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Abstract
In this paper, we implemented the local Multivariate Polynomial Regression (MPR) approach to measure the ionospheric 
delay more accurately for single-frequency Navigation with Indian Constellation (NavIC) system within a local area 
(< 10 km). The idea is, if the reference station can transmit the ionospheric correction to the rover station, then the 
rover receiver can also estimate the ionospheric delay accurately just as a dual-frequency reference station without 
having dual-frequency hardware facility. In addition to ionospheric correction, to enhance the positioning accuracy of 
the single-frequency rover NavIC receiver, the tropospheric and clock biases are also corrected. Including MPR, other 
single-frequency global eight coefficient Klobuchar, regional grid-based GIVD, and local proposed TSE approach are also 
applied and correlates with the reference dual-frequency method. Based on the geomagnetic index and data availability 
of the two NavIC Receiver, quiet (0 < KP < 1), disturbed/stormy (KP > 5) days are selected for the investigation. The results 
of NavIC ionospheric delay and 3D positioning error (East, North, and Up) show that the proposed MPR method worked 
well compared to the other applied single-frequency models.

Keywords  Navigation with Indian constellation (NavIC) · Indian regional navigation satellite system (IRNSS) · 
Ionospheric delay · Geomagnetic storm · Positioning accuracy

1  Introduction

The Indian Regional Navigation Satellite System (IRNSS), 
with an operational name NavIC ("sailor" or "navigator" in 
Sanskrit), has been established by Indian Space Research 
Organization (ISRO) to impart the service to military and 
civilian users in any antagonistic situations toward the 
Indian subcontinent and extended up to 1500 km [12]. 
The system of seven satellites NavIC utilizing L5-band 
(1164.45–1188.45 MHz) and S-band (2483.5–2500 MHz) 
signals to impart Special Positioning Service (SPS) and 
Precision Service (PS) toward the Indian subcontinent. 
There are currently seven NavIC satellites, 1B–1G, and 1I 
providing navigation services [13].

Efficient, robust, and precise NavIC receivers are crucial 
for future Internet of Things (IoT) positioning and other 
safety–critical applications. However, the satellite signals 
received by the NavIC receiver are affected by many arti-
ficial error sources such as Jammer and existing systems 
with the same frequency band [14, 16]. Similarly, it is also 
affected by the natural error sources like satellite atomic 
clocks, ephemeris (satellite orbital information), atmos-
pheric delays, receiver clock drift, and noise [1–7]. The 
ionosphere is a spherically graded layer that contains large 
electron density and is the main source of errors for rang-
ing and localization using NavIC frequencies. The extent 
of deviation of a NavIC signal propagating through the 
ionosphere depends on its large irregularities and hori-
zontal gradients, the height of the geographic location, 
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the daily variation, the seasonal variation, and the solar 
activity [3, 5, 6].

To boost GPS positioning accuracy and expand coverage, 
India has developed a Satellite-Based Augmentation System 
(SBAS), commonly referred to as GPS-Aided Geo Augmented 
Navigation (GAGAN). Many authors have reported that the 
performance of the GAGAN system is more influenced by 
the lower latitude equatorial Indian ionosphere because 
of its large gradients and strong irregularities [17–25]. They 
proposed various regional models because the global tradi-
tional Klobuchar model could not estimate the ionospheric 
delay of the Indian subcontinent adequately.

According to Fujita et al., TEC can be accurately esti-
mated by dual-frequency methods during storms, seasonal 
activities, and daily activities. Still, it is challenging to do 
this with single-frequency global and regional models [8, 
9]. Similarly, to accurately estimate TEC at low latitudes in 
India, P. Naveenkumar et al. (2014) [15] a local Taylor Series 
Expansion (TSE) model was implemented on the GAGAN 
system. They found that, in contrast to the global Klobuchar 
model, the local model performed better on quiet days 
than on the disturbed days of all 17 observed stations [15]. 
Their results indicate that the model is outperforming for 
quiet days than the disturbed days. This has enlightened 
the idea that "at the lower latitude Indian region also the 
large temporal and spatial ionospheric gradients are 
present. Therefore, to enhance the positioning accuracy 
of the Navigation system, the local model is essential."

