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ABSTRACT
In this paper, our main work is to observe the performance of the Indian Navigation Constellation
(NavIC)+GPS ARAMIS SDR receiver. The ARAMIS receiver performances are observed in terms of
acquisitions, tracking, ionospheric correction techniques (Klobuchar and grid-based GIVD model),
and positioning errors results. Implementation of the GIVD model is validated by comparing the
results of the Accord receiver. From the comparative analysis of positioning error, we observed that
NavIC+GPS gave better results than NavIC and GPS alone.
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1. INTRODUCTION

Global Navigation Satellite Systems (GNSS) play a vital
role inmany applications that demand high accuracy and
precision positioning [1]. Satellite signals can be affected
by many sources of error, such as ionospheric irregulari-
ties, multipath, interference, and more [2]. NavIC is an
autonomous regional satellite navigation system devel-
oped by the Indian Space Research Organization (ISRO),
which covers India and a region extending 1500 km (930
mi) around it [3,4].
Many start-ups are emerging in India, and it will provide
opportunities for a significantmodernization of the exist-
ing infrastructure. India’s space industry is increasingly
opening up to the private sector, which will lead to many
GNSS-based solutions [5]. With such a scenario, NavIC
or any GNSS receivers should exploit future applications’
possibilities. From this perspective, a Software-Defined
Receiver (SDR) can be a convenient tool for researchers.
The SDR-based NavIC receiver has its importance. SDR
is defined as having a front-end, where received navi-
gation signals are digitized processed with the help of
software [6]. SDR allows users to access, visualize, and
possibly modify signal acquisition, tracking, and pro-
cessing approaches. The important thing is that it can
enable extreme customization by replacing the dedi-
cated hardware components through software modules
[7]. Hence, SDR solutions have become popular. They
can provide complete control of receiver modules, so
the researchers can integrate and test their methods or
algorithms without redesigning all receiver chains [8].
Few pieces of works of literature have been studied here
to emphasize the importance of the SDR approach in the
navigation field.

• In [9], the authors have developed MATLAB-based
NavIC Software Receiver (NavICSR). The preliminary
results of the acquisition, tracking, and navigation
solution is presented alongwith the performance eval-
uation of the developed NavICSR framework for the
real-time capability.

• Furthermore, the same authors [10] have developed a
module to decode 1A short broadcast messages of the
L5-band with NavICSR.

• The SDR integrations provide research capabilities for
many purposes, such as indoor and vehicular naviga-
tion in GPS denied areas [11].

• The SDR solutions provide access to tracking correla-
tors for multipath studies in urban canyons [12].

• Along with this, the authors have presented a Lab-
VIEW (LV) and C/C++-based GPS L1 receiver plat-
form with real-time capabilities using SDR [13].

• Recently, the SDR-based alternative spatial process-
ing method has been proposed to detect and suppress
spoofing signals [14].

• Similarly, NavIC SDR receiver is used to analyze the
influence of RFI on NavIC tracking loop param-
eters [15], interference detection and mitigation
using a Vector Tracking [16], and spatial process-
ing method to detect and suppress spoofing signals
[17] with the help of SDR platform. This article [17]
describes the ION GNSS SDR metadata standard and
associated.

Figure 1 shows the general block diagram of the naviga-
tion SDR receiver. The RF front-end is designed by IP
Solution Japan [18], which is customized to work with
the antenna of Accord dual-frequency NavIC receiver
[19]. Accord receiver is provided by Space Applications
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Centre (SAC), Indian Space Research Centre (ISRO),
Ahmedabad for funded AO project (NGP-08). A detailed
description of the Accord receiver is available in [4]. The
customized ARAMIS SDR receiver supports the signals
of the NavIC L5- band and GPS L1-band.
The RF front-end receives the NavIC+GPS composite
signals using an antenna. It modulates it to an Inter-
mediate Frequency (IF). It passes to the different blocks
like a filter, Analog to Digital Converter (ADC), Auto-
matic Gain Control (AGC), acquisition, tracking, and
navigation processor. The output of the RF front-end
of NavIC+GPS ARAMIS SDR receiver is raw digital
IF data, recorded by the streamer software shown in
Figure 2. The streamer software has two active tabs
for recording and decompressing Digitized Intermediate
Frequency (DIF) data files. The recorded DIF data is fur-
ther processed through the software part to acquire the
results.
After the signal is acquired, the satellites are tracked
through their dedicated channel. In the NavIC+GPS
ARAMIS SDR receiver, the GPS satellites are set to 1–14
(Channels), and the Indian Regional Navigation Satel-
lite System (IRNSS)/NavIC satellites are set to 57–70
(Channels). After the receiver tracks the visible satellites,
and after determining the frequency and phase of the
carrier, it extracts navigation data, which is called course
information.
Since the signal received from the antenna is affected
by many intentional and unintentional error sources,
the pseudorange should be corrected before the position
estimation to improve the system’s positioning accuracy.
Among all the sources of error, the ionospheric effect
is the main factor [20–22]. Therefore, we have imple-
mented and observed the impact of various ionospheric
error detection and correction techniques, such as

