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Abstract English

The paper describes developments on mobile GIS algorithms and systems carried out in the
frame of the B.W. RaD project described at www.navka.de.

In opposite to desktop GIS, mobile GIS covers an extended spectrum of applications.
Mobile GIS is characterized by the use of smartphones and tablets. Here the availability of
additional hardware-, communication- and software infrastructures, namely mobile internet access,
the use of GNSS and MEMS-sensor data, and the implementation of respective positioning and
navigation algorithms are essential. Based on the 15 parameter navigation state vector y(t) mobile
GIS applications can be provided in terms of different kind of geo-referencing and identification
techniques of objects. The state y(t) comprises the 3D position, velocity, orientation, acceleration,
and further the rotation rates of the navigated body (b), e.g. a smartphone, and the sensor calibration
parameters s.

As concerns the positioning part (x, y, z) of y(t), the paper describes at first the
development of a low-cost high precise GNSS RTK system, implemented under Android for the use
on smartphones and tablets as GNSS-controller, and the implementation of further mobile GIS
features.

The second part deals with the development of the geo-referencing system component for
the mobile GIS KALEO-Georeferencer™, developed together with teXXmo Mobile Solutions
(www.texxmo.com). The geo-referencing component of the KALEO uses the full navigation state
vector y(t), computed with the NAVKA-algorithms based on low-cost GNSS and MEMS sensor
data, together with a laser distance-measurement unit. The respective KALEO mobile GIS system
component enables the contact-free 3D geo-referencing or identification of objects by their position,
stored in the GIS database, as well as all kind of mobile GIS applications, related to the logging,
administration, modelling, visualization and analysis of precise 3D-positions of objects and data.
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1. MOTIVATION

Smartphones and other tablet computers from different manufacturers are on
the market since 2007. Most of them have positioning modules for location based
service applications (LBS) on board. Apples iPhone for example has a GPS module
in since 2008 and is able to track additionally GLONASS signals since 2011. This
enhances the reliability of a position solution indeed, but not the global positioning
accuracy, which is in the range of multiple meters. One can assume that this will
remain in the near future, too.

One reason is certainly, that the device manufacturers are not yet focused on
high precise positions and further not on enhanced mobile GIS solutions, which can
be based on the use of the full navigation state vector y(t). From their point of view
the current position accuracy meets the requirements for most of the mass market
applications on mobile devices (apps), like car and pedestrian navigation or LBS.
Also the widely extended wusability of mobile systems making use of
GNSS/MEMS/Camera integration, and so the full navigation state vector y(t)
(“navigation is more than positioning”) are still - but not always (www.ikegps.com,
www.navka.de) - underestimated. But things will change, and e.g. with the upcoming
GALILEO system and the improvement of the GNSS-signal quality and multi-signal
availability, also a technical redesign of the hardware can be expected. In that context
the paper proves, that mobile GIS with smartphones and tablets is possible already
right now by GNSS/MEMS integration, and expected to reach the mass-market soon.

As GNSS OSR (observation space related) and SSR (state space related) cor-
rection data is needed for a high accurate positioning and navigation state vector y(t),
mobile devices like smartphones and tablets are highly predestined for mobile GIS, as
they can receive that data via mobile internet (NTRIP standard), as well as by Wi-Fi
in case of a local GNSS-reference station.

Due to the limitation on the size of precise “geodetic” antennas, it is not yet
possible to integrate geodetic-grade a GNSS antenna with good signal-reception
characteristics directly into a smartphone, although smartphones are already equipped
with MEMS sensors to compute high precise navigation state vectors y(t). So, in
order to set up a full operating navigation system for positioning and orientation, a
smartphone has to be mounted together with geodetic-grade GNSS antenna on a
common platform frame, which is of course possible. Else, a pure smartphone
however can always be used as a GNSS-controller for processing the GNSS-data
received e.g. via Bluetooth-communication from a nearby GNSS-receiver with high
precise geodetic-grade GNSS antenna (fig. 2.1). So “smart-phone RTK” has been
borne, and has been realized for mobile GIS-applications, as shown in that
contribution.