Therefore, we [5] proposed, the TSE approach to esti-
mate the precise ionospheric delay of a single-frequency 
rover NavIC receiver within a local region (< 10 km). In this 
case, we assume that the dual-frequency reference NavIC 
receiver broadcasts the ionospheric coefficient, which is 
estimated from the measured Vertical Total Electron Con-
tent (VTEC) value for the NavIC satellites, and based on the 
broadcast coefficients, the single-frequency rover NavIC 
receiver can estimate ionospheric delay accurately. We 
examined the local TSE approach performance under the 
influence of the intense geomagnetic storm (Dst = − 124, 
KP = 8, AP = 106) on September 8, 2017, on the equator and 
Equatorial Ionization Anomalies (EIA) in India. We infer that 
due to the six asymmetry coefficients, the performance 
of the TSE method will deviate within a certain period of 
time. To overcome this deviation, in this paper, we pro-
posed ’Multivariate Polynomial Regression (MPR)’ with six 
symmetrical coefficients to estimate the ionospheric delay 
of rover NavIC receivers. The NavIC 3D positioning errors of 
the proposed MPR approach are compared with the local 
TSE approach [5], regional grid-based Grid Ionospheric 
Vertical Delay (GIVD) [7], global Klobuchar model [2], and 
reference dual-frequency method.

In addition, considering the effects of changing the posi-
tion of the rover within the 10 km zone, the performance of 

the proposed TSE and MPR approaches are also examined 
for various quiet and disturbing days data. From the analysis 
of results, we concluded that the performance of the single-
frequency proposed TSE and MPR approaches differs from 
the performance of the reference dual-frequency model by 
only ~ 5%, which is better than regional grid-based GIVD 
model and the global Klobuchar model. MPR eliminates 
the spikes that appear in the TSE approach. Therefore, the 
proposed MPR approach not only accurately measures the 
ionospheric delay of the local region, but also reduces the 
hardware cost for the extra frequency.

2 � Multivariate polynomial regression model

Polynomial regression model uses multiple independent 
variable X and one dependent variable y then it is called 
multiple polynomial regression model. Similarly, when it 
uses various dependent as well as an independent vari-
able called MPR model. The second-order multiple poly-
nomial regression functional equation can be represented 
as (Sinha et al. 2013b):

Here,
�1 and �2 parameters show the linear effect,
�11 and �22 show the quadratic effect,
�12 shows the interaction effect,
� shows the noise.
Similarly, the model having multiple dependent varia-

ble Q =
(

y1, y2 … yn
)

 can be represented in matrix form as:

where P is the matrix of multiple independent vari-
able X. The solution can be obtained by applying the least 
square estimation approach as,

The mathematical steps and case studies using the 
proposed MPR method to estimate the ionospheric 
delay of a single-frequency rover receiver are similar to 
those explained by [5], the only difference in generated 
coefficients.

3 � Test setup and data collection

The NavIC satellite data were collected using the Accord 
NavIC receiver, which is provided by Space Application 
Center (SAC), ISRO Ahmedabad, India. The setup con-
sists of an antenna that receives the NavIC signal at both 
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frequency bands (L5-band and S-band) and GPS L1-band 
signals. Jagiwala et al. reported, as well as we observed, 
that NavIC S-band is sensitive to intentional and uninten-
tional error sources [14]. Hence, here NavIC L5-band is 
explored for the ionospheric delay and positioning error 
analysis.

The test set up and flow diagram of the proposed 
approach are explained in [5]. The proposed local MPR 
approach coefficients are generated based on the VTEC 
measured by the reference dual-frequency NavIC receiver. 
The single-frequency rover receivers attempt to estimate 
the VTEC followed by ionospheric delay using the pro-
posed local approach coefficients produced by the ref-
erence dual-frequency receiver. This analysis takes into 
account two Cases for proposed approach validation, 
which are explained below.

