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1 Bilogorska 20, Vukosavljevica, 33404 Špišić Bukovica, Croatia
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Abstract. The hardware of new-generation smartphones enables navigation,
positioning and surveying (NPS) using Global Navigation Satellite Systems
(GNSS). Moreover, unprecedented progress has been made in the last few years
related to the accuracy and reliability of smartphone NPS giving three significant
changes: (1) accessing raw code and carrier GNSS measurements; (2) collecting
multi-frequency measurements and; (3) collecting measurements from multiple
global satellite navigation constellations (GPS, GLONASS, Galileo, BeiDou-3).
We developed CroCoord v1.0—an Android application for nearly real time PPP
multi-GNSS static positioning and surveying. An application offers increased
accuracy compared to other solutions given by smartphone applications, as it uses
PPP GNSS post-processing method to correct collected multi-frequency multi-
GNSS measurements for several sources of errors, including ephemeris, iono-
sphere, troposphere, satellite clocks, etc. The positional accuracy of static survey-
ing using smartphones (including also our application) was tested on one control
test site with three GNSS processing methods (SPP, PPP, and DGNSS). The posi-
tional accuracy of CroCoord in PPP mode is below 1 m and may even reach 0.5 m
for an observation period longer than 1 h. The positional accuracy of CroCoord is
higher for 65% compared to the accuracy obtained by default processing routines
of android smartphone. Furtherly, the combination of smartphone and permanent
GNSS station data (a network-DGNSSmode) reached the possibility to obtain the
accuracy of 9 cm for 2-h static session. Our results confirm the enormous poten-
tial of smartphone multi-frequency multi-GNSS measurements in all civilian and
professional applications which have benefits from increased positional accuracy.
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1 Introduction

TheGlobal Navigation Satellite System (GNSS) provides the position, velocity, and time
(PVT) for any point in a global reference 3D coordinate system by using radio signals
transmitted from satellites orbiting around theEarth [1]. Currently, there are four full con-
stellations of global navigation satellites:GPS (NAVigational Satellite Time andRanking
Global Positioning System), Russian GLONASS (rus. GLObal’naya NAvigatsionnaya
Sputnikovaya Sistema), Galileo and BeiDou-3. These four global navigation systems,
supplemented by one fully operational Regional Navigation Satellite System (RNSS),
the Japanese Quasi-Zenith Satellite System (QZSS), and agumentation systems (such as
EGNOS), form the so called multi global navigation satellite systemmulti-GNSS. In the
past few years, thanks to the technological advancement of hardware, newer generations
of smartphones have been shown to achieve a positioning accuracy of several decimetres
in nearly real time applications. Moreover, a number of studies have been performed to
verify the positioning accuracy with these smartphones for different purposes [2–11].

However, until 2017 all Android smartphones have used the signal on one frequency
band only (L1, code pseudoranges), andmost often have received signals only fromGPS
satellites. The accuracy of such absolute positioning is in the range of 5–15 m. The first
dual-frequency smartphone to receive signals within the L1/E1 and L5/E5 bands is the
XiaomiMi 8 thatwas released inMay2018. Since then, newdual-frequency smartphones
have been constantly appearing on the market and may now receive L5 band of the GPS
system with a median frequency of 1176 MHz, or on the E1 and E5 band of the Galileo
system with a median frequency of 1575.42 and 1191.795 MHz. To date, there are 41
dual-frequency smartphone models on the market, from 10 manufacturers [12]. The first
commercial chip to have this ability is the BCM47755, which can simultaneously receive
the following signals: GPS (L1-C/A and L5), GLONASS (L1), BeiDou-2 (B1), QZSS
(L1 and L5) and Galileo (E1 and E5a). The second chip Quectel LC79D integrated
in smartphones with the ability to obtain measurements on multiple frequencies was
designed in the late 2019 [13]. Chip and smartphone manufacturers are very aware of
the capability that dual-frequency offers in terms of positioning accuracy for location
based services. The possibility to obtain measurements on second frequency has several
advantages, for example: increased reliability to users—if one of the frequency bands
fails, the other can be used as backup; reduced signal acquisition time and improved
accuracy of positioning and timing; reduced problems caused by obstructions such as
buildings and other obstacles; reduced problem to multipath errors; the possibility to
eliminate ionospheric refraction [12].