In opposite to a smartphone, a MEMS-sensor equipped tablet can technically
be upgraded with a medium-precise (3 cm of phase center variation) helix antenna.
So GNSS/MEMS tablets, like the developed KALEO-Georeferencer™ (fig. 6.2) are
able to produce the full navigation state y(t) and enable, equipped with a laser
distance measurement unit, extended mobile GIS applications. These are related to
the contact-free 3D geo-referencing or identification of objects by their position,
stored in a mobile GIS database and further all kind of mobile GIS applications,



which are concerned with the logging, administration and analysis of 3D-precise
positions of objects and data.

2.  SMARTPHONE RTK - EXEMPLARY SYSTEM DESIGN

Smartphone RTK has been developed by the NAVKA RaD team at the
University of Applied Sciences Karlsruhe in the frame of the joint Baden-
Wiirttemberg RaD project “GNSS-supported LowCost Multisensor Platforms and
Algorithms for Navigation and Georeferencing (NAVKA)” (www.navka.de).

The so-called navigation state vector parameters
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(2-1)
to be computed in the NAVKA multisensor-multiplatform algorithmic concepts from
GNSS and MEMS sensor data enable, besides various navigation applications for
people and vehicles, also mobile GIS applications, related to different kind of geo-re-
ferencing and identification techniques of objects. The state y(t) (2-1) comprises the
3D position, velocity, orientation (roll (ry), pitch (pp) und yaw angle (yg)), acce-
leration in the earth fixed frame (e), and further the rotation-rates of the navigated
body (b), e.g. a smartphone, and finally the sensor calibration parameters s.

As concerns the developed demonstrator system for a high precise RTK
solution for smartphones and tablets for mobile GIS applications, some decisions
regarding hard- and software had to be made to get a flexible and optimized system
regarding costs and benefits at the same time.

Samsungs table Galaxy Note 10.1 was selected to be GNSS processing,
communication and user interaction unit at same time . It has a Quad-Core Cortex-A9
1.4 GHz processor, 2 GB LPDDR2 RAM, which has enough power for GNSS
processing and a 10.1" display, which is large enough for mobile GIS applications.
WiFi and HSPA+ are included and can be used for correction data reception. Its
Bluetooth module can be used to connect a GNSS receiver without need of cable
connection. The operating system is Googles Android 4.0.4 ”Ice Cream Sandwich”.
Androids market share is at 81% in 3rd quarter 2013 and thus already in possession
of many users. This means that no additional investment is necessary for most of
user.

In order to get an accurate position solution in the centimeter range, the carrier-
phase and Doppler observations of a GNSS receiver have to be processed together
with the data of one or more reference stations. For this purpose a GNSS processing
software is needed which is low priced, has a certain functional range and is yet
reliable. While own RTK algorithms are also under development by the NAKA team,
the basic requirements for “Smartphone RTK” were regarded in first instance to be
fulfilled by the open source processing engine RtkLib 2.4.2 (Takasu, 2009). It is
written in ANSI C (C89) and their functionality can be compiled for many operating
systems like Windows or Linux. For Linux the RtkLib includes a command line
program named RtkRcv which can be easily built with a given makefile for the GNU
Compiler Collection (GCC) on Linux. Due to the fact that Googles Android operating
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system is based on Linux kernel and the Android NDK uses GCC, the RtkRcv can be
compiled for Android. Further advantage of using RtkLib is that it supports various
positioning modes for standard and precise positioning in real-time or post-
processing. It supports additionally many GNSS receivers’ proprietary messages like
NovAtel, u-blox or Javad. The receiver interface allows to include additional receiver
messages, which was done for the Septentrio AsteRx1 receiver as example. The
RtkRcv build for Android is not restricted on one type of receiver hardware and one
or more carrier frequencies can be used. For RTK measurements the RtkLib supports
many standard formats and protocols for GNSS like RTCM, NMEA and NTRIP.

For a first evaluation of the system an u-blox LEA-6T L1 GNSS receiver was
chosen. It delivers the raw GNSS observations (pseudorange, carrier phase and
Doppler) and has a update rate of 5Hz. It is one of the cheapest consumer-grade
receivers whose development kit is available for about 300€ and was already
successfully used for short baseline observation in geodetic monitoring application
(Zhang, 2013) with lengthes less than 500m. The power supply is realized with a
mobile power bank. It costs about 25€ and has 6000mAh with loading status indica-
tor (fig. 2.1).

