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Abstract: This study developed a smartphone application that provides wireless
communication, NRTIP client, and RTK procegsfeatures and which can simplify the
Network RTK-GPS system while reducing the required cost. A determination method for
an error model ifNetwork RTK measurements was proposed, considering both random
and autocorrelation errors, to accurately calculate the coordinates me&gurtbe
applicaton using state estimation filters. The performance evaluation of the developed
application showed that it coulderform high-precision reatime positioning, within
several centimeters of error rangeadtequency oR0 Hz. A KalmarFilter was applied to

the coordinates measured from the application, to evaluate the appropriateness of the
determination method for an error model, as proposed in this study. The results were more
accurate, compared with those of the existing error model, which only comwmsithere
random error.

Keywords: smartphoneapplication; network RTK-GPS NRTIP; Kalman filter; position
error model
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1. Introduction

In cooperation with Dortmund Universiiy Germany, the Federal Agency for Cartography and
Geodesy (BKG) introduced HTFPasedDifferential GPS PGPS data streaming technology and
developedNetworked Transport of RTCM via InterneProtocol (NTRIP) as the format of DGPS
data[1]. Of the many typesf DGPS data transferrable in the NTRIP format, Nie¢work Real Time
Kinematic (NRTK) GPSlataprovides the most accurate réiahe positioning. The NRTK positioning
is a technology that calculates the correction message suitable for an area wheraaveBRS
positioned[2,3]. The calculated correction message is transferrethe@orover, to enable highly
accurate realime positioning/4]. Multiple GPS reference stations are utilized, because using a single
reference station reduces accuracy if the distance between the rover and the reference station excee
10 km [5,6]. The NRTK correctiormessaganay be calculated using the data from tipieé GPS
reference stations placed at intervals 6f ® km across a wide area, and the results may then be
transferred in NTRIP format. The user can then conduct highly accurate positioning, using only a GPS
rover and an NTRIP broadcaster connection it

Representative NRTK services include the EUREFRervice of the EJ7], SAPOSIn Germany,
the IGSIP service of the International GNSS Service (IGS), and the NatMinalal Reference
Station ¥RS) [8] Service of Korea. A mobile device connectihg Internet and a GPS receiver with
a RTK processing function is required to use the NTRIP broadcaster. Mobile devicePD&s,
tablet PCs, and exclusive controllers) have conventionally been combined with a phone, for wireless
Internet connection, and an expensive GPS receiver, with the RTK processing function, to organize a
positioningsystem for NRTK. However, the recatgvelopment and distribution of new smartphones
that support installation of usedeveloped application, higépeed processing, and wireless
communication [9] provides a new environment for NTRIB/pe NRTK service Thus, mosiNRTK
service features were reabled in the smartphone, whigbrovides many advantages. With this
background, this study now addresses the development of the NRTK application for smartphone

The composition of the NRTK system was simplified, and the cost required to organize the syste
was reduced, by including the NTRR client feature for correcin message reception, NRTK
processing feature, and applied features for using the NRTK positioning results in a smartphone
application. A suitable method for determining the error modelHferNRTK positioning resultss
also presented, to estimate highly reliable positioning values with a suitable filter in the application
program, utilizing the NRTK positioning results.

2. NRTK Application Design for the Smartphone

This study designed theRTK application using the advantages of the smartphone, including fast
data processing speed, diverse wired/wireless communication features, and an installation environmen
for the universal user of the development application. Most of the processindRTd€ positioning
could thus be conducted in the smartphone. This structure was applied for the following reasons. First,
the system composition cost can be reduced, as the smartphone provides the RTK processing functior
which until now wasperformedby the GPS receiver. Second, a smartphmeréormsall the functions
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that have been provided by a computer device, such as a PDA and a cell phone, simplifying the
composition of the NRTK positioning system.

Table 1 shows the functions required for the imagibn. The NRTK service with a virtuedference
station, so called the virtuabntrol point was used for the NRTK service environment in Kdfed.
This method allows the user to transfer his rough position data to the NTRIP broadcaster, while the
boadcaster calculates the correction message
user. Table 1 shows the core parts of the functions: communication and NRTK processing. The
application used the Bluetoetnabled device of the smartploto control the GPS receiver, and
receive the GPS observation results. The wireless communication module was used to provide the
NTRIP client conducting the current position transfer and correction message reception, via the NTRIP
broadcaster in the mobilenvironment. As for the NRTK processing function, the correction messages
from communication devices and GPS observation data were processed. The precise positioning
results were calculated within several centimeters of error range at a makmsguencyof 20 Hz.