3.1 � Case‑I

Here, the proposed approach is analyzed by the sin-
gle static NavIC receiver. This means that the proposed 
approach coefficients generation and the VTEC esti-
mation (using the proposed approach coefficients) are 
carried out for static single NavIC receiver. In Case (I), 
the proposed local TSE and MPR approaches results are 
examined during a quiet day 04/09/16 (KP = 4 + , AP = 27). 
The result is also observed on intense (Dst = − 124, KP = 8, 

AP = 106) geomagnetic storm (September 8, 2017) using 
NavIC receiver data collected over a week (September 
3–9, 2017) at the geographical locations mentioned in [5]. 
Here, the ionospheric delay for single-frequency NavIC is 
computed using global Klobuchar, regional GIVD model, 
and proposed local TSE and MPR approaches. Finally, the 
performance of the single-frequency model is validated 
by calculating the residual error.

3.2 � Case‑2

In Case (II), two NavIC stations are considered, one of them 
is the reference station equipped with dual-frequency 
hardware, and another one works as a rover station with 
single-frequency hardware.

The idea is that if the bias-free dual-frequency refer-
ence station can transmit the ionospheric correction to 
the single-frequency rover station, then the rover receiver 
can also estimate the ionospheric delay accurately just as 
the dual-frequency reference station without having dual-
frequency facility. It is assumed that the reference station 
can transmit the coefficients similar to the Differential 
Global Positioning System (DGPS).

The 10 km of the local region is considered and based 
on proposed TSE, and MPR approaches are analyzed by 
considering two separate NavIC receivers. As shown in 
Fig. 1, the reference station (marked with pink color) is 

Fig.1   Station Physical Location in ArcMap10.3
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selected as the coefficients generating station, which is 
located at the Communication Research Laboratory (CRL), 
Electronics Engineering Department, Sardar Vallabhb-
hai National Institute of Technology (SVNIT), Surat (21° 
9′ 50.0926″ N, 72° 47′ 1.2511″ E) and the rover stations 
marked by green color are used for the analysis. The rover 
station uses the coefficients to estimate the TEC and 
thereby the ionospheric delay.

As depicted in Fig. 1, the direct distances between ref-
erence SVNIT station and rover station-1 and rover sta-
tion-2 (refer Table 1 are approximately 3.1 km and 2.9 km, 
respectively (ArcMap 10.3). Further, quiet and disturbed 
days data are selected for the analysis, which is usually 
available for all receivers. To verify the single-frequency 
Klobuchar, results of the regional GIVD and proposed local 
TSE and MPR approaches are correlated with the reference 
model in terms of ionospheric delay as well as position-
ing accuracy. The simulation of the proposed approach is 
explained in the next section.

4 � Numerical results and discussion

This section validates the theoretical analysis of the pro-
posed approaches as well as the procedure explained in 
the above subsection. The MATLAB R.14 tool is used to 
estimate the ionospheric delay and 3D positioning error 
for the NavIC L5-band.

4.1 � Case‑I: single receiver

The ionospheric delay of six NavIC (1B to 1G) satellites is 
estimated using proposed local TSE, and MPR approaches 
at the reference SVNIT, Surat station on a quiet day 
(04/09/16, KP = 4 + , AP = 27). We have not removed ephem-
eris errors and multipath deviations from NavIC L5-band 
and S-band pseudoranges. Therefore, the ionospheric 
delay calculated using the dual-frequency method may 
not be correct, while the ionospheric delay estimated 
using the grid model has no multipath effect. Therefore, 
to verify the performance of the proposed TSE and MPR 
approaches, two subcases (a) and (b) are considered. In 
case-a, the proposed approach coefficients are generated 
using the dual-frequency method and regarded as a refer-
ence model.

