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Abstract. Global Navigation Satellite System (GNSS) uses Precise Point
Positioning (PPP) technique to find out accurate geolocation information of
any point. Generally, costly, geodetic GNSS receivers are used for PPP. This
manuscript presents the results of studies on the usability of commercial,
compact, cost-effective GNSS modules with commercial antennas for PPP
in comparison to commonly used geodetic, costly receivers from India,
which is a excellent location for GNSS use. Compact GNSS modules from
two manufacturers are used in the study, and the encouraging results show
the clear advantage of cost, size, and power requirements of such modules.
The modules provide sub-cm horizontal solution accuracy which is very
similar to those obtained using geodetic receivers, and around 20 cm
accuracy in the vertical coordinate, which is slightly inferior to the results
provided by the geodetic reveivers. Results of this novel study would be
useful for implementing cost-efficient GNSS PPP in real life, in highly
demanding geodetic applications including CORS establishment and PPP.

1 Introduction

Precise Point Positioning (PPP) is an important method in Global Navigation Satellite System
(GNSS) technology for providing extremely accurate position solutions. PPP is used for
highly demanding GNSS applications like surveying and other geodetic applications [1, 2].
Using PPP, the GNSS users may obtain solution accuracy to the order of few cms and the
method is applicable for any point on the globe as this standalone method does not has
baseline restrictions. The basic concept of PPP lies in carrier phase data processing along
with the use of data products from the International GNSS Service (IGS) [3, 4]. With the
popularity of the GNSS Real Time Kinematic (RTK) technique, PPP is used for the
establishment of RTK Base station at a precisely known location, and also for the
establishment of Continuously Operating Reference Stations (CORS).

Currently, multiple global (GPS, GLONASS, Galileo, Beidou) and regional (QZSS and
NavIC) components of GNSS are operational; as of mid-August 2021, a total of 144
navigation satellites are in the orbit, out of which 129 are in operation [5-8]. India is
geographically situated in a favorable location to receive signals from all satellite
constellations. It is noted that around 50 navigation satellites are always visible from any part
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of India [9] and therefore, India is a good location for GNSS utilization, and studies on PPP
are interesting aspects for enhancing the applications of GNSS.

Generally, costly, geodetic grade, multi-constellation, multi-frequency GNSS receivers
are used for GNSS-PPP purposes. With the advancement of GNSS hardware technology,
compact, low-cost GNSS modules are commercially available that are predominantly used
for mass-market commercial applications. In this manuscript, results from India on GNSS
PPP using these compact, cost-efficient modules are presented which is a novel effort using
such modules vis-a-vis the performance of geodetic receivers. Applicability of such modules
for GNSS PPP will pave the way for cost, size, and power-efficient utilization of GNSS for
precise positioning applications including RTK. The manuscript is organized in the following
manner: Section 2 presents a brief discussion on GNSS PPP, Section 3 presents the
background experience of GNSS PPP from India using geodetic receivers, Section 4 presents
the detailed results on GNSS PPP using two compact GNSS modules and finally, the
conclusions are presented in section 5.

2 GNSS PPP: A brief discussion

PPP is a post-processing method to obtain point positioning accuracy by using un-differenced
observables obtained from single geodetic grade GNSS receivers. PPP uses precise
ephemerides, clock files, bias and atmospheric effects corrections [10]. Online PPP service
has become an important means for GNSS users for a different perspective of applications.

AUSPOS, an online GPS data processing service, provides a precise position solution
[11]; this service is offered by Australian Geoscience. Though it does not follow the
conventional PPP technique, it can provide a highly accurate position solution and can be
used in many geodetic applications. The backbone of this service is Bernese Software. The
computation process uses a relative positioning method where the nearest 15 IGS stations are
used as references, Earth Orientation Parameters (EOP) and IGS products. Precise solution
using the double-difference technique is computed using these 15 stations [12]. It relies on
the baseline processing method. A double difference of ionosphere-free linear combination
of RINEX observables is used in this computing process.

Canadian Spatial Reference System-PPP (CSRS-PPP) provides a precise position
solution and uses the conventional PPP method. The Geodetic Survey Division (GDS) of
Natural Resources Canada (NRCan) introduced it in 2003 [10] and it uses precise satellite
orbit, clock, and bias corrections derived from the global IGS network [13]. The output
includes station position, station clock status, tropospheric zenith delay, and carrier phase
ambiguities [10].

AUSPOS requires only GPS RINEX observables whereas the NRCan CSRS-PPP service
can compute on standalone GPS, GLONASS, and GPS+GLONASS RINEX data as well.
AUSPOS do not compute on GLONASS till now.

As these processing services provide accurate and precise position solutions, the
solutions provided by the services can be used for creation of permanent reference stations
for Network Transfer of RTCM messages through Internet Protocol (NTRIP) services, in
deformation and crustal movement monitoring, for site selection in case of mounting
Continuously Operating Reference Station (CORS) in the vicinity of densely populated
multipath prone areas [14].