Table 1.Main functions of thepplication anctonsiderations bjunctiors.

Main Functions Detailed Function Remark
- NTRIP broadcaster connection an
NTRIP client user authentication The time required to transfer the

(SOCKET communication) - NRTK corrective message receptic  correction message must be sho
- User position data transmission
Realtime positioning must be
- Enter the GPS observation value possible aR0 Hz or higheGPS

NRTK positioning - Enter the NRTK correction messa(  observation values and correctio
- Check NRTK positioning messages in diverse formats mu:
be recognized

GPS receiver contr@nd - Receive GPS observation value A control function suitable for the
Data reception - GPS receiver control (positioning communication protocol of the G

(Bluetooth communication) frequency and interface format) receiver is required
Utility - Save and retrieve position data Scalability for meetinghe diverse
- Set out and other functions requirements of the user is requil

Figure 1 shows the design results of the NRTK application for the smartphbaa the general
GPS receiver without RTKprocessing function is usedrigure 1(a) shows the design of the
communication methodnd data transfer among hardware devices that form the NRTK positioning
system. Figure 1(b) shows the software design results, including the composition method of
application software module, and data transfer among modules,eGé&i%er, and NTRIP broadsiar.

Figure 1(b)showsthat the application was organized iTRIP client, NRTK processing, and utility
module parts, so that the application could provide most funatieededor NRTK processing. This
increases the processing load of the smartphmutesimplifies the role of the GPS receiver, to allow the
GPS receiver without RTK processing function to form the NR®Eitioningsystem.

Figure 2(ab) shovs the application design results, when an expensive GPS receiver with RTK
processing function issed. Compared i the design results in Figuigab), most processing for
NRTK positioning was concentrated on the GPS receiver in Figure 2. The NRTK application was
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composed so that it would only conduct the NTRIP client function, while it would apptule
function using the coordinates calculated from the GPS receiver.

Figure 1. Design of the NRTK application for smartphongken usethe generalGPS
receiver without the RTK function (a) Communication method and data flow
(b) Composition of NRTKapplication and data flow.
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Figure 2. Designplan of the NRTK application for smartphones whesethe expensive
GPS receiver supporting the RTiknction (a) Communication method and data flow
(b) Composition of NRTK application and ddtaw.

'd N
—) NRTK Correction Message
NTRIP Broadcaster .
—— NMEA 0183 Message Correction
--------- > GNSS Observations Message Y
&) [ NTRIP Client ]
,,,,,,,,,,,,,, «————
; : Igur_ren‘c
osition
\ SOCKET NTRIP 5% |25
¥ = = Broadcaster o8 LS
ommunication o3| |EF
=@ = 0
82| o=
Smartphone

Generating

Observations

{ Application ]

Positioning Module
5 Bluetooth RTK. Result
4 : L Processing
Communication Module
GPS Receiver
(Including RTK Processing U
Capability) GPS Receiver
(@ (b)

Considering the cost required for the system composition and equipment simplification, the design
result in Figure 1 was suitable for the smartphone to conduct most of the processing. Based on thes
design results, an NRTK applicatitor smartphones was developed in this study.
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3. Application Development and Performance Evaluation

The NRTK application was developed ansmartphonesquippedwith the Android OS. Table 2
shows the development environment. The application was developed so that it operated with Android
2.2 (Froyo) or lower, using Android API (Level 8) and JDK 1.7 in Eclipse software, providing an
integrated development environment. Jaes wsed as the programming language for the development.

Table 2. Applicationdevelopmenenvironment

Item Detail
0s Android 2.2 (Froyo)
SDK Android API Level 8& JDK 1.7
IntegratedDevelopmenEnvironment Eclipse
Programmind.-anguage Java

The application uses carriphase (L1 and L2) and pseudorange data as primary GPS observables
and also uses correction messages enclosing correction information of all GPS observables for precis
positioning. The supported formats of correction messageRBCM v2.3, RTCM v3.0, and CMR.

Figure 3 shows the main user interfaces from the applicdevelopment results. Figuséab) shove
the applicationds wutility functions serwkng @
Figure 3(c) shows the setting interface for the NTRIP broadcaster connection and GPS receiver
control. Figure 3(d) shows the setting interface for the coordinate system and GPS antenna data. Th
development results showed that most of the functions fonadawperation of the NRTK application
could be conductedithin the development environment of smartphones.