In Case b, a single-frequency GIVD model is used to 
generate the proposed approach coefficients, and it is 
treated as a reference model. Ionospheric delay perfor-
mance comparison of the proposed local TSE and MPR 
approaches, dual-frequency, global Klobuchar, and 
regional GIVD model for the NavIC 1D and 1G satellites 
at reference SVNIT surat station on a quiet day (04/09/16, 
KP = 4 + , AP = 27) is compared in Figs. 2 and 3, respectively. 
Here, legends TSE-Dual and MPR-Dual indicate that the 
proposed approach coefficients were estimated using the 
dual-frequency method. TSE-GIVD and MPR-GIVD suggest 

Table 1   The Position of NavIC Reference and Rover Receivers

Station Name Latitude Longitude

Reference Receiver 21° 9′ 50.0926″ N 72° 47′ 1.2511″ E
Rover Station-1 21° 8′ 23.5993″ N 72° 47′ 39.6024″ E
Rover Station-2 21° 9′ 20.7590″ N 72° 49′ 20.1275″ E

Fig. 2   Ionospheric Delay Comparisons of NavIC 1D L5-Band satel-
lite estimated using dual-frequency method and various single-fre-
quency models/approaches on 04/09/16 (KP = 4 + , AP = 27) at Refer-
ence SVNIT Surat Station

Fig. 3   Ionospheric delay comparisons of NavIC 1G L5-Band satel-
lite estimated using dual-frequency method and various single-fre-
quency Models/Approaches on 04/09/16 (KP = 4 + , AP = 27) at Refer-
ence SVNIT Surat Station
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that the coefficients were generated using the single-fre-
quency GIVD model at the reference receiver.

As shown in Figs. 2 and 3, we can observe that in both 
cases, the performance of the proposed local TSE and 
MPR approaches are similar to the reference model. The 
results of proposed approaches are also verified for other 
geographical locations mentioned in [5] under the effects 
of an intense geomagnetic storm (maximum Dst = − 124, 
KP = 8, AP = 106) beginning from September 8, 2017. The 
proposed local TSE and MPR approaches are validated at 
the observed stations considering one-week data from 
September 3–9, 2017.

In Fig. 4, the ionospheric delay of NavIC 1D satellite 
estimated using dual-frequency, GIVD model, and local 
proposed approaches were compared for two cases (a 
and b) at SVNIT Surat on September 3–9, 2017. For both 
cases, we found that the proposed approaches estimate 
the ionospheric delay similar to the reference ionospheric 
delay model (either dual-frequency or single-frequency 
GIVD model).

The five days’ (September 4–8, 2017) average iono-
spheric delay difference (ionospheric delay of reference 
model- ionospheric delay of the applied model) is com-
puted for all observed stations. Figures 5 and  6 show the 
ionospheric delay difference calculated for reference dual-
frequency method and reference single-frequency GIVD 

model, respectively. We found that the single epoch sigma 
of the difference between the dual-frequency method and 
the GIVD model is 1.39 m in both cases. It may be due to 
deviations from multipath, ephemeris errors, and noise. 
We also noted that using the reference GIVD model, the 
single-epoch sigma of the ionospheric delay difference of 
the proposed TSE and MPR methods is reduced compared 
to the reference dual-frequency method. 

The five days’ (September 4–8, 2017) average iono-
spheric delay of NavIC satellites were also calculated for 
the geographical location IIT Gandhinagar, IIT Bombay, 
CBIT Hyderabad, and IIST Trivandrum. In Case-a, we found 
that the single epoch sigma (ionospheric delay differ-
ence) of the proposed local TSE and MPR approaches 
at IIST Trivandrum, CBIT Hyderabad, IIT Bombay, and IIT 
Gandhinagar stations are only 0.12 m, 0.34 m, 0.42 m, and 
0.92 m, respectively. Similarly, in the case-b, the single 
epoch sigma (ionospheric delay difference) of the local TSE 
and MPR of IIST Trivandrum, CBIT Hyderabad, IIT Bombay, 
and IIT Gandhinagar stations are close to 0.11 m, 0.07 m, 
0.14 m, 0.16 m, respectively.