3 GNSS PPP using geodetic receivers at GLB, India

To initiate the study, results of a previous effort to use geodetic, multi-constellation, multi-
frequency geodetic GNSS receivers for GNSS PPP from GNSS Laboratory, The University
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of Burdwan, Indian (GLB) is presented [15]. This work forms the basis for understanding the
capability of the compact modules for PPP in comparison to the geodetic grade receivers. In
the effort, 2 GNSS geodetic receivers were used for PPP. Firstly, a Leica GR50 geodetic
receiver with a Leica AR25 Choke ring antenna (total cost ~ USD 22,000) was used at
location #1. Receiver Independent Exchange Format (RINEX 2.11) GPS-only data is
collected for 24 hours @1Hz on April 12, 2019, and the data is uploaded to the AUSPOS
online PPP processing service of geoscience Australia [11]. The PPP solution quality results
obtained from the AUSPOS service are shown in Table 1.

Table 1. Results for GPS-only PPP for GLB, India (Location #1) using Leica GR50 receiver
(AUSPOS online service, Geoscience Australia)

Position Uncertainty (95% confidence level), Geodetic ITRF 2014, m

Location id
Latitude (East) Longitude (North) Ellipsoid Height (Up)

#1 0.006 0.004 0.010

In the second effort, another geodetic receiver, Javad DELTA G3T is used with a Javad
GrAnt G3T geodetic antenna (total cost ~ USD 11,000) at location #2 of GLB, India to collect
GPS+GLONASS data as shown in Figure 1. Raw data (.jps format) collected @1Hz for 24
hours each is converted to RINEX 2.11 format and uploaded to NRCan online PPP service
from Natural Resources, Canada [13]. The position uncertainty (95%) for consecutive 7 days
in 2019 in concurrent GPS, GLONASS, and GPS+GLONASS operation as obtained from
the online PPP service is shown in Table 2 [15].
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Fig. 1. Experimental setup for studying PPP performance using geodetic receiver at GLB, India

(Location #2).

Table 2. Results for GPS, GLONASS, and GPS+GLONASS PPP for GLB, India (Location id #2)
using Javad DELTA G3T receiver (NRCan online service, Natural Resources Canada)

JPS2RIN*

Position Uncertainty (95% confidence level), Geodetic ITRF 2014, m

Date Latitude (East) Longitude (North) Ellipsoid Height (Up)
GPS+ GPS+ GPS+
GPS | GLO GLO GPS | GLO GLO GPS | GLO GLO

17/12/2019 | 0.004 | 0.009 | 0.004 | 0.007 | 0.013 | 0.007 | 0.015 | 0.033 | 0.015

18/12/2019 | 0.003 | 0.004 | 0.003 | 0.009 | 0.008 | 0.006 | 0.013 | 0.019 | 0.010
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19/12/2019 | 0.003 | 0.005 | 0.003 | 0.008 | 0.009 | 0.006 | 0.014 | 0.021 | 0.011

20/12/2019 | 0.003 | 0.004 | 0.002 | 0.008 | 0.008 | 0.005 | 0.013 | 0.018 | 0.010

21/12/2019 | 0.003 | 0.004 | 0.002 | 0.009 | 0.008 | 0.005 | 0.013 | 0.016 | 0.010

22/12/2019 | 0.003 | 0.004 | 0.002 | 0.008 | 0.008 | 0.005 | 0.013 | 0.017 | 0.010

23/12/2019 | 0.003 | 0.004 | 0.002 | 0.008 | 0.007 | 0.005 | 0.012 | 0.017 | 0.010

Tables 1 and 2 provide a clear idea about the quality of GNSS-PPP position solution
using geodetic GNSS receivers; it is also witnessed that GPS+GLONASS mode of operation
provides better PPP solution quality. These results serves as the background for the
subsequent study and would be useful in understanding the usability of the compact, low-
cost GNSS modules for PPP which is presented in the next section.

4 GNSS PPP using compact modules at GLB, India

In this endeavor, two compact, low-cost, multi-constellation, multi-frequency, carrier-phase
enabled GNSS modules are used for PPP positioning to study the usability of such modules
for GNSS PPP purpose in the background of the performance of the geodetic receivers.

4.1 GNSS Modules

A detailed description of the two compact GNSS evaluation board (EVB) modules, viz.
uBLOX ZED F9P and NTLab NTL104, used for the study is shown in Table 3.

Table 3. Compact GNSS modules used for PPP at GLB, India.