Figure 1: Functional block of SDR receiver

Figure 2: Streamer data recorded utility [14]

Figure 3: NavIC (L5-Band)+GPS (L1-Band) ARAMIS SDR receiver
experimental setup at SVNIT, Surat (21° 9′ 50.04′′ N., Latitude: 72°
47′ 1.26′′ E., Longitude) station

dual-frequency correction, single-frequency Klobuchar,
Grid Ionospheric Vertical Delay (GIVD) [2], Taylor
Series Expansion (TSE) [21], and Multivariate Polyno-
mial Regression (MPR) Method [22] for NavIC+GPS.
The impacts of unintentional interference [23] and inten-
tional interference (Jamming) [24] is available.
Here we have implemented the single-frequency iono-
spheric corrections models (Klobuchar and GIVD) for
the L5-band NavIC ARAMIS SDR receiver. The GIVD
model is more efficient compared to Klobuchar model,
and its performance is very similar to dual-frequency
correction [2]. To implements the GIVD model, the
ARAMIS receiver was customized having the specifica-
tions like High-quality code and carrier phase observ-
ables (carrier sigma: 10–15mm,CCD: 5–15 cm), Position
fix update rate up to 50 Hz, Cold start ∼ 40s, BGPS
start < 1s, Coherent and adaptive tracking algorithms,
Positioning accuracy ∼ 3 m for code and 10 cm for the
carrier.
The ARAMIS SDR receiver allows us to implement our
algorithms using Navigation Application Program Inter-
faces (API), which provides access to navigation proces-
sor source code and raw data.

2. EXPERIMENTAL SETUP AND RESULT
ANALYSIS

Figure 3 depicts the experimental setup of NavIC+GPS
ARAMIS SDR receiver at the Communication Research
Lab (CRL) of the Electronics and Communication
Engineering Department (ECED), Sardar Vallabhbhai
National Institute of Technology (SVNIT), Surat (21° 9′
50.04′′ N., Latitude: 72° 47′ 1.26′′ E., Longitude). The
antenna is installed on the terrace of the same building.
The ARAMIS RF front-end (red color device in Figure 3)
uses the antenna to receive the NavIC+GPS composite
signal. The ARAMIS receiver has the software API (Nav-
igation API), which is run on the Visual Studio platform
with SDK 8.1 support (refer to 4). GUI is Window-based
real-time user interface.
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Figure 4: Navigation API of NavIC (L5-Band)+GPS (L1-Band)
ARAMIS SDR receiver on visual studio platform

Figure 5: GUI of NavIC (L5-Band)+GPS (L1-Band) ARAMIS SDR
receiver on visual studio platform

Figure 6: Acquisition plot of GPS (L1-Band) satellite (Channel-5,
PRN-17) using ARAMIS SDR receiver on visual studio platform

The receiver will run in real-time and post-processing
mode using the recorded digital raw IF data. The GUI
of the ARAMIS SDR receiver is shown in Figure 5. The
recorded samples are stored in the IRX folder of the
working directory with a.bin extension.
After receiving the digital IF from the front-end, the
receiver acquires the satellites. Sample 3D acquisition
plots of GPS and NavIC satellites are depicted in
Figure 6 (GPS, Channel-5, PRN-17) and Figure 7 (NavIC,
Channel-64, PRN-5), respectively.
Doppler frequency and code phase estimates are gen-
erated by the correlation between the in-phase (I) and
quadrature (Q) components of the input signal in the
acquisition block and the local replica of the GNSS code.
Here signal tracking follows signal acquisition, and on
each receiver channel, a Delay-Locked Loop (DLL) is
used to synchronize the received spreading code with
the local replica, while a Phase-Locked Loop (PLL) is
typically used to track the phase input carrier. Signal