Therefore, we found that the ionospheric delay esti-
mated by the proposed local TSE and MPR methods, 
GIVD, and dual-frequency models is almost the same on all 
observed quiet and disturbed days at all observation sta-
tions. However, due to the uncorrected multipath biases, 

Fig. 4   Ionospheric Delay Comparisons of NavIC 1D L5-Band Sat-
ellite Estimated using dual-frequency method, single-frequency 
GIVD model and proposed TSE and MPR approaches by consider-

ing reference as a a dual frequency b GIVD model on September 
3–9, 2017 at reference SVNIT Surat Station
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for case-a, the residual error of the proposed local TSE 
and MPR approaches are higher than case-b. Hence, for 
Case-I, by observing the results of all observed geographic 

locations, we concluded that the proposed local TSE and 
MPR approaches could estimate ionospheric delay the 

Fig. 5   Ionospheric delay difference (Reference Model-Applied Model) for a GIVD Model b TSE Approach c dual-MPR approach of NavIC 1D 
L5-Band satellite considering dual-frequency method as a reference model on September 3–9, 2017 at reference SVNIT Surat Station

Fig. 6   Ionospheric delay difference (Reference Model-Applied Model) for a GIVD Model b TSE Approach c dual-MPR approach of NavIC 1D 
L5-Band satellite considering GIVD model as a reference model on September 3–9, 2017 at reference SVNIT Surat Station
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same as the reference dual-frequency reference receiver 
even in the presence of the intense geomagnetic storm.

4.2 � Case‑II: two receivers

According to Case-II, data from two NavIC receivers are 
required for the proposed approach performance valida-
tion, where both the NavIC receivers have to be with the 
same specifications and have to consider their hardware 
biases. We did not remove the ephemeris error and mul-
tipath from pseudorange. To reduce the multipath effects 
from the objects of surrounding environment, both receiv-
ers are located on top of the building. We choose two dual-
frequency Accord NavIC receivers with their corrected 
biases like clock corrections and clock drift etc. available 
from NavIC L5/S band observation file (SATB L5/S.csv) and 
Raw navigation file (RNBB.csv).

First, we verified the performance of the proposed local 
TSE and MPR approaches at both the rover stations and 
estimates the ionospheric delay as well as the position of 
the rovers. The ionospheric delay of the NavIC satellites 
are calculated at rover station-1 on the 04/09/16 (KP = 4 + , 
AP = 27) using the proposed local TSE, and MPR approaches 
for the cases a and b as discussed before. Here, the day for 
the analysis is selected based on the data availability of the 
two NavIC receivers within a 10 km area. The ionospheric 
delay of satellites computed using the local proposed 
approaches for the Cases a and b are compared with ref-
erence dual-frequency and GIVD model.

Similar to Case I, we observed that NavIC 1D and 1G 
satellites were more affected by the ionosphere than the 
other NavIC satellites due to its low elevation angle and 
their relative position in the sky. Therefore, the ionospheric 

delays estimated using single-frequency models (global 
Klobuchar and regional GIVD), proposed local TSE and 
MPR approaches, and the dual-frequency method are 
compared for 1D and 1G satellites in Figs. 7 and 8, respec-
tively. We observed that for both the cases (a and b), the 
proposed local MPR approach provides results similar to 
the reference model. On the contrary, the proposed local 
TSE method behavior is unstable between 8:00 and 10:00 
(UTC) due to six-coefficient expansion is not symmetrical. 
In addition, the global Klobuchar model effectively evalu-
ated only 50% of ionospheric delay, and the grid-based 
regional GIVD model ionospheric delay has differed to 
the dual-frequency model from 6:00 to 11:00 UTC (refer 
to Figs. 7 and  8).

A similar observation is made for the remaining NavIC 
satellites as well. To analyze the effect of the ionospheric 
delay on NavIC L5-band positioning error, the 3D position 
is calculated by the ILS estimation algorithm [11] after cor-
recting the ionospheric effect, tropospheric effect and the 
satellite clock correction. The average rover NavIC receiv-
ers position is obtained by averaging the estimated posi-
tion of the rover receiver, and it is considered as an actual 
position of the rover NavIC receivers.