Another improvement in smartphone positioning is related to the open access of users
to raw GNSS measurements, instead of getting “black-box” coordinates calculated by
internal hardware and software of smartphones. Currently, the user may obtain actual
measurements in the form of clock values and can use them for computation of code
pseudoranges or carrier-phases by itself. Furthermore, one has access to additional data,
such as SNR (Signal to Noise Ratio) estimates, Doppler and navigation messages. By
making raw GNSS measurements available, users have full control over processing and
obtaining coordinates, and may use advanced processing techniques such as optimizing
multiple GNSS solutions, selecting satellites, frequencies, etc. Developers are able to
leverage the access to raw GNSS measurements and the enhanced accuracy offered by
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this dual-frequency capability to create new applications requiring high accuracy robust
positioning.

In a broader sense, satellite positioning is performed by using a large number of
surveying methods and techniques, which depend on the user’s needs for precision and
speed. Positioning can be divided into absolute and relative. Absolute positioning is a
method of determining the coordinates of a single receiver, while at relative positioning
aminimum of two or more receivers, are used at the same time. Furthermore, positioning
can be static or kinematic, depending on whether the receiver is moving or not. The col-
lected measurements can be based on the Code modulation or Phase modulation of the
carrierwave and processed in real time or in post-processing [1]. In this paper, the empha-
sis will be on static measurements with three methods: Single Point Positioning (SPP),
Precise Point Positioning (PPP) and differential GNSS (DGNSS). SPP uses broadcast
satellite orbits and clocks, and no other corrections except for ionosphere in case mea-
surements contain multiple frequencies. PPP is a method of absolute static positioning
of a single receiver in real time, where various satellite corrections and ephemeris are
applied. It uses precise orbits and clocks instead of the broadcast message. The precon-
dition for PPP method is to have a GNSS receiver (in this case a smartphone) which can
collect multi-frequency (MF) measurements. PPP method is used in everyday practice
by the number of users, civilians and geoscientists in applications such as smart cities,
augmented reality applications, construction, sports, transportation, etc. DGNSS/RTK
technique uses a base or reference receiver at a known location (such as from another
GNSS device in surrounding or permanent GNSS station) collecting GNSS data at the
same time as a receiver at an unknown surveyed location.

2 Raw GNSS Measurements

Raw GNSS measurements which user gets from the chip of Android smartphones are
accessed by the Application Program Interface (API) which is a set of routines, pro-
tocols, and tools for building software programs and applications. Raw measurements
include: (i) clock values of the receiver (smartphone) and their deviation, (ii) clock
values of satellites, accumulated delta ranges (number of whole waves of the signal
carrier), (iii) bits of navigation messages, and (iv) other metadata [2]. Raw GNSS mea-
surements can be accessed through Android 7.0 and later versions with an API Level
24, which contains GnssClock, GnssNavigationMessage, and GnssMeasurement Java
classes. The GnssClock and GnssMeasurements classes contain methods that provide
the data necessary to calculate code pseudoranges and carrier phases from clock values
of the smartphone and the satellite. Methods from the GnssNavigationMessage class
provide a navigation message for all satellite constellations. API also includes Android
classes OnNmeaMessageListener and Location. OnNmeaMessageListener class, using
onNmeaMessage method, retrieves NMEA information about clock values of GNSS
satellites. NMEA stands for NationalMarine Electronics Association, which defines and
controls the NMEA 0183 standard for communicating with marine electronic devices
such as transmitters, sonar, gyroscope, autopilot, GPS receiver, etc. [14]. The Location
class contains methods which provide the location and associated metadata.
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Java code for all methods is available freely and developers can use them in building
Android applications [15]. We used them in developing CroCoord application in order
to build the function which performs collection (surveying) of GNSS measurements [2].