The data communication between the receiver and the Galaxy Note is realized
by a RS232 to Bluetooth adapter (about 150€) which has his own accumulator in. For
the data transfer of the raw observations (RAW) and subframe data (SFRB) from u-
blox receiver to the tablet less than 5 kbit/s are needed with an observation rate of 1
Hz. Thus, even at a higher observation rate a Bluetooth 1.0 with 732 kbit/s would be
sufficient.

GNSS-Antenna

GNSS-
Receiver

Fig. 2.1: Example system design with 3G+C Fig. 2.2: Trimble Bullet 111
antenna from navXperience antenna

In the selection of antennas two different models came into question. One is the
Bullet 111 antenna from Trimble, a hemispherical low-cost GNSS antenna which was
already used successfully in monitoring applications. It is a cost-saving solution, due
to the low price of about only 100€, but it needs a initialization phase of about 10-20
minutes in static application to fix the ambiguities (Zhang, 2013). To solve this short-
coming Takasu (2008) proposes to improve the time-to-first-fix (TTFF) by replacing



the low-cost antenna with a geodetic-grade one. In our case the 3G+C antenna from
navXperience was chosen. It has according to the manufacturer an excellent multi-
path reduction and very low phase center variation. The costs are about 1800€ pre-
tax. For both antennas a CLF 200 (50R) cable with SMA to TNC connectors are used
for about 25€.

Therefore the hardware equipment for a low-cost single frequency RTK system
without a local base station and including a tablet and Bullet Ill antenna is available
for about 800 €, a system with a geodetic-grade antenna for about 2300 €.

3.  SMARTPHONE RTK - SOFTWARE DESIGN AND IMPLEMENTA-

TION

As already pointed out in chapter two it makes sense to use the RtkLib to
generate a low-cost RTK solution on Android devices. RtkLib provides a command
line version named RtkRcv. It can be controlled via telnet protocol and is initialized
with a configuration file. For research purposes this allows the selection of different
positioning settings and receiver types dependent on the tests requirements and the
necessary communication. Thus, for the study of various systems and applications,
the configuration can easily be modified without recompiling the RtkRcv again. For
use in commercial software the initialization via setting file can be omitted.

Fig. 3.1: Android smartphone or tablet computer based RTK service and data
communication (left) with the GNSS receiver (right)

With the Android Native Development Kit (NDK) the RtkRcv sources can be
cross-compiled for different Android device architectures such as ARM, x86 or mips.
For this, only an Android makefile, similar to a classical makefile for the GCC, has to



be generated.The Android NDK creates a shared library for each type of architecture.
To use these libraries a so-called wrapper class has to be implemented using the Java
Native Interface (JNI). It loads the RtkRcv libraries and serves as interface between
the Java based Android app and the RtkRcv written in C.

In order to make the RtkRcv run properly on Android not only the sources have
to be cross-compiled but also the data communication has to be implemented. Thus a
bound Service was implemented. This is an application component that can perform
operations in background even if the user switches to another app as long as one or
more apps are bounded to the service. It can easily be integrated in different Android
applications without much effort. The Service incorporates several functions:

At first the service (fig. 3.1) provides a bidirectional communication interface
between itself and the applications by using a Messenger based on Handler class.
This allows the client, in our case the specific application, to send commands to the
Service using Message objects, but also the Service can send Messages to the
application. One of the most important messages you can send to the Service is for
example MSG_INITSERVICE, which defines the address of the Bluetooth GNSS
receiver or the ports for the socket connections.

Secondly the Service establishes a Bluetooth connection between the Android
device and a Bluetooth capable GNSS receiver and forwards the observation data
stream via TCP-Socket connection to RtkRcv. RtkRcv uses a TCP server to output
the position solution. This solution can be received from any app by establishing a
TCP client or it uses the Message system of the Service, which runs an intern TCP
client. This client sends a solution message to all applications which are bound to the
Service once a new solution is available. The solution Message contains not only the
position, but also additional parameters which can be used for integrity checks by the
main app. These are e.g. the ambiguity fixing ratio between first and second best
solution or the number of valid satellites. Additional messages are sent to the
applications to inform about connection status of the Bluetooth and TCP connections
within the Service.

