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The Navigation with Indian Constellation (NavIC)/
Indian Regional Navigation Satellite System (IRNSS)
is an independent navigation system developed for the
Indian subcontinent by the Indian Space Research
Organisation (ISRO). The positional accuracy of this
system is mainly affected by the ionosphere of the low-
latitude equatorial Indian subcontinent, as large iono-
spheric gradients and intense irregularities are pre-
sent in it. The objective of this study is to improve the
positional accuracy of NavIC/IRNSS systems by ap-
plying ionospheric correction using the most suitable
single-frequency model. The data to be analysed were
collected from the NavIC/IRNSS receiver provided by
the Space Applications Centre, ISRO. A comparative
analysis between the dual-frequency model and single-
frequency model (e.g. GIVE model, coefficient-based
model) was performed on the data from the NavIC/
IRNSS receiver. Different ionospheric models were
applied to compute ionospheric delay (ionodelay) on a
quiet day (3 < Kp <5). Our result shows that both the
single-frequency Grid Ionosphere Vertical Error
(GIVE) model and dual frequency model outperform
remarkably compared to the traditional coefficient-
based model. The GIVE model was also analysed on
FAR categorized satellites for different stormy days of
different months. It was observed that during stormy
days also, the 3D position computed by applying the
GIVE model was nearly the same as the dual-
frequency model.
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THE Navigation with Indian Constellation (NavIC)/Indian
Regional Navigation Satellite System (IRNSS) is an
aboriginal navigation system developed by the Indian
Space Research Organisation (ISRO). The NavIC/IRNSS
system will provide positioning service with 10 m accu-
racy for civilian and the military users in India'. The
NavIC/IRNSS consists of three Geostationary Earth Orbit
(GEO) and four Geo Synchronous Orbit (GSO) satellites.
The NavIC/IRNSS satellites broadcast the signal in Ls band
(1164.45-1188.45 MHz) and S band (2483.5-2500 MHz)
with a carrier frequency of 1176.45 MHz (F1) and
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2492.08 MHz (F2) respectively’ . Currently, the NavIC/
IRNSS constellation is completed as all seven satellites,
i.e. 1A, 1B, 1C, 1D, 1E, 1F and 1G are active in the orbit’.

Internet of Things (IoT) will be a promising technology
in the upcoming years, where the devices will be con-
nected with each other through the internet. The future of
Indian navigation will depend on NavIC/IRNSS, which
can be coordinated with IoT for anytime, anywhere ac-
cess, permit data back-up with NavIC/IRNSS support for
mobile assistance. It will be useful to solve many
navigation challenges such as traffic jam, road block, etc.
The positional accuracy of such a system can be influ-
enced by a number of factors, such as the geometry cre-
ated between satellites, delay in the signal reception
caused by the ionosphere and troposphere, multipath, the
Doppler effect, clock drift and receiver noise. These
effects may lead to position inaccuracy/miscalculation
and may result in system failure. Hence, it is necessary to
identify and mitigate it.

The effect of satellite geometry is measured by the
factor of Dilution of Precision (DOP). The present au-
thors have analysed various DOP parameters for Nav-
IC/IRNSS and enhanced NavIC/IRNSS with GPS
systems. It was observed that as the number of IRNSS
satellites increased, the performance of DOP improved®.
In this study, the delay parameters have been analysed
because a small delay in the signal may significantly affect
the user (receiver) location. The existence of large irregu-
larities in the ionosphere causes an increase in delay of Ls
and S band signals received from NavIC/IRNSS satellites’.
Hence, the results obtained after computing the received
signals with higher ionospheric irregularities generate error
in position measurements’®. Here, the popular computa-
tional algorithms (like dual-frequency and single-frequency
models) have been applied to mitigate the error due to
ionospheric irregularities and improve the positioning accu-
racy. Table 1 provides a summary of such algorithms’'®.
However, feasibility check of these algorithms for NavIC/
IRNSS has not been performed in real-time scenario.