2.1 Smartphone Hardware Design

The quality of GNSS data, obtained by a smartphone depends on several hardware
components, mainly the GNSS chip. Smartphone hardware is designed in the way that it
saves battery power,minimizes TimeToFirst Fix (TTFF), and improves accessibility and
position continuity. Smartphone design influences the selection of hardware components
and software algorithms. Hardware consists of low-cost components; for positioning
and navigation the most important are the antenna and oscillator. An oscillator is located
outside GNSS chip and compensates temperature variations which affect the stability of
the frequency. An alternative, low-energy crystal oscillator controls the timewhenGNSS
is off with an accuracy degradation of 6 s per week. The antenna used in smartphones
is called PIFA (Planar Inverted-F Antenna) which is a laminated copper plate on which
all components are soldered, mechanically fixed and electrically connected. Because of
its linear (instead of circular) polarization and directionality of the radiation diagram, it
results in a decrease of radio signal strength by several dB. The position of the antenna
depends more on the design of the smartphone than on the signal constraints, and for this
reason, the interaction with the user’s hand further weakens the reception of the GNSS
signal. The smartphone antenna is subject to multiple reflections and its signal-to-noise
ratio is reduced by about 10 dB/Hz compared to the geodetic receiver [4, 5, 16, 17].

3 CroCoord Android Application

Several Android GNSS data processing applications are available for static positioning
and geodetic surveying using smartphones. They all may provide coordinates from col-
lecting GNSS measurements using SPP. However, CroCoord Android application was
developed with an idea of improving the accuracy by using advanced post-processing of
raw multi-frequency multi-GNSS measurements compared to other applications. Posi-
tioning with CroCoord is based on the PPP method. The main result of processing
collected raw GNSS measurements are coordinates of surveyed points in WGS84 refer-
ence coordinate system, and in official reference coordinate systems of the Republic of
Croatia (HTRS96, HDKS, HVRS71). Results are available in nearly real time, because
collected raw measurements take few seconds to process on the external server. Our
application was developed in Android studio, its entire functionality is written in Java
programming language, whereas the design is in XML format. Application logo (see
Fig. 1) and the name itself, “Cro” from “Croatian” and “Coord” from “Coordinates”,
refer to the suitability of the application for positioning and surveying in Croatia. The
CroCoord methodology opens up the possibility of simply extending the application to
other countries, but with the need for additional data such as geoid models (to obtain
orthometric height of surveyed point) and transformation parameters for transformation
from the epoch of measurement to the epoch of the country-specific coordinate reference
frame.
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Fig. 1. CroCoord application logo

For full functionality of our application only requirements are internet access and
permission to collect satellite positioning signals. Currently, source codes of the appli-
cation are not available due to development. However, Android application executable
files can be obtained at any time after the request of the corresponding author, followed
by instructions for use. Also, the server is not active all the time, it must be started by
author when planning to use the application.

3.1 Application Flowchart

CroCoord application runs as follows:

1. User starts application and collects single or multi-frequency multi-GNSS measure-
ments via GUI for any selected point and session duration. The application uses all
Java classes and methods from Sect. 2.

2. Collected measurements are pushed (uploaded) to the synchronization server via
mobile internet.

3. The client downloads collected measurements from the server.
4. RTKLIBGNSS post-processing software processes data (calculates coordinates and

other metadata).
5. Client uploads processed results back to the synchronization server.
6. User pulls (downloads) results from the synchronization server.
7. GUI displays downloaded results in the form of point coordinates and position of

users on the map.
8. Results and all metadata are saved in the internal memory of a mobile phone as a

CSV file.

The CroCoord GUI consists of three tabs: Points,Map, and Info (see Fig. 2). On the
Points tab, the user enters the name of the point and its description (such as a “polygon
point”, “tree”, “curb”, etc.). The user selects the duration of the session using Timer
button. The surveying of a point starts by pressing the Start button and is stopped either
after expiration of time set by timer, or after pressing the Stop button. After the user stops
the collection of measurements, collected data are sent to the synchronization server, as
a file under its own ID, using the sendPostRequest method.
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Fig. 2. CroCoord application interface

The server then returns the processing results (response timeunder 10 s) and the appli-
cation retrieves them by using the sendGetRequest method based on the measurement
ID.

Some processing results are displayed on the Points tab in the form of coordinates
(Easting, Northing) in HTRS96/TM (Transverse Mercator) projection and orthometric
height of point in the HVRS71 vertical reference system. On the Map tab user can
add the position of a measured point to a map view by clicking the Add points button,
which calls the addPointsToMap method (see Fig. 3). All measured points, as well as
those that are not displayed in the interface, can be stored on internal memory in CSV
format and shared by pressing the Export button. The entire process of using a CroCoord
application, i.e. how to use it and position with it, is described in the third Info tab.