Furthermore the Service handles the communication with the RtkRcv via telnet
and configures and executes the RtkRcv server.

4.  SMARTPHONE RTK — GEOREFERENCING CONCEPT

Typical geodetic applications, for example in monitoring projects or mobile
GIS, require object geo-referencing of single points or complete buildings in the
earth-centered earth-fixed (ECEF) coordinate system of a predefined geodetic datum
and epoch. In low-accuracy location based services down to a meter level, the ITRF-
related geodetic datum-transition (4-1) and -dynamics (4-2) can be neglected. But if
the desired accuracy reaches the decimeter or centimeter level, as in the case of preci-
se smartphone RTK and mobile GIS, they have to be taken into account. The ITRF
dynamics is, besides the small parts of a datum change (4-1) and datum drift, mainly
caused by crustal movements of the tectonic plates (4.2). Respective parameters of
(4-1) and (4-2) are based on the re-adjustment of the International Terrestrial Re-
ference Frame (ITRF), or its regional pendants like the European counterpart ETRF,
by IERS or EUREF every couple of years.



Therefore also all real-time measurements have to be transformed to the
corresponding geodetic ITRF of the relevant geodetic infrastructure for spatial geo-
referencing of objects (e.g. INSPIRE in Europe, or SIRGAS in South America), that
are stored in the GIS database. So, the first step in mobile GIS consists of geo-
referencing existing buildings or structures. If a footprint of the building exists, it is
not necessary to determine all points of interest in the specified datum. Instead of
that, it is only required to determine at least three positions in the local coordinate
system of the footprint (= the source coordinate system) and in the desired geodetic
datum of the database (= destination coordinate system), (Jager, 2010). With this
point set the parameters R, o and t of the so-called 7-parameter transformation can
be calculated, typically in an adjustment process, and with the resulting
transformation parameters, the complete building can be transformed, see eq. 4-1.

X(t)1TRFzz = 0 * R(Ex» €y Ez) . X(t)ITRFyy +t (4-1)
X () 1TRF2z Coordinates in the destination coordinate
system
X()rTREyy Coordinates in the source coordinate
system
R(ey, €y, £,) Rotation matrix, based on angles &, €, €,
o Scale factor
t Translation

Differential GNSS measurements can be used to measure single points, in which the
geodetic datum and epoch of the measurements correspond to that of the reference
station or reference station network, for example in the datum ITRF2008, with epoch
2008. To transform these measurements to another datum, for example the ITRF2000
and another epoch, the 15-parameter transformation, that allows for a combined
datum and epoch transformation can be used, see eq. (4-2).

X(t)ITRFzz =0- R(Exr €y E:z) ’ X(tO)ITRFyy +t+ (t - to) (4'2)
' [C" ‘R X(Or1RFz2t, T 0 R(éx» Ey) éz) * X(O11RFz2t, T t]
+ (t - to) ' sz,PL

X(O)1TRFzz.t, Coordinates in the destination coordinate
system at epoch ty
t—t, Time difference between destination and
reference epoch
R(%y, 8,8 ) First derivative of the rotation matrix, based on
angles changes &,,¢,,¢,

o First derivative of the scale factor
t First derivative of the translation



Parameters for datum and epoch transformations of the ITRF can be found at ITRF
website: http://itrf.ensg.ign.fr/ITRF_solutions/.

As concerns the transformation of the ITRF-related position into other,
conventional user target-systems for the plan and height position, either the RTCM
3.x transformation-messages, as a service from GNSS-positioning services can be
used (see www.moldpos.eu). Alternatively NTV2 grids or other transformation
databases for the plan and height transformation to classical geodetic datum systems
and height reference surfaces can be used on the mobile smartphone or tablet
computer (Jager et al (20123, b)).