Figure 7: Acquisition plot of NavIC (L5-Band) satellite (Channel-
64, PRN-5) using ARAMIS SDR receiver on visual studio platform

Figure 8: GPS (L1-Band) PRN-28 (Channel-2) satellite perfor-
mance using ARAMIS SDR receiver on visual studio platform

tracking is the basis for demodulating navigation mes-
sages, it relies on signal correlation and estimates dis-
tances between users and satellites.
Both plots show the correlation between code phase and
Doppler shift. In these two acquisition graphs, the max-
imum value (peak) is the center, which shows that the
quality and intensity of the signal are excellent.
After the acquisition, the satellites will be tracked,
locked, and navigated for further pseudorange and
other parameter estimations. For example, GPS PRN-
17 (Channel-5) and NavIC PRN-5 (Channel-64) track-
ing I/Q plots, PLL/DLL errors, channel correlators, code
errors, and carrier errors are depicted in Figures 8 and 9,
respectively. Both graphs show that the satellites track-
ing is good. Carrier phase error and code phase error
values may vary based on PLL and DLL discriminators,
respectively.
The various estimated parameters values like PRN/
Channel No., lock-time, Doppler frequency, C/N0,
Azimuth, Elevation angle, and Ionospheric and Tropo-
spheric errors of GPS and NavIC satellites are shown in
Figures 10 and 11, respectively. In both figures (Figures
10 and 11), the navigation tracking status indicates that
satellite data is used for the positioning measurement
(GPS-09 and NavIC-07 satellites). After the correction is
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Figure 9: NavIC (L5-Band) PRN-4 (Channel-64) satellite perfor-
mance using ARAMIS SDR receiver on visual studio platform

Figure 10: GPS (L1-Band) satellites performance using ARAMIS
SDR receiver on visual studio platform

Figure 11: NavIC (L5-Band) satellites performance using ARAMIS
SDR Receiver on visual studio platform

applied, the satellites with navigation status will be used
for position estimation.
The ionospheric delay is estimated using the conven-
tional Klobuchar and GIVD models, introduced in the
next section.

2.1 Ionospheric Delay Comparison

Here, we have implemented the Grid-based GIVDmodel
to estimate the ionospheric delay of NavIC satellites. The
Klobuchar and GIVD model (mathematical algorithm)
[2] is available in our published work. The correc-
tions (90 grid points’ values) of the GIVD model are
updated every 5 minutes. The 90 grids are divided into
6 regions, each of which contains 15 grid values [2,3].
Hence its performance is more accurate in comparison
to the conventional Klobuchar model. The 90 grid values
(GIVD) and Grid Ionospheric Vertical Error Indicator
(GIVEI) for NavIC ARAMIS SDR receiver are shown in
Figure 12.

Figure 12: Grid parameters for NavIC satellites on NavIC ARAMIS
SDR receiver

The Accord receiver antenna uses to run the NavIC+
GPS SDR ARAMIS receiver. Therefore, we cannot run
both the receivers together to compare both (Accord and
ARAMIS) receivers. But we run both the receivers one
after another (back to back) for a one-hour duration to
observe the range of computed ionospheric values.
Here, the ionospheric delay is measured on 11/06/2019,
Tuesday for the Time ofWeek Count (TOWC) = 189743
(UTC = 04:42:05, HH:MM:SS) to 197723 (06:55:05,
HH:MM:SS) seconds for ARAMIS receiver and the
199683 (07:27:45, HH:MM:SS) to 203725 (08:35:07,
HH:MM: SS) for Accord receiver.
First, the NavIC+GPS SDR ARAMIS receiver runs on
real-time mode for a TOWC = 189743–197723 s and
computed ionospheric delay for NavIC L5-band satellites
using Klobuchar and GIVD stored in.csv files for further
post-processing. The graphs are generated with MAT-
LAB tools, depicted in Figures 13–16 for 1B, 1C, 1D, and
1F NavIC satellites. All results are shown for local time
(IST (Indian Standard Time) = UTC+ 5:30).
Similarly, after the ARAMIS receiver, the Accord receiver
is also run on real-time mode for the TOWC = 199683–
203725 s and computed ionospheric delay for NavIC
satellites using the grid data stored in the SATBL5.csv file.

