It includes
maximum, minimum and average positioning error with
the value of S4 index on the same time with three differ-
ent bands. Maximum positioning error during the week is
7.850121187 m on 3.55 pm, June 15, 2019 and at this time
the scintillation is strong in L1 band only. It is clear that
positioning error is within the 10 m always so IRNSS is
operating well at our location. The estimated coefficients
decide the expected distribution of positioning error. Hence,
we can find that the probability distribution of positioning
error follows the gamma distribution as shown in Fig. 2. To
validate the gamma distribution model, the chi-square good-
ness of fit test is conducted. Here, there are seven data sets,
i.e., n ="7. So we assure the sum of the square of n numbers
of errors which are normalized by n—1 value, called a degree
of freedom. The chi-square test gives the value 1 to validate
the distribution in MATLAB.

The location coordinates of IITRAM which are
23.00439687° N and 72.62182262° E, 80 m altitude have
been considered as a golden reference (Rawat et al. 2019).
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Fig.2 Probability of position error for a June 10, 2019, b June 11, 2019, ¢ June 12, 2019, d June 13, 2019, e June 14, 2019, f June 15, 2019, g
June 16, 2019

Table 1 Position error and scintillation effect during 7 days

Date Maximum position ~ Minimum position Average position error  Scintillation effect and S4 value

error during the day  error during the day during the day (meter)

(meter) (meter)

L1 band L5 band S band

June 10,2019  4.520687877 0.008706882 1.005781005 Strong 6.208951 Weak 0.153425 Weak 0.082996
June 11,2019  3.939897583 0.010645815 1.10346843 Strong 7.166093 Weak 0.346017 Strong 1.162300
June 12,2019  3.53665228 0.020780165 0.860768438 Strong 7.228055 Weak 0.258122 Strong 0.715059
June 13,2019 4.861034833 0.01660597 0.989546067 Strong 3.388511 Weak 0.278801 Strong 0.865200
June 14,2019 4.271728885 0.021466451 1.052917505 Strong 4.942313 Weak 0.229814 Moderate 0.541158
June 15,2019  7.850121187 0.02687701 1.23769472 Strong 5.484095 Weak 0.235113 Moderate 0.604400
June 16,2019  5.978445517 0.193510838 1.342709765 Strong 4.367337 Weak 0.221881 Weak 0.483628

@ Springer



328

Acta Geophysica (2021) 69:323-333

The 3DRMS position error is 1.16 m, and circular error
probability (CEP) is 0.46 m for the location of ITRAM
by using IRNSS/GPS/SBAS receiver. It is also observed
that maximum ionospheric delay is nearly 19 m at L5 band
and 4 m for S band, i.e., at a higher frequency the iono-
spheric delay is less compared to a lower frequency. Fig-
ure 3 shows the position error plot generated by IRDAS
software.

54 Index

The data of C/N, are logged into the computer and con-
verted into the excel file. Here, the amplitude scintilla-
tion index S4 is calculated using C/N, from SATB files
of a particular band for PRN 2. The presented results are

capable to visualize the effect of scintillation on repeatedly
and randomly. The S4 index represents the variation in the
power level of navigation signal over one minute interval (de
Oliveira Nascimento Brassarote et al. 2017; Ya’acob et al.
2010). IRNSS receiver’s ability for positioning and track-
ing the location is highly dependent on the value of C/N,,.
Lower the value of C/N,, greater the possibility of error in
positioning (Sharma et al. 2019). Here, the S4 index of June
10, 2019 to June 16, 2019, (7 days) is calculated and plotted
using the MATLAB. Figures 4, 5 and 6 represents the plots
of §4 index of L5, S and L1 band, respectively, for the dura-
tion of seven days. Figures 4, 5, and 6 shows the S4 value by
blue spikes with respect to minutes. LS band does not show
strong scintillation but there is a rapid variation in S4 index
in this band. S band and L1 band gives S4 value higher than
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Fig.5 S4 index of S band from

S4 index for S band during 10 June 2019 to 16 June 2019
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0.6 many times in a day but it is just for the interval of 1
minute only. So, loss of lock with satellite never occurs and
data are not blocked during these periods and error will not
be more than 10 m.