5. SMARTPHONE RTK - SYSTEM TESTS

To evaluate the performance of the smartphone RTK system described in
chapter three, kinematic tests with both antenna types and different reference stations
were carried out on the roof of building B at University of Applied Sciences Karls-
ruhe (HSKA).The rover was put on point P1 (fig. 5.1). After a necessary period of
time to the first fix of the ambiguities the rover was moved from P1 to point P4 in a
distance of about 23 m. If a fixed solution could be calculated the receiver was mo-
ved back to the previous point, and so on. The tests (tab 5.1) were executed on three
different days for at least 45 min each. Once a local base station with a 3G+C antenna
on point P2 was used to process the data, the other time the data of a EPN station
(Bruyninx, 2004) in Karlsruhe (KARL) were used as base station at a distance of
about 1500 m.

Fig. 5.1: Roof of building B at HSKA with observation pillars

For the tests the observations were logged with the log stream of RtkLib for
post-processing. The binary observation files of the local base and the receiver station
were converted to RINEX 3.0 format with RtkConv from RtkL.ib.

The data for the EPN station KARL were downloaded from the 1GS server of BKG:
ftp://igs.bkg.bund.de/EUREF/highrate.

For the post-processing the position mode was choosen to be kinematic and the
elevation mask was set to 15°. Only GPS observations were used. Apart from that the
standard configuration of RtkPost was kept.
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Session Rover | Antenna | Reference | Total Fixing | Fixing
station station Ratio Ratio
after
TTFF
K11 2014/02/21 15:27:02 | P1-P4 | 3G+C P2 61.0% 60.9%
—16:34:33 (67min)
K12 2014/02/21 15:27:02 | P1-P4 | 3G+C Karl 6.0% 6.6%
—16:34:33 (67min)
K21 2014/02/21 16:45:53 | P1-P4 | Bullet P2 11.9% 13.5%
—17:51:49 (66min)
K22 2014/02/21 16:45:53 | P1-P4 | Bullet Karl 25.1% 33.4%
—17:51:49 (66min)
K31 2014/02/24 13:11:34 | P1-P4 | 3G+C P2 78.6% 92.0%
—13:57:03 (46min)
K32 2014/02/24 13:11:34 | P1-P4 | 3G+C Karl 72.0% 80.6%
—13:57:03 (46min)
K41 2014/02/24 14:02:10 | P1-P4 | Bullet P2 46.1% 54.1%
—14:47:13 (45min)
K42 2014/02/24 14:02:10 | P1-P4 | Bullet Karl 20.5% 23.3%
—14:47:13 (45min)
K51 2014/02/25 13:05:30 | P1-P4 | 3G+C P2 83.8% 99%
—13:50:33 (45min)
K52 2014/02/25 13:05:30 | P1-P4 | 3G+C Karl 69.4% 83.5%
—13:50:33 (45min)
K61 2014/02/25 13:57:14 | P1-P4 | Bullet P2 51.2% 89.9%
—14:44:07 (47min)
K62 2014/02/25 13:57:14 | P1-P4 | Bullet Karl 57.5% 96%
—14:44:07 (47min)

Tab. 5.1: Observation epochs and system configuration

The objective of these tests is to check whether a low-cost antenna like the
Bullet 111, used successfully e.g. in static monitoring projects, can also be used for
RTK applications, or if a geodetic-grade antenna like the NavXperience 3G+C has to
be used, because there is a big difference in costs and dimension between both.

First of all it is well known that there is a initialization phase for static L1
carrier frequency observations to solve the ambiguities. These initialization epoch
should be as short as possible for RTK applications. So, if the results from the Bullet
antenna are compared with the 3G+C, it can be seen that there is a significant
difference between both, see fig. 5.5 (K51) and 5.6 (K61). With the 3G+C you need
less than 10 min to get a stable solution wherelse you need 25 min with the Bullet I11.
Of course there are fixed solutions before or within that span of time, but you see that
the fixed status is lost very fast. This means that the ambiguity solution is not very
robust yet and you can not work in field with such a unstable solution. This is why
the time to first fix (TTFF) makes no sense to use here for the comparison, too. In




figure 5.1 you see a positive spike where the 3G+C has already a fixed solution after
2 min. Figure 5.3 confirms the initialization epoch of 10 min for 3G+C. The Bullet 111
solution in fig. 5.4 is a bit better than in fig. 5.6 but confirms the trend that it needs a
longer initialization phase until you get a robust solution. However, also negative
spikes are possible. In figure 5.2 e.g. the ambiguities are never satisfying solved.