A detailed survey was conducted on different iono-
delay models described above for the NavIC/IRNSS sys-
tem®. Here, different single-frequency algorithms were
investigated, which eliminate the need for extra frequency
used in the dual-frequency model. The NavIC/IRNSS
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Table 1. Summary of ionospheric correction algorithms
Application Algorithms Reference
Global positioning system (GPS) Dual frequency method, differential correction approach 9,10
and single-frequency ionospheric delay
GPS-aided GEO augmented High accuracy and precision in civil aviation 11,12
navigation (GAGAN) Minimum mean square error 13

Inverse distance weighted (IDW) with the Klobuchar model 14
Planar fit model 14
Kriging 15
Spherical harmonic function 16
Modified Klobuchar model for two-shell model 17
Taylor series expansion 18

NavIC/IRNSS Kalman filter 7,8

broadcasts eight coefficients (four « and four ) based on
the Klobuchar model®. It also provides 90 Ionospheric
Grid Point (IGPs)-based on grid model correction para-
meters in the Ls band’. Hence, ionospheric correction was
applied using the dual-frequency model, grid-based Grid
Tonosphere Vertical Error (GIVE) model and eight coef-
ficients-based model on a quiet day (3 <Kp<5) data,
collected by the Accord NavIC/IRNSS receiver. It has
been realized from the positional error comparison that
the performance of the grid-based GIVE model is similar
to the dual-frequency model, i.e. using the single-
frequency model also we could achieve performance
similar to the dual-frequency model.

The Fast Fourier Transform (FFT) Averaging Ratio
(FAR) algorithm was applied by Kowsik ez al."’ to detect
ionospheric anomalies. Here, the FAR algorithm is used
to identify the NavIC/IRNSS satellites, which are af-
fected more by the ionosphere. The algorithm calculates a
decision variable for each satellite which is recognized on
the basis of a threshold. The threshold is set using an in-
verse chi-squared distribution function’. Here, the per-
formance of the GIVE model can only be checked for
FAR-classified satellites because it is highly affected by
the ionosphere and is used to estimate the position of the
fixed location (21.16° lat, 72.78° long). The 3D position
is computed in terms of Distance Root Means Square
(DRMS), Circular Error Probable (CEP) and Spherical
Error Probability (SEP) after correcting the ionospheric
delay, tropospheric delay and clock drift for the IRNSS
and IRNSS + GPS system. From the simulation results
(ionodelay as well as 3D position of IRNSS), it can be in-
ferred that GIVE and the dual-frequency models showed
similar performance during stormy (Kp > 5) days. There-
fore, applying the GIVE model for ionospheric correction
will not only improve the positional accuracy, but also
avoid an additional hardware cost of extra frequency. The
positional accuracy can be improved by combining
IRNSS with GPS system.

Isonospheric correction models

The ionospheric irregularities were more prominent in the
latitude range £15° to £20° (ref. 20). A large gradient
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was observed in the ionosphere near the Indian subconti-
nent’. Hence, the NavIC/IRNSS system would perform
better when the additional delay due to the ionosphere is
calculated effectively using powerful models or methods
in a real-time scenario. The amount of delay contributed
by the ionosphere depends on the path-integrated density
of free electrons present in it, called Total Electron Con-
tent (TEC). TEC changes throughout the day due to re-
combination and ionization processes. It also depends on
the season, solar cycle and geographical location of the
user’'. The quiet and stormy days are identified by a vari-
ety of geomagnetic indices, such as K, Kp, Ap and Dy, and
correlated with the variation of TEC in the ionosphere®.
Since the ionosphere is a dispersive medium, the delay is
different for different frequencies. The ionospheric delay
for the NavIC/IRNSS system can be estimated propor-
tional to TEC using the dual-frequency model given by

eq. (1)*

1 F? xF?
——x—L -2 (B-R), (D

TEC (electrons/m?) =
403 (R’ -F)

where P; and P, are pseudoranges measured in two
frequencies Fy(Ls) and F,(S) respectively. In the GPS
system, normally coefficient-based Klobuchar model is
applied for ionodelay computation. Here, coefficient-
based correction is applied to NavIC/IRNSS, as described
below.