Figure 4 show that there is a rapid variation in the S4
index for the L5 band and it never increases more than 0.35.
Figure 5 shows that the $4 index for S-band is 1.1623 for
day 2, 0.715059 for day 3, and 0.865200 for day 4 which
represents strong scintillation, and Fig. 6 shows $4 value for
L1 band reaches greater than 1, every day, so on that par-
ticular time the strong scintillation occurs. Figure 7 shows
the graph of S4 index for L1, L5 and S band for seven days.
In this graphs, red line indicates S4 value for L1 band, blue
line indicates S4 value for L5 band and black line indicates
S4 value for S band. It is found that most of the time, in L1
band, strong scintillation occurs from 5:00 to 6 am. Most
of the time, weak scintillation event is found in L5 band
but rapid variation in S4 value is stated here with no scin-
tillation event. Strong scintillation events are found from
12:00 to 9 am in S band. Mostly moderate/strong scintilla-
tion occurs after mid night and remains up to 9:00 o’clock
in the morning. These observations are found during normal

Time in minute

sunny days in Ahmedabad to analyze the characteristics of
amplitude scintillation. These results can be used for further
research.

Carrier-noise ratio and ionospheric delay w.r.t
elevation angle of satellite

The observed elevation angle of IRNSS Satellite 1B
is 16° for 3 hours (i.e., 9:00 am—12 pm) at the day time
on June 11, 2019, which induces strong scintillation for
S-band. Ionospheric delay attains maximum value during
12:00-3:00 pm and minimum during 12:00-3:00 am. The
variation of ionospheric delay concerning the elevation
angle is presented in Fig. 8. Initially, C/N, increases when
the elevation angle of satellite increases, and it will saturate
above 45° and below 20° as shown in Fig. 9. The signals
reach to low elevation angles, suffer from more scintilla-
tion and may have a poor value of C/N,. C/N, degrades
at lower elevation angles, below 20 degree as shown in
Fig. 9. To consider the IRNSS publicly usable, the Indian
users must have at least one satellite above 60° and at least
two satellites above 50°. This is also observed by Santra
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Fig.8 Ionospheric delay and elevation angle variations for satellite 1B throughout the day (June 11, 2019)

et al. in 2019. We found that the minimum elevation angle
reaches to 27.21286° at 3.57 pm over which maximum
positioning error is found on June 15, 2019. From even-
ing 4.42 pm, elevation angle is increased, and reaches its
maximum value of 74.8625° from 6:69 to 6.499 am, then it
is started decreasing gradually and reaches to its minimum
value of 27.21286° at 3.57 pm.

Conclusions

In this paper, the characterization of amplitude scintilla-
tion index and distribution of positioning error for IRNSS/
GPS/SBAS receiver is realized at IITRAM, Ahmedabad,
Gujarat. Amplitude scintillation is analyzed using the S4
index for L1, L5, and S band which estimate the perfor-
mance of IRNSS and GPS for seven days June 10, 2019
to June 16, 2019. Amplitude scintillation is more on the
S band compare to the L5 band and maximum on the L1
band. Results show that the distribution of positioning
error follows the gamma distribution and validated by
the chi-square goodness of fit test. It also found that the
scintillation effect is more significant at a low elevation
angle for a particular satellite. The ionospheric delay and
elevation angle variation are found and the result shows

that the Satellite 1B gives more ionospheric delay compare
to other satellites, as it may contain a minimum elevation
angle at a certain time. The average position error of one
week is 1.16 m for IRNSS and GPS combined at our loca-
tion. The following are the main findings of this research
work:

(1) L1 band suffers from more scintillation compare to L5
and S band at the location of ITRAM, Ahmedabad,
India.

(2) IRNSS Satellite 1B is having elevation angle of 16°
for 3 h (i.e., 9:00 am-12 pm) at the day time on June
11, 2019, which induces strong scintillation for S-band.
Elevation angle of Satellite 1B reaches to 27.21286°,
nearly around 4pm on June 15, 2019 over which posi-
tioning error is 7.850121187m.

(3) The highest elevation angle is 74.8625° and it is
between morning 6:00 to 7:00 am for all satellites.

(4) Maximum ionospheric delay is nearly 19 m at L5 band
and 4 m for S-band during the observation.

(5) The 3DRMS position error is 1.16 m, and circular error
probability (CEP) is 0.46 m for the location of IIT-
RAM.

(6) Positioning error is within the 10 m for all seven days,
so it is clear that IRNSS fulfill its objectives at our loca-
tion.
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Fig.9 Variation of C/N, with
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