3.2 Raw GNSS Measurements of Android Application

By pressing the Start button, the application starts simultaneously collecting raw multi-
GNSS measurements by using the Location, GnssNavigationMessage, OnNmeaMes-
sageListener, GnssClock and GnssMeasurement Java classes methods, and writing raw
GNSS measurements into a new “rawData” text string using the startNewLog method.
When completed, the application sends the file with measurements to the synchroniza-
tion server in *.txt format. RawGNSS data are just numeric values that cannot be directly
processed in GNSS measurement software packages, but this problem is solved by the
client that converts the measurement file to RINEX v2 format.

After CroCoord application sends collected measurements to the synchronization
server, the measurements are being processed on the desktop computer, so in addition
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Fig. 3. Surveying results displayed

to the Android application, there have been created program scripts that serve both as
the sync server and program scripts to process the collected raw GNSS measurements.
The sync server serves only as the bridge between Android GUI and the measurement
processing script called client, which is located on a desktop computer. The computer
performs post-processing of the collected measurements and calculates coordinates of
measured point using RTKLIB [18]. The sync server and the client are collectively
referred to as the server and thewhole concept of application↔ serverwork is illustrated
in Fig. 4.

3.3 Synchronization Server

The synchronization server is a script written in the Python programming language
that establishes a connection between Android application and the client-computer that
performs post-processing of collected GNSS measurements. The scripts are located in a
cloud through an online Heroku platform that supports several programming languages.

The sync server can be accessed frommultiple devices, at any time and fromdifferent
places with an available internet connection. The sync server and the client communicate
through directories. The sync server stores raw GNSS measurements in measurements
directory fromwhich the client retrieves measurements, and after processing them, saves
their results to the results directory. The client converts the result *.txt file into *.JSON
format, adding the finished state to the file for the sync server to recognize the right file
and respond to an Android application that then uses the necessary data to display it.
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Fig. 4. Concept of application ↔ server

3.4 Client

The client is the central element of the entire process that enables CroCoord application
positioning. The part of the client that communicates with the sync server is written in
the Python programming language, and the scripts that process the measurement data
are written in the MatLab programming language and they are located on the computer.
The main MatLab post-processing script defines the names of the input files and result
files, as well as directories of their downloads or storage. It also runs other scripts and
packages via batch files. The whole work of the client can be shown in the following:

1. Retrieval of the *.txt file of rawGNSSmeasurements from themeasurement directory
from the sync server.

2. Conversion of *.txt file of raw GNSS measurements to RINEX v 2.11 format.
3. Registering the time of the last measurement from the RINEX file by which GPS

week, GPS day of the year, GPS seconds of the week and Julian Day are calculated.
4. Broadcast ephemeris from NASA FTP are retrieved.
5. Processing RINEX measurement file by using RTKLIB software in PPP batching

mode, which as a result provides coordinate series (latitude, longitude, height) for
each measurement epoch.

6. Filtering outliers from the coordinate series using reliability factors (99%).
7. Calculation of definite coordinates of points and their standard deviations using the

statistical function of the median set.
8. Transformation of coordinates from WGS84 (measurement epoch) to desired

coordinate system (HTRS96, HDKS and HVRS71).
9. Saves the results (orthometric heights inHVRS71andHVRS1875vertical coordinate

systems, terrestrial coordinates, Ē and N̄ in HTRS96/TM and ȳ i x̄ in Gauss-Krüger
(HDKS), and their metadata) in a *.json file to the results directory from where the
results are loaded to the sync server.

Obviously, the central part of computing coordinate of the surveyed point is using
RTKLIB in PPP mode. RTKLIB is an open source software for GNSS positioning and



CroCoord v1.0—An Android Application for Nearly Real-Time … 291

analysis, which supports GPS, GLONASS, Galileo, QZSS, BeiDou and SBAS systems
[18, 19]. It is known to be used in some other GNSS post-processing services, such
as Rokubun Jason [20]. The main MatLab script starts running RTKLIB using a batch
file in which it defines all the required parameters and settings, specifying the process-
ing method and type of output results. Some of the settings which are defined prior
to processing are: positioning method, used frequencies, elevation mask, SNR mask,
Earth tidal wave corrections, dynamic models, ionospheric correction, tropospheric cor-
rection, satellite ephemeris, ambiguity solution method for different systems, ambiguity
determination settings, maximum age differential, GDOP threshold, result format (coor-
dinates), time format, height type, carrier-based measurement settings, antenna settings,
etc. After processing of measurements, RTKLIB gives results in the form of the coordi-
nate series (latitude, longitude and height) in the WGS84 reference coordinate system
for each measurement epoch together with the associated standard deviations and other
metadata such as a number of satellites, DOP, etc.