lonodelay computation using coefficient

The master frame of NavIC/IRNSS contains four sub-
frames, where each sub-frame is 600 symbols long, con-
tributing 2400 symbols per frames®®. Sub-frames 1 and 2
transmit primary while sub-frames 3 and 4 transmit sec-
ondary navigation parameters respectively'. Secondary
navigation parameters include ionospheric delay correc-
tion coefficient, ionospheric grid delays and confidence
values. The ionodelay computation using coefficient is an
empirical model which estimates the delay based on eight
coefficients™'?. The coefficients are broadcast through
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navigation data once a day. Depending on x parameter
value mentioned in IRNSS Interface Control Document
(ICD)?, the ionospheric correction is applied at Iono-
spheric Pierce Point (IPP) as follows

If x <1.57, then

2 2
Tm(m)=F{s.0*1O'9 4y [1—x—+x—ﬂ. ®)
2! 4!
Otherwise,
Tiono (M) = F % (5%107), (3)

where A4; is the amplitude computed based on four o
correction coefficients received from the NavIC/IRNSS
satellites. F'is an obliquity factor (more details about this
model are provided in ref. 2). The eight-coefficient model
is simple, but because the correction factor is fixed on the
day, it cannot work efficiently. When compared, the
GIVE model is found to be more efficient.

Grid-based ionocorrection

The NavIC/IRNSS satellites broadcast grid correction in-
formation for 90 IGPs (5° x 5° grids over the Indian
region) in the Ls band®. The broadcast message includes a
Grid Ionosphere Vertical Delay (GIVD), Grid Ionosphere
Vertical Error Indicator (GIVEI), region ID (90 IGPs are
divided into six regions), region masked and Issue of
Data Ionosphere (IODI)*'?. The users receive 15 IGPs
grid correction information depending on region ID,
which is used to compute the ionospheric correction with
the following.

Pierce
point

To
satellite

Earth's

ellipsoid
lonosphere P ‘
Earth's
centre
Figure 1. The user ionospheric pierce point location at 350 km above

the earth’s surface.
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Step-1: Depending on A, and E; angles between NavIC/
IRNSS satellite and user location (lat ¢,, long 4,), IPP
latitude and longitude ¢,, and A, are calculated™’.
The IPP is at 350 km above the earth’s surface and is in
the line-of-sight (LOS) point between the satellite and the
user'"'? (Figure 1)

. T . -1 RC
radian) = —— E, —sin
Wop ) ;b KR n

€

P j *cos(E )} NG

where R, is the earth’s radius, taken to be 6378.137 km
and % is assumed to be 350 km.

Sin(@, ) *cos(yy ) +

. e
Fop (F2cian) = sin Los(«su)*sin(wpp)*cos(Az)}’ ©

and

sin(y ) * sin(AZ)} ©

(radian) = 4, + sin”!
oo c0s(dyy)
Step 2: IGPs are selected based on calculating the 3D
position of users at IPP. Selection of IGPs has been done
as follows™'%.

e Check for four IGPs around IPP with GIVEI < 14.

e If one of the selected IGPs has GIVEI > 14, then dis-
card the same and find the delay correction using
three IGPs, but the location of IPP should be inside
the triangle made by the three IGPs.

e If more than one of the selected IGPs have GIVEI > 14,
then no ionospheric correction is required for the
chosen IPP at the given time.

Step 3: Apply the interpolation on the GIVD value of
the selected IGP (3 or 4) and calculate the User Ionospheric
Vertical Error (UIVE) at the user IPP location®'*"!