Figure 3. Application development results (main user interfaces and operation screens).
(a) Application interface (Positioningjb) Application interface (Set outc) Setting interface
(NTRIP broadcast andRsreceiver)(d) Setting interface (Coordinate system and antenna).
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The most important of the functions of the NRTK application ishilglh accuracy and frequency
positioning function. The normal accuracy levels for the RGRS positioning method are
1 cm =1 ppm horizontally, and 2 cm =2 ppm vertical[{t1l], with the mamum positioning
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frequencyof 20 Hz [12]. This study developed the NRTK application with a performance level
equivalent to such values. To evaluate the performance of the NRTK applicati@nms d@f the
positioning accurac and frequeng, the positios of twelve fixed poins with accurately measured
coordinate were measured for a long period. Tstatistical positioning accuracy and maximum
frequency of the NRTK application were evaluated, by analyzing the test rdmdedd on
measurements dhesetwelve points The transfer time of correction message, thathes,latency of

the correction message was analyzed, as @mong the main factors affecting the RGPS
positioningaccuracy.Figure 4 showsthe geographical distributions &dstpointsfor evaluating the
performanceof NRTK application. All points were selected along the main roaith good
environments oGPS signateception

Figure 4. Testpointsfor evaluating the performance thie NRTK application
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Figure5 shows the positioning accuracy the NRTK applicatiorusing the ondnour data abne
fixed pointas asample Figure5(ai c) shows the time series data for tipesitioningerrors of the north,
east, and ellipsoid heighbordinates, respectivelin most sections, thgositioningerrorof horizontal
coordinate (Figure 5(ap)) was within a range of £.0 cm, and th®ositioning error of height
coordinatg(Figure5(c)) was within a rangef 5.0 cm.
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Figure 5. A sample of ést resulk (at Point 1) for evaluating thepositioning
(&) Positioning erors of notth coordinats. (b) Positioning erors of eastcoordinates.
(c) Positioningerrors of ellipsoid heighs.
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Table 3 shows statistical indicators of the positioning swball test pointgincluding the sample
point as shown irFigure 4(&c)). The levels of north and east egavere higher than the accuracy
levels of the normal RTGPS positioning method. The measurements of 2 cm or lesses error
accounted for approximelly 99 over all test pointsAs for the ellipsoid height, the measurements of
4 cm or lesser erreraccounted foapproximately89% over all testpoints considered satisfactory.
However, the maximum error was somewhat large, and this will be addnessexther study of cause
analysis and accuracy improvement.

Table 3. Statistical indicators of thepositioning accuracy of the NRTKapplication
calculated fronthe test results &velve fixedpoints displayedn Figure 4

Statistical Indicator North Coordinates East Coordinates Ellipsoid Heights
RMSE 0.69cm 0.68cm 2.69cm
Average deviation 0.56cm 0.55cm 212cm
Maximumdeviation 2.86cm 2.77cm 1512cm
Ratio of accurate 99.12% 98.91% 89.66%

measurements (within 0.02m deviation)  (within 0.02m deviation) (within 0.04m deviatior




Sensor012 12 12995

Figure6 shows thdatency required to transfer the correction message and positioning frequency of
the NRTK applicatiorusingthe onehour data abnefixed pointas a samplg-igure 6(a) shows the
latency ofthe correction message, with the NRTK positioning point as the reference. Most of them are
less than two secondsr all test pointswithin a range of 08+ 0.36 s. Because precision positioning
is possible when the latency of the GPS correction messagéhin a few secondd 3], this value is
quite satisfactory. The smartphone for the study supported 3G mobile communication. The test results
showed that a 3G or 4G smartphone is suitable for the reception of the NRTK positioning correction
messageFigure 6(b) shows the positioning frequeneay the sample poinfThe measured coordinates
were precise at 20 Hz across sectjanscept for approximately eight times in an hour. This showed
that the NRTK application for smartphones is suitable for precmsitioning with high frequency.

r

-

Differential Age(second)

20

10

Frequency(Hz)

i \MM s hummleMmM A

Figure 6. A Sample of ést resultgat Point 1) of performance evaluatiofa) Latency until
the correction message tréarsed from thdixed station(b) Positioningfrequency.
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4. Determination of the Error Model for the NRTK Positioning Results