Make and EVB size
Model, . Constellations Frequency of and .
(No of Picture Supported operation (List Link
Channels) Price)
> GPS, GPSLI1,L2 47x3.2
Zulzjgl% (g;(P GLONASS, GLONASS L1, L2 cm [16,
(184) Galileo, Beidou, Galileo E1, E5 (Euro 17]
QZSS, SBAS Beidou B1, B2 209.99)
GPS GPS L1, L2/L5 70x45
NTLAB GLONASS GLONASS L1, L2 ’ ’
NTL104 Galileo, Beidou | Galileo E1, ESa/ ESb (G‘;D [18]
(128) QZSS, SBAS, Beidou B1, B2 850.00)
NavIC NavIC L5, S )

4.2 Data Collection Method

For data collection, the uBLOX ZED F9P module is used together with a uBLOX ANN
Multiband commercial GNSS patch antenna [19] as shown in Figure 2. The GNSS module
is connected to the USB port of a computer that also supplies the power to the module. For a
complete day in February 2021, raw dual-frequency GPS data (.ubx format) is collected @1
Hz. The raw data is converted to RINEX 2.11 format using RTKLib, an open-source GNSS
data processing software [20]. The RINEX data is then uploaded to AUPOS online GPS
processing service from Geoscience Australia [11]. The PPP solution results are received
back by email. The data collection and processing schematic are shown in Figure 2.
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Fig. 2. Experimental setup for studying PPP performance of ZED-F9P module at GLB, India

For data collection using the NTL104 module, the same is used similarly with the
uBLOX Multiband patch antenna as shown in Figure 3. The NTL104 module is connected
to a computer through the USB port that also supplies the power to the module. For
consecutive 3 days in April 2021, dual-frequency GPS, GLONASS, and GPS+GLONASS
RINEX 2.11 data are collected @1 Hz. The RINEX data is uploaded to NRCan online GNSS
processing service of Natural Resources, Canada [13]. The PPP solution results are received
back by email. The data collection and processing schematic are shown in Figure 3.
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Fig. 3. Experimental setup for studying PPP performance of NTL 104 module at GLB, India
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4.3 Results and discussions

The PPP results (GPS-only results for ZED F9P module and GPS, GLONASS, and
GPS+GLONASS results) as obtained from the online PPP service are shown in Table 4. For
both the compact modules used in the study, it is witnessed that, below 5 mm horizontal
position accuracy is achievable in GPS or GPS+GLONASS hybrid mode of operation with a
95% confidence level. In the vertical coordinate, the achievable accuracy level is below 20
cm.

Now, the PPP performance of the compact modules shown in Table 4 are compared with
those for the geodetic GNSS receivers as presented in Tables 1 and 2. It may be noted that
the positioning performance is similar for the horizontal coordinates, and the vertical PPP
accuracy provided by the compact modules are slightly inferior to their geodetic counterpart.
If the cost, size, and power requirements for the two types of GNSS receivers are compared,
it may be seen that the compact GNSS modules have clear advantage of much lower cost,
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lower size and weight; the compact modules also consume very low power. Therefore, with
similar or slightly inferior performances and advantages from practical viewpoints, the
compact GNSS modules are potential candidates for PPP.

Table 4. Results for GNSS PPP for GLB, India using compact GNSS modules

Position Uncertainty (95% confidence level), Geodetic ITRF 2014, m

Module Used Latitude (East) Longitude (North) Ellipsoid Height (Up)
(Date)
GPS
GPS+ GPS+
GPS | GLO GLO GPS | GLO GLO GPS | GLO +gL
ZED-F9P
(Feb. 2021) 0.005 - - 0.003 - - 0.010 - -
NTL 104
(24/04/2021) 0.003 | 0.080 | 0.003 | 0.003 | 0.015 | 0.003 | 0.013 | 0.036 | 0.012
NTL 104
(25/04/2021) 0.003 | 0.013 | 0.003 | 0.003 | 0.025 | 0.003 | 0.013 | 0.059 | 0.013
NTL 104
(26/04/2021) 0.004 | 0.122 | 0.004 | 0.004 | 0.279 | 0.004 | 0.018 | 0.267 | 0.018

5 Conclusions

In this work, the usability of commercial, compact, dual-frequency GNSS modules is studied
for the GNSS PPP solution. With the background of the results using two geodetic receivers,
PPP solution quality provided by compact modules from two manufacturers has been studied.
Encouraging results show that with clear advantages of cost, size, and power requirements,
the compact modules can be efficiently used for GNSS PPP. In GPS-only or
GPS+GLONASS hybrid operation, the modules can be used for PPP with sub-cm accuracy
in horizontal coordinates and below 20 cm accuracy in the vertical coordinate. Therefore, the
modules are potentially good candidates for precise geodetic applications, as CORS stations
and for GNSS RTK Base applications in a cost-efficient manner.

Future work would include tri and quad-constellation PPP using such modules and
studies using similar dual-frequency, multi-constellation modules from other manufacturers.
Considering the potential of the modules for GNSS RTK, future work would also involve the
development of a cost-efficient NTRIP Caster service.

The authors acknowledge Integrated Test Range (ITR), DRDO, Chandipur, India and All India Council
of Technical Education (AICTE), New Delhi India for financial support, and NTLab UAB, Lithuania
for hardware support.
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