4(min3)

oyvg (M) = Z W, *Xop * Y, * oGy, -
n=1

Step 4:
follows

Tonospheric correction (IC) is applied at IPP as
2,16

1C (M) =~ (s App) = = * Tup (B> ) (8)

where 7, is the slant ionodelay and F}, is the obliquity
factor. In a grid-based model, corrections are updated
every 288 s. Hence the GIVE model will be more effi-
cient compared to the coefficient-based model. Due to the
relative location of the IRNSS satellites, the signal from
each satellite experiences a different amount of iono-
spheric delay. To classify the NavIC/IRNSS satellites
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Figure 2.

which are more affected by the ionospheric, the FAR
algorithm is applied.

FAR algorithm

For analysis using the FAR algorithm, TEC data from
each satellite were obtained from the ionospheric delay
model and provided as an input to the algorithm. Let a,(¢)
be the variation in the TEC, where the data are taken at
unit sample per second. Applying FFT to the input, we
get!?

L-1

A,(s) =" a,(I)*exp(-j2zsl/L), 9)
1=0

where / to L — 1 denote the sample values and n to N— 1,
the number of satellites. Since the FFT output is symmet-
ric, only the first half of the output 4,(s) is considered
(s=0to L/2+1 and n=0 to N). The power spectral
density (PSD) of 4,(s) is found as follows

PSD, (s) 5 4,(s)[* . (10)
Now, for every segment, the average PSD (PSD,,,) and
mean of PSD (PSDye.n) corresponding to each PRN are

calculated. The decision criterion is defined by taking the
ratio PSD,yo/PSGean-

PSD
D(n)=——"%

PSD ()

mean

In order to identify the satellite, the decision criterion is
compared with the threshold. The classification is done
by the following rule
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T
N Calculate and Apply
Apply FAR algorithm —)L T

Classify PRN above
Threshold

Experimental set-up of IRNSS/NavIC receiver and flow diagram of the methodology.

D(n)>y, disturbed; D(n)<y, quiet, (12)

where ¥ is the threshold value.

Simulation and results

Let us now validate the theoretical analysis of all the
models described above. The simulation tool MATLAB
R.14 was used to estimate the ionospheric delay for the
NavIC/IRNSS system. Data for various months were col-
lected from the Accord NavIC/IRNSS receiver located at
the Communication Research Laboratory, Electronics
Engineering Department, Sardar Vallabhbhai National
Institute of Technology (SVNIT), Surat (21.16° lat, 72.78°
long), provided by the Space Applications Centre (SAC),
ISRO, Ahmadebad. Figure 2 illustrates the experimental
set-up of the NavIC/IRNSS system and the flow of im-
plementation. The received data were sorted day-wise for
each of the seven NavIC/IRNSS and other GPS satellites.

One week raw data of NavIC/IRNSS and GPS satellites
starting from Time of Week Count (TOWC) 0 (starting
on Sunday, 14 August 2016) to 648,000 (end of Saturday,
20 August 2016) were collected for analysis. We can
choose, any range of dates. Here these dates were se-
lected based on K, index. The range between the
NavIC/IRNSS satellites (1A—1G) and the user receiver
was calculated by extracting primary information from
the raw data. Initially, the range for Ls and S bands was
calculated followed by a dual frequency approach to
measure the ionodelay for individual satellites. The re-
sults are discussed for a quiet day (14 August 2016) for
(3 <Kp<5). Figure 3 provides a comparison of ionode-
lay for six satellites (1B—1G). Data of satellite 1A were
neglected as the receiver was unable to track the satellite.
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At local noon, ionization maximizes; hence the recom-
bination is slow and electron density maximizes soon
after local noon (12.00—14.00 h). According to the litera-
ture, the dual-frequency approach always gave better per-
formance, but at the cost of additional frequency. Here,
the target was to reduce the cost of additional frequency
and this was done by applying and comparing the
performance of the various single-frequency models with
the dual-frequency model.