The reference position of the rover receivers is listed in 
Table 1. Here, the troposphere delay for the NavIC L5-band 
signal is estimated by the Hopfield model [10]. The NavIC 
3D positioning errors (on 04/09/16, TOWC = 0 s to 86,400 s) 
in terms of the East, North, and Up coordinate system are 
estimated using (1) the global Klobuchar correction (2) 
the regional GIVD correction (3) the proposed local TSE 
approach correction (4) the proposed local MPR approach 
correction (5) the dual-frequency correction and (6) the 
augmented NavIC with GPS.

Fig. 7   Ionospheric Delay Estimation Comparison for NavIC 1D Sat-
ellite at Rover Station 1 (21.130 N, 72.790 E) on 04/09/16 (KP = 4 + , 
AP = 27)

Fig. 8   Ionospheric Delay Estimation Comparison for NavIC 1G Sat-
ellite at Rover Station-1(21.130  N, 72.790 E) on 04/09/16 (KP = 4 + , 
AP = 27)
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The correlation of east–north positioning errors for the 
above-discussed models (04/09/16, TOWC = 0 s–86,400 s) 
is also evaluated in terms of 95% error ellipses, which are 
depicted in Fig. 9. We noted that compared to the single-
frequency Klobuchar corrections, the NavIC L5 band ENU 
errors are reduced after the dual-frequency corrections, 
i.e., the error ellipses are shorter compared to the Klobu-
char corrections. The ENU error of the single-frequency 
GIVD model is almost the same as the ENU error of the 
dual-frequency correction, i.e., error ellipses are the same 
length. By comparison, we also conclude that for both 
cases (a and b), the ENU errors of NavIC L5 band rover 
station-1 using the local approaches (TSE and MPR) cor-
rections are almost the same as the reference model on 
04/09/16 ( KP = 4 + , AP = 27), i.e., error ellipses are the same 
length. The shortest error ellipse is for the augmented 
NavIC and GPS system. The detailed positioning error com-
parison is listed in Table. 2.

We inferred from Table 2 that two sigma east-north 
errors are reduced to ∼ 2 m (2σE) and ∼ 3 m (2σN) after 
the dual-frequency corrections. The two sigma east-north 
errors for the GIVD model are similar to the dual-frequency 
method. The two sigma east-north errors of proposed 
local MPR approach are reduced ~ 0.1–0.5 m compared 
to the TSE approach, and very similar to the reference 
model, only 0.1 m (2σE) difference is noted. The test was 
repeated at another single-frequency rover station (Sta-
tion-2 refer Fig.  1. To validate the results, the analysis 
was carried out for a quiet day 04/01/18 (KP = 1 + , AP = 3, 
TOWC = 1 s–71,327 s).

The estimated 3D positioning ENU errors using applied 
ionospheric corrections are compared in Table 3, and the 
MPR approach performance is noted similar to rover sta-
tion-1,only 1–2 m (2σN) difference is indicated. Therefore, 
whether we considered the reference model as bias-free 
(i.e., multipath) single- frequency GIVD model or biased 
dual-frequency method, in both the Cases the proposed 
local MPR results are identical to their reference model. 
Hence, we inferred from the positioning errors results 
of two rover stations (Case-II) that if the local approach 
coefficients are generated by the bias-free reference 
dual-frequency method then also the ionospheric delays 
estimated by the proposed local MPR approaches at sin-
gle-frequency rover stations is as accurate as reference 
dual-frequency model, and reducing the hardware cost 
of extra frequency.

4.3 � Changing rover location over a local region

To determine the working range of the Local model, the 
rover location is varied, as shown in Fig. 10. In Fig. 10, the 
rover station is marked in green color and indicated by 
letter T, where the reference is marked with pink color. The 
latitude and longitude of the reference and the different 
rover station locations are listed in Table 4.