The NRTK positioning method is used in a wide range of areas, including geodetic Fjrvey
structure displacement measurem@&tand unmanned vehicl§s4]. These application areas estimate
more accurate positions and posture values, by applying a state estimatiorsudkerasthe
Kalman Filter [2,3,15i 17] to the NRTK positioning coordinate, instead of using the direct NRTK
measurements. This study prepd a method for determining the error model of the NRTK
positioningcoordinae, applied to the state estineat filter and the developed error model and Kalman
Filter were included in the NRTK applicatiofihe reason for this is that the accurate deteation of
the error model for the NRTK positioning results is important, to ensure the performance of the state
estimation filterandto get more precise positioning results

The 3D absolute coordinate measured using the-BPS positioning method is very accurate,
with an error as large as several centimeters. The error statistically represents the characteristic of thi
random error. However, Schwied@B] suggests that thealues measured at a certain time have a high
correlation in the case of the RTBPS measurements at 1 Hz or higher, and that they lead to
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autocorrelation and random errors. Based on previous study results, this study now presents &
determination method fan error model of NRTK measurement, considering the systematic error due
to random error and autocorrelation.

The correlogram analysis, which has the autocorrelation coefficient marked on the time domain,
helps determine whether the NRTK measurementsudeclithe autocorrelation error. If thd
measurements in the time serieslare, I, &, &,the time difference between measurements is
d. The average of measurementMiswhile the autoovariancecoefficient of the measuremertﬁi)

is expressed ikquation(1), andautocorrelation coefficienh Equation(2) [19]:

-

&0)=A 0 M), M)IN 1)

E)=3 (, M), M)/N 2)
k=2 ' Q)

&)= 4 (, M), M)N -1

R = _(E(L)
&o) @)

wherei is the order of thautocorrelatiorcoefficient, and lie time difference betwedpandly 1 is
i X gd. The autocorrelation coefficient for eachcan be calculated from the RTBPS values
measured for a long period at a fixed point. A diagram showing the correlation betaeeR, is
called a correlogram. Figuré shows the correlogram drawn by the analysis of the coordinates
measured at 2 Hz for more than an hour, using the NRTK application. The figures indicate a distinct
tendency of the autocorrelation error. The correlations gntioa values within a time difference of
10 s were 0.5 or greater, in each of the north, east, and ellipsoid height coordinates. The correlations
decreased as the time difference among measurements increased, while the autocorrelation error he
an effectwithin a range of approximately five minutes.

In Figure 7, it is seenthat the autocorrelation coefficient distribution of the NRTK observation
values follows the Gauddarkov process. Accordingly, the aatorelation function can be expressed
as an exponential functias follows:

R(i):e-aiOt(' (3)

whereUis a coefficient representing the degree of correlatfidhe standard deviation of the random
errorin NRTK measurements i%, and thestandard deviation of the autocorrelation errdiigisthen
the statistical error model of the NRTK measurements is expreskegiation(4) [20].
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The parameters that must be determined, to apply the error mdeghiation(4) to the filtering of
NRTK measurements, afg, lpand U These values can be estimated using the variance of the sample
mean via the least square method. Meier and K&&f summarized the correlation between the
variance of the sample meandd, Upard U, as inEquation(5).

If the variances of the sample mean by sample siJeate calculated using the data measured at
the same point for a long period, three unknown elements that represent the error model can be
estimated via the least square method

1 1 2 n1 o
Sw==$ + § K40 k Lt (5)
n n 1]
Figure 7. Correlggrams for the elements of the 3D coordinates measured via the NRTK
positioning method(@) North coordinategb) East coordinategc) Ellipsoidal heights.
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Table 4 shows # unknown elements of the error model, estimated using the NRTK coordinates
measured from a fixed point faix hours by component. FiguBai c) shovs Equation(5) by the
component in an overlapping manner, determined using the variance of the sample mean calculate
from the measured coordinates, and the values dstinvéa the least square method.

Table 4. Error modelapplied to the NRTKapplicationpositioningresults

-

Error Model vy Uep U
North 0.60cm 0.53cm 0.004587 _1
(x0.0122cm) (0.0014cm) (x0.0001768 %)
Coordinate East 0.53cm 0.36cm 0.008014s *
Component (+0.0117cm) (+0.0016cm) (+0.000395 %)
Height 1.62 cm 1.15cm 0.005921§_1l
(+0.0281cm) (+0.0037 cm) (+0.0002598 %)