The GIVE and coefficient models have been selected
here. To apply the GIVE and coefficient-based models,
we need 90 IGPs values and ionospheric correction coef-
ficients, which were extracted from the raw navigation
data. Figure 4 a—f shows the comparative performance
estimation for NavIC/IRNSS 1B to 1G satellites of dual fre-
quency, GIVE and coefficient-based models respectively.
The GIVE and the dual-frequency models show similar
performance; the former utilizes single frequency and the
latter utilizes dual frequencies. The coefficient-based
model gives the worst performance compared to the other
two methods (Figure 4). Hence, dual frequency and GIVE
models were considered for further analysis.

The FAR algorithm was applied to each satellite datum
received on 14 August 2016 (3 < Kp <5) to identify the
effect of ionization. Figure 5 a and b shows the TEC data
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Figure 3. Dual frequency model analysis ((a) Ls band ionodelay anal-
ysis and (b) S-band ionodelay analysis) on a quiet day, i.e. 14 August
2016 3 < Kp<5).
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and FAR performance respectively. Figure 5a is plotted
for different TEC values for different NavIC/IRNSS sat-
ellites (1B—1G). It can be seen that on all days, the peak
of the fourth (1D) and the seventh (1G) satellites is above
a threshold value (decision variable). The lowest peak
corresponds to the third satellite (1C) according to the de-
cision variable. Hence, 1D and 1G are affected more due
to the ionospheric variations throughout the analysed
days (for the fixed location, 21.16° lat, 72.78° long)
(Figure 5¢) and 1C is the least affected. This is due to the
arrangement of the satellites shown as a skyplot (Figure
5d). It describes the relative arrangement of the satellite
constellation with respect to the receiver location. The
signals from the fourth and seventh satellites have to
traverse a longer distance through the ionosphere com-
pared to the third satellite.

Figure 6 illustrates statistical analysis of ionospheric
delay computed by different models on 14 August 2016
(3 <Kp<5). The performance of the FAR (as shown in
Figure 3) was verified by comparison with the statistical
analysis of ionodelay (maximum, mean and standard de-
viation values) discussed in Figure 6. The calculated values
of maximum ionodelay are 15, 11, 25, 11, 13 and 24 m
for satellites 1B to 1G respectively. It can be observed
that maximum ionospheric effect is experienced by satel-
lites 1D and 1G. 1D provides higher delay among all the
satellites with its value for Ls and S bands being 25 and
6 m respectively. Considering the mean, 1G has a higher
value (12 m for Ls and 3 m for S band). Similarly, standard
deviation for 1G in Ls is 8 m and for 1D in S band is 2 m.

It can be observed from Figure 6 that the dual-
frequency approach has a maximum delay for satellite
1D, which is around 25 m, whereas the GIVE and coeffi-
cient-based models provide maximum delay of 23 and
17 m respectively. Thus the performance of the GIVE and
coefficient-based models is degraded by 2 and 8 m
respectively, compared to the dual-frequency model.
From these observations, we can conclude that the GIVE
model may be used in place of the dual-frequency model,
which provides similar performance. To verify the
performance of GIVE, it is being tested for various other
stormy days as well.

The GIVE performance was checked for various
stormy days for only the FAR classified satellites, as it
majorly affected by ionosphere due to its relative location
with respect to the fixed receiver location (21.16° lat,
72.78° long). Figures 7-9 illustrate the ionodelay and
statistical analysis of the dual-frequency and GIVE
models for different stormy days (22 August 2016, 2 Sep-
tember 2016, 3 September 2016) with Kp=5; 6; 6- and
Ap =18; 37; 36 respectively, where a large ingredient is
present. The results show that the performance of the
GIVE model is similar to that of the dual-frequency
model in stormy day (Kp > 5) also.