The distance between rover station T1 and the refer-
ence station is 0.38 km. The rover T2–T5 is located on the 
South–West side of the reference position. Similarly, the 
T6–T12 is located on the North–East side of the reference 
station. The distance from the reference station to rover T2 
is 3.41 km, to rover T3 is 6.48 km, to rover T4 is 9.07 km, to 
rover T5 is 11.1 km. Similarly, distance from a reference sta-
tion to rover T6, rover T7, rover T8, rover T9, rover T10, rover 
T11, and rover T12 are 1.16 km, 2.65 km, 3.75 km, 5.73 km, 
7.1 km, 7.18 km, and 8.09 km, respectively.

The difference between the reference dual-frequency 
model and the proposed approach is calculated with 
coefficient broadcast intervals of 1  min and 5  min 
(post-processing mode). Figure 11 shows the proposed 
approaches (i.e., local TSE and MPR) performance at the 
nearest distance (T1 = 0.38 km and T6 = 1.16 km), mid-
distance (T3 = 6.48  km and T9 = 7.1  km), and extreme 
distance (T5 = 11.1 km and T12 = 8.09 km). We observed 
that the T1 rover station is located very near the reference 
receiver. Hence, the estimation of the proposed TSE and 
MPR approaches with coefficients broadcast 5 min and 
1 min are similar.

Also, as the distance between reference and rover 
station increases, performance errors are increased. We 
inferred from the error performance of rover locations that 
the proposed MPR and TSE approach performed well, with 
a significant error of up to 0.4 m, which is further reduced 
to 0.2 m or more by reducing the coefficients broadcast 
interval of five minutes to one minute. Therefore from 
the result analysis, we noted that single frequency MPR 
approaches effectively corrected the ionospheric correc-
tion and reduced the positioning errors up to ~ 99% (0.1 m 
East error) and ~ 90% (1 m North error) similar to the refer-
ence model.

5 � Conclusions

To estimate the precise ionospheric delay within a local 
region (10 km) using a single-frequency NavIC receiver, 
a local MPR approach is proposed in this paper. For the 
validation of the proposed approach, two Cases con-
sidered (I) single static NavIC receiver and (II) two NavIC 
receivers (One considered as a reference and another 
as a rover) separated by 3.1  km. The performance of 

Fig. 9   NavIC East-North Error Correlation Plots for a Klobuchar Cor-
rection b GIVD Correction c TSE correction (Reference GIVD Model) 
dTSE Correction (Reference dual-frequency) e MPR correction (Ref-
erence GIVD Model) f MPR Correction (Reference dual-frequency) 
g dual-frequency correction h NavIC L5-Band + GPS L1-Band on 
04/09/16 (KP = 4 + , AP = 27) at Rover Station-1

◂
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L5-band ionospheric delay and positioning errors (ENU) 
ellipses, it is observed that the proposed MPR approach 
performs (symmetrical coefficients) worked better (i.e., 
remove spikes that occur in TSE) compare to TSE (asym-
metrical coefficients). It is also observed that a single-fre-
quency MPR approach is close to ~ 99% (0.1 m East error) 
and ~ 90% (1 m North error) similar to the reference model, 
which can effectively correct the ionospheric correction 
and reduce the positioning error.

The MPR and TSE approaches are also examined at 
a different geographical location in the local 10  km 
region. It has been observed from NavIC position esti-
mation that the MPR approach is related to the perfor-
mance of the reference dual-frequency receiver, and 
only a residual error of ~ 0.2–0.4 m is observed, while 

Table 2   Statistical Positioning 
Error Analysis at Rover 
Station-1

Rover Station-1 (21° 8′ 23.5993″ N, 72° 47′ 39.6024″ E)

TOWC = 0–86,400 s, 04/09/16 (KP = 4 + , AP = 27)

Methods/ Algorithm East-Error 2σE(meter) North-Error 
2σN (meter)