4 Accuracy of Static GNSS Surveying Using Smartphones

One of the biggest advantages of CroCoord, compared to the limits in accuracy of
smartphone-based GNSS data processing, is its accuracy, since it uses RTKLIB for PPP
processing of collected data. In order to verify it, we performed one static session on
December 31st, 2019 which lasted 2 h from 09:00 to 11:00 UTC on one selected control
point of the University of Zagreb Faculty of Geodesy. Collected data (from smartphone
and ZAGR CROPOS (CROatian POsitioning System) permanent station), as well as
additional data used in post-processing (clocks, ephemeris, EOP), may be downloaded
on following permanent https://doi.org/10.5281/zenodo.3633374.

Reference (true) point is part of the well-stabilized geodetic network of six points
used by the Faculty of Geodesy. The network is reobserved and readjusted each year
with six GPS + GLONASS L1/L2 professional grade GNSS receivers using method
of relative static and 20 measurement sessions lasting minimally 20 min. The reference
coordinates of control point were obtained through several measurement campaigns
which have lasted for more than 24 h in total. The estimated accuracy of the coordinates
of control points is expected to be at few mm level which is well suitable for comparison
with smartphone measurements.

The specific goal of this test was not only to verify improvement in accuracy of
CroCoord application compared to other Android-based smartphone GNSS processing
software, but also to investigate achievable accuracy of smartphone GNSS surveying
for three positioning methods: SPP, PPP, and DGNSS. For SPP and PPP testing, only
smartphone collected measurements were used, whereas the performance of DGNSS
was tested using the additional measurements from permanent station ZAGREB which
is a part of CROPOS GNSS network. In DGNSS method, ZAGR station was fixed
with coordinates X = 4,282,037.523 m, Y = 1,224,886.395 m, Z = 4,550,534.641 m.
Smartphone measurements on control point were collected with dual-frequency Xiaomi
Mi Mix-3.

Measurements were processed using several commercial and free software packages
including Trimble Business Center 5.00, Leica GeoOffice 8.4, RTKLIB, Google GNSS

https://doi.org/10.5281/zenodo.3633374
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analysis software, aswell aswith online post-processing services such asRokubun Jason,
Trimble VRX, and NRCan CSRS-PPP.

Comparison of definite plane coordinates (Easting, Northing) for each solution was
performed in conformal Gauss-Krüger projection using the following parameters: ϕ0
= 0°, λ0 = 16.5°, linear scale 0.9999, shift in Easting 500,000 m. The accuracy of
each solution was analysed using positional (plane) residuals between map projection
coordinates (Easting, Northing) of two quantities: reference coordinates E, N of control
point and E, N of each solution (coordinates obtained by processing of measured data):

σ =
√

�E2 + �N 2 =
√

(Econtrol − Esolution)
2 + (Ncontrol − Nsolution)

2 (1)

In Table 1 and on Fig. 5 we present and describe only the best solutions for each
GNSS positioningmethod, so the results obtainedwith other software andmeasurements
from other constellations are not shown. The first two solutions (S1 and S2) are obtained
by using static data from the smartphone and permanent station in network-DGNSS
method. The solution S1 represents the optimal solution in which coordinate of the
point was obtained by using network-DGNSS method in Leica GeoOffice where both
GPS andGalileo dual-frequencywere exploited. The position residual between reference
coordinate and this solution is 9 cm. Solution S2 is obtained in the same way as S1, but

Table 1. The results of GNSS data processing for measurement session on December 31st, 2019,
from 09:00 to 11:00 UTC

Solution # Software Description SPP/PPP/DGNSS ΔE [m] ΔN [m] Error
[m]

Reference
solution
(true)