The troposphere (60 km altitude) also adds additional
delay to the IRNSS signal reception. The troposphere
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delay is mainly due to the presence of various drying
gases, wet components in the form of water vapour and
condensed water in the form of clouds. Various tropo-
sphere models are available which are navigation-
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oriented and more accurate”**. Here, troposphere delay
for the IRNSS Ls band signal was estimated using the
Hopfield model (Figure 10). Figure 11 provides the C/N,
analysis of the IRNSS Ls band signal. The 3D positional
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error in terms of Earth Centre Earth Fix (ECEF) coordi-
nates was measured after correcting the ionospheric
effect, tropospheric effect and satellite clock correction
(Figure 12).

The 3D position was calculated by iterative least
square (ILS) estimation algorithm®. Figure 125 shows
that when ionospheric correction is applied, the IRNSS
position error is reduced compared to without correction
(Figure 12 a). The IRNSS 3D positional error in terms of
east, north and up coordinate system was computed on
selected stormy days. The IRNSS 3D position was esti-
mated for (i) without ionospheric correction, (ii) with
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dual-frequency correction and (iii) with GIVE correction
(Figure 13) (22 August 2016, Kp = 5), Figure 14 (2 Sep-
tember 2016, Kp = 6) and Figure 15 (3 September 2016,
Kp = 6) respectively). It has been observed that after the
ionospheric correction, the positional accuracy of the
IRNSS system is improved.

The behaviour of 3D position computed by applying
GIVE correction was the same as that computed after
dual-frequency correction. When the IRNSS system is
combined with the GPS system, the positional accuracy
can be improved further. The position accuracy was eva-
luated in terms of DRMS, CEP and SEP (Table 2). It has
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Table 2. The statistical positional error analysis
IRNSS dual
Date Parameters (m) IRNSS frequency IRNSS-GIVE  IRNSS + GPS
22 August 2016, Kp =5, Ap = 18 3DRMS (mean) 16.0644 8.871 11.570 2.318
CEP (mean) 4.1411 1.643 2.939 0.578
SEP (mean) 4.7619 2.022 3.383 0.708
2 September 2016, Kp = 6, Ap= 37 3DRMS (mean) 25.187 7.501 8.969 3.676
CEP (mean) 6.508 1.932 2.3246 0.959
SEP (mean) 7.295 2.794 3.514 1.198
3 September 2016, Kp = 6-, Ap=36 3DRMS (mean) 29.673 9.569 11.187 2.613
CEP (mean) 7.560 2.353 2.785 0.662
SEP (mean) 7.564 2.818 3.516 0.830
been observed that in terms of 3DRMS, CEP and SEP, 2. IRNSS signal in space ICD 2011, ISRO-ISAC V I1.1;

the performance of IRNSS with ionospheric correction
was found to be better. The performance of IRNSS with
GIVE correction was nearly the same as the dual correc-
tion, with a cost of approximately 2—-3 m for 3DRMS,
0.5-1.3 m for CEP and 0.8-1.4 m for SEP. The perform-
ance of IRNSS + GPS was best among all the combina-
tions.

Conclusion

This study provides a comparative analysis of different
ionospheric models to improve the positional accuracy of
future NavIC/IRNSS systems. Initially, the ionospheric
delay was calculated using the dual-frequency method,
and then the optimal single-frequency model was found
for the ionospheric correction. Performance comparison
between the dual-frequency model, the single-frequency
GIVE model and eight-coefficient model was made for a
quiet day, i.e. 14 August 2016 (3 < Kp <5). It has been
observed that the GIVE model provides better perform-
ance compared to the coefficient-based model for all sat-
ellites. The FAR algorithm is able to distinguish the
satellites that are affected by large variations due to the
ionosphere. The results obtained are in agreement with
those of the TEC data associated with each satellite. The
GIVE model performance was also verified on different
stormy days (Kp > 5). It has been observed that the posi-
tion computed (3DRMS, CEP and SEP) after the GIVE
correction and dual-frequency correction was approxi-
mately the same, based on single-frequency and dual-
frequency approach respectively. Use of the GIVE model
for ionospheric correction has not only improved the
performance of the NavIC/IRNSS receiver, but has also
reduced the cost of extra frequency with 1 m of error
tolerance.
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