Figure 13: NavIC ARAMIS SDR receiver ionospheric delay com-
parison for PRN 1B

Figure 14: NavIC ARAMIS SDR receiver ionospheric delay com-
parison for PRN 1C
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Figure 15: NavIC ARAMIS SDR receiver ionospheric delay com-
parison for PRN 1D

Figure 16: NavIC ARAMIS SDR receiver ionospheric delay com-
parison for PRN 1F

Figure 17: Accord receiver ionospheric delay comparison esti-
mated using GIVD model for NavIC satellites

Figure 18: A clock error of NavIC+GPS ARAMIS SDR receiver

The SATBL5.csv is read on the MATLAB platform, and
the generated graph is depicted in Figure 17.We observed
that ionospheric delay computed using the GIVD model
in both receivers (Accord and ARAMIS) are within in
same range.

2.2 Positioning Accuracy Analysis

Here, the position is estimated after correcting the pseu-
dorange fromatmospheric (Ionospheric andTropospheric)
and clock corrections. The receiver’s built-in clock is not
as accurate as the atomic clocks on board the satellites,
and it is not perfectly synchronized with the satellite on-
board clock; hence a variable clock offset is observed
between receiver and satellite clocks. The clock error of
the NavIC+GPS ARAMIS SDR receiver is depicted in
Figure 18.

Figure 19: GPS L1-band ARAMIS SDR receiver (a) sky plot (b)
positioning error plots

Figure 20: NavIC L5-band ARAMIS SDR receiver (a) sky plot (b)
positioning error plots

The ARAMIS SDR receiver positioning accuracy (Root
Means Square (RMS), Distance Root Mean Squared
(DRMS) and Mean) for GPS L1-band, NavIC L5-band,
and NavIC L5-band+GPS L1-band are estimated and
compared in Figures 19–21, respectively. Figures 19(a),
20(a) and 21(a) are skymaps with 90 degrees at the zenith
(center of the figure) and 0 degrees at the outer circle.
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Figure 21: NavIC L5-band+GPS L1-band ARAMIS SDR receiver
(a) sky plot (b) positioning error plots

Table 1: ARAMIS SDR receiver positioning error components
Cases RMS (meter) DRMS (meter) Mean (meter)

NavIC L5-Band 8.27 16.54 4.44
GPS L1-Band 7.64 15.24 3.11
NavIC L5-Band+GPS L1-Band 2.40 4.80 1.54

The black circles are spaced 15 degrees apart and repre-
sent the elevation angle. The blue circle is themask angle,
set to 10 degrees. Figures 19(b), 20(b) and 21(b) Scatter
plots show the East-North errors in meters. From Fig-
ures 19–21, note that as the number of satellites increases,
NavIC L5-band+GPS L1 band gives better results and
therefore better positioning accuracy.
RMS is the square root of the average of the squared
error; it will correspond to vertical error. For the hor-
izontal error, this measurement value is called DRMS
(two-dimensional accuracy). Here, the positioning accu-
racy is computed by considering 600 samples, which is
recorded on 11/06/2019. The precise positioning accu-
racy is shown in Table 1.
We observed that positioning accuracy is better for
NavIC+GPS (DRMS = 4.80 m) (16 satellites) system
compared to NavIC (DRMS = 16.54m) (7 satellites) and
GPS (DRMS = 15.24 m) (9 satellites) system. The same
observations for the RMS and Mean values also.

3. CONCLUSION

The primary purpose of this work is to study the behav-
ior of the NavIC satellites in the L5-band and the GPS

satellites in the L1-band used for the ARAMIS SDR
receiver on the Visual Studio platform. This paper dis-
cussed the performance of NavIC L5-band and GPS
L1-band signal acquisition, tracking, and various post-
processing parameters. The GIVD model based on the
regional grid is also implemented (NavIC satellites) on
the ARAMIS SDR receiver. The Accord receiver has veri-
fied the estimated GIVD results of the ARAMIS receiver,
and similar results were found as expected. After cor-
recting the pseudorange, the positioning errors of NavIC,
GPS, andNavIC+GPS systems are estimated. The obser-
vation is that as the number of satellites used for posi-
tion estimation increases, the error decreases. Therefore,
NavIC+GPS performs better compared to NavIC and
GPS systems alone. To implement our proposed MPR
algorithm on SDR-based receiver is our future research
work, and for that, we have implemented NavIC+GPS
SDR receiver.
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