TBC Relative static

S1 Leica Geooffice GPS +
Galileo,
L1/E1/L5/E5

Network-DGNSS −0.08 −0.03 0.09

S2 RTKLIB GPS +
Galileo,
L1/E1/L5/E5

Network-DGNSS −0.22 0.27 0.35

S3 CSRS-PPP GPS
L1/E1/L5

PPP −0.31 −0.33 0.45

S4 RTKLIB GPS +
Galileo,
L1/E1/L5/E5

PPP −0.01 0.73 0.73

S5 Google GNSS
analysis tools,
Android-default

GPS L1 SPP −0.15 2.12 2.12

Staticmeasurementswere performedusing smartphoneon control point.S4 is the solution obtained
by CroCoord application, whereas S5 is the solution obtained in smartphone by its default routines
from Google GNSS analysis tools
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RTKLIB was used. The positional residual is 35 cm, which is almost 4 times worse than
solution S1. Leica GeoOffice as commercial software seems to be more accurate than
RTKLIB, even if RTKLIB has more customizability than Leica Geoffice.

Fig. 5. The results of GNSS data processing for measurement session on December 31st, 2019,
from 09:00 to 11:00 UTC

The last three solutions are the analysis of SPP or PPP solutions using three software.
S3 solution, obtained from Canadian CSRS-PPP online post-processing service, is the
most optimal of these three compared. The solution used onlyGPSmeasurements on two
frequencies. The positional residual is 45 cm, which is nearly the same as S2 solution in
network-DGNSS method. PPP using RTKLIB resulted in positional residual of 73 cm.
This result shows that we can expect the positional accuracy of CroCoord application
to be around ± 1m for shorter and medium observation times (<1 h), and sub-meter
accuracy for sessions longer than 1 h. Solution S5 is the SPP solution which can be
expected from default smartphone GNSS positioning applications which do not take
care of any corrections and usually use only GPS on one-frequency. The positional
residual is 2.1 m for our two-hour long session. The accuracy of such positioning might
be in the range between 2 and 5 m. The comparison between S4 and S5 solutions is
important as it shows that the positional accuracy of CroCoord is supposedly to be
higher for around 65% compared to other android GNSS applications.

Definite coordinates of all solutions are given in Table 2.
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5 Conclusion

In order to explore the potential of smartphones which may collect raw multi-frequency
multi-GNSS measurements, we developed CroCoord v1.0 application which provides
the position of surveyed points in WGS84, and official geodetic reference coordinate
systems of the Republic of Croatia. We debugged and verified application for complete-
ness and consistency. The application can be used to collect staticmulti-frequencyGNSS
measurements from all global satellite navigation systems and for any session duration.
The speed of the application is nearly real time (user gets results in the smartphone
almost immediately after the end of measurements) and is limited solely by the internet
connection needed for the transfer of the data to and from the server and time needed
for the processing of GNSS measurements. It is possible to replace RTKLIB as GNSS
post-processing tool with any other software having the option for simultaneous batch
processing.

We verified that CroCoord application has greater accuracy, using 2-h long static
session and SPP/PPP processing method, CroCoord yielded 65% more accurate results
compared to other android basedGNSS processing algorithms and software (0.73mwith
CroCoord compared to default smartphone solution with 2.12 m accuracy), as it exploits
benefits of more sophisticated software RTKLIB running on an external server. The
analysis of our comparison non-related to CroCoord showed that on-line GNSS post-
processing service such as CSRS-PPP also has potential for processing of mobile-phone
data in PPP mode as it outperformed the accuracy of RTKLIB processing for 38% (from
0.45 mwith CSRS-PPP to 0.73 mwith RTKLIB). Finally, our test showed high potential
for the usage of corrections and GNSS data from surrounding permanent GNSS stations
in DGNSS, where even sub-dm positional accuracy for longer observation periods can
be expected.

The executables of application can be obtained upon the request to the corresponding
author, after which instructions for usage will be given. Authors are still working on
developing and further improving the reliability of the post-processing, and to extend
the capabilities of the application regarding the choice of parameters and positioning
methods.

Note

Measurements data can be downloaded from following link https://doi.org/10.5281/
zenodo.3633374. Data include measurements from smartphone (in android-based for-
mat, Rinex 2.11 and 3.03), permanent station ZAGR (in Rinex 2.11 and 3.03), along
with all supplementary data authors used in processing such as broadcast and precise
ephemerides (in Rinex 2 and MGEX).
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