NavIC Klobuchar 3.56 9.14
NavIC GIVD 1.74 6.94
NavIC TSE (GIVD Reference Model) 1.91 6.96
NavIC TSE (Dual-Frequency Reference Model) 2.54 7.34
NavIC MPR (GIVD Reference Model) 1.87 6.85
NavIC MPR (Dual-Frequency Reference Model) 2.08 7.21
NavIC Dual-Frequency 1.71 6.14
NavIC Dual-Frequency + GPS 0.74 1.06

Table 3   Statistical Positioning 
Error Analysis at Rover 
Station-2

Rover Station-2 (21° 9′ 20.7590″ N, 72° 49′ 20.1275″ E)

TOWC = 369,158 s–431,941 s, 04/01/18 (KP = 1 + , AP = 3)

Methods/ Algorithm East-Error 2σE(meter) North-Error 
2σN (meter)

NavIC GIVD 1.82 3.34
NavIC TSE (GIVD Reference Model) 1.73 4.93
NavIC TSE (Dual-Frequency Reference Model) 2.22 5.77
NavIC MPR (GIVD Reference Model) 1.62 5.15
NavIC MPR (Dual-Frequency Reference Model) 2.18 4.48
NavIC Dual-Frequency 2.12 3.42

the local MPR method was verified under the influence 
of the geomagnetic storm on September 8, 2017. The 
results of the single-frequency global model (Klobuchar), 
the regional model (GIVD), and the local proposed TSE 
and MPR approaches were analyzed and compared. By 
comparing the residual errors of all applied models in all 
observed stations, we found that the proposed single-
frequency local MPR approach similar to the reference 
dual-frequency method in the Case of an intense geo-
magnetic storm.

In Case II, to estimate the ionospheric delay accu-
rately, the rover NavIC receiver (single-frequency) located 
in < 10 km area has received the coefficient transmitted 
by the reference NavIC receiver (dual-frequency) of SVNIT 
Surat station. From the comparative analysis of the NavIC 
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the MPR method eliminates the spikes that occur in the 
TSE approach. Therefore, the ionospheric correction 
applied by the local MPR approach not only improves 
the performance of the rover NavIC receivers in the local 
region but also reduce the computational cost and addi-
tional frequency if errors of up to 0.4 m are tolerated. 
In the future, if the dual-frequency NavIC receiver is 
installed with the Base Trans-receiver Station (BTS) of 
the mobile communication network, then, using this 
approach, mobile users (having NavIC-L5 band facility) 
can receive the local MPR approache coefficients from 
BTS (having dual-frequency NavIC receiver facility) to 
estimate the ionospheric correction for best mobile 
positioning in the local region.

Table 4   The Position of NavIC Reference and Rover Station (T1–T12)

Station Name Latitude Longitude

Reference Receiver 21° 9′ 50.0926″ N 72° 47′ 1.2511″ E
Rover Station Location-T1 21° 9′ 52.9641″ N 72° 46′ 48.5853″ E
Rover Station Location -T2 21° 8′ 39.7767″ N 72° 45′ 29.9442″ E
Rover Station Location -T3 21° 6′ 2.5119″ N 72° 43′ 42.2377″ E
Rover Station Location -T4 21° 7′24.7309″ N 72° 47′ 19.1988″ E
Rover Station Location -T5 21° 5′ 9.9261″ N 72° 43′ 7.6994″ E
Rover Station Location -T6 21° 10′ 18.6099″ N 72° 47′ 27.4439″ E
Rover Station Location -T7 21° 10′ 59.4475″ N 72° 48′ 5.9675″ E
Rover Station Location -T8 21° 11′ 6.6919″ N 72° 48′ 42.3747″ E
Rover Station Location -T9 21° 11′ 3.2669″ N 72° 50′ 4.1708″ E
Rover Station Location -T10 21° 11′ 42.1814″ N 72° 50′ 36.9762″ E
Rover Station Location -T11 21° 12′ 47.1159″ N 72° 50′ 20.1822″ E
Rover Station Location -T12 21° 13′ 46.2268″ N 72° 50′ 9.7950″ E

Fig. 10   The Locations of the 
local Rover NavIC Stations for 
the Performance Observations 
of Proposed TSE and MPR 
Approach
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