The results of K12 K22 K32 K42 K52 and K62 confirm the result for a more
distanced base station (KARL). With a geodetic-grade antenna one needs about
10min of initialization and with a low-cost antenna a bit less than 20min.

In summary this means: With a geodetic-grad antenna the initialization phase is
less than 10 min, wherelse with a low-cost antenna of the bullet 111 type (fig. 2.2)
more than 20 min are needed. For the Helix antenna type (fig. 6.2), the time for the
initialization is in between, using for all tests the GNSS processing engine RtkLib. So
for a daily use of low-cost smartphone RTK, it is recommendable to make at present
an investment to a geodetic-grade antenna, or alternatively to a L1/L2 “medium-cost”
receiver with fast fixing, controlled by a smartphone RTK-controller. All in all, an
option directed to the future, is to consider the next generation of GNSS-algorithms
for one-frequency low-cost receivers, like these, which are presently developed by
the NAVKA RaD team at IAF/HSKA.

The above results are confirmed by the total fixing ratio. For the NavXperience
3G+C antenna the total fixing ratio is much higher than for the Bullet Ill in most
cases. To make sure, that the positive result in the fixing ratio is not due to the shorter
initialization phase of the 3G+C, the fixing rates were calculated again only for the
solutions after the initialization epoch. For results with 3G+C a mean initialization
phase of 10 min and for the Trimble Bullet I1l of 23 min was assumed. The mean of
the fixing ratio after TTFF is presented in table 5.2. One can see, that the fixing ratio
of the 3G+C is about 20% higher than for the Bullet I11 and the results processed with
a local reference station are much better than with the KARL station.

Antenna Reference station | Epochs K11-K62 | K31-K66

3G+C P2 84.0% 95.5%

3G+C Karl 56.9% 82.0%

Bullet P2 52.5% 72.0%

Bullet Karl 50.9% 59.6%
Tab. 5.2: Mean of Fixing Ratio after TTFF
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Fig. 5.1: Session K11 with 3G+C and local base, orange float, green fixed
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A further and much promising data set is presented in figure 5.7. The
NavXperience 3G+C antenna was tested with an kinematic run similar to session K11
again, but this time the correction data of a reference station network, in our case
SAPQOS, was used in the VRS (virtual reference station) mode with a virtual station
defined on point P2. The initialization phase needs less than 10 min again. The Total
Fixing Ratio and the Fixing Ratio after TTFF are as good as session K51 with a local
reference station. In figure 5.8 the result for same configuration but with a Bullet 111
antenna instead of the 3G+C is shown. The initialization phase is only about 3 min
longer than with the 3G+C, but at the end of the epoch you see, that the Bullet 111 has
no fix anymore. That means, that the performance on RTK of the Bullet Il seems to
be not as stable as with the 3G+C anntenna.

Session Antenna | Reference | Total Fixing | Fixing  Ratio
station Ratio after TTFF

S11 2014/02/25 14:56:18 | 3G+C P2 81.6% 99.6% (10min)

—15:41:00 (45min)

S12 2014/02/25 15:47:50 | 3G+C Karl 63.1% 76.3% (13min)

—16:34:26 (46min)

Tab. 5.3: Observation epochs and system configuration
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Fig. 5.7: Session S11 with 3G+C and SAPQS, orange float, green fixed
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Fig. 5.8: Session S12 with Bullet and SAPQOS, orange float, green fixed

A basic commercial standard RTK rover-equipment with a L1/L2 GNSS
receiver (fast initialization) and a control unit is presently available for the prize
about 20000 €, or with an additional receiver as reference station for about 30000 €.
Since normally no EPN or IGS station is near by, the user normally uses a local
reference station, or the data of a commercial GNSS positioning service provider.
Although further investigations are still necessary to strengthen the present results,
one can state the following: In contrast to such a high-end L1/L2 receiver, for a low-
cost single frequency receiver with a geodetic-grade antenna

- aninitialization phase of about 10 min has to be accepted.

- Within the good observation epochs K32 and K52 for a baseline with 1.5 km
length the Fixing Ration after TTFF is about 80%. To work reasonably well the
baseline should not be longer.

- For applications which need constant position like excavator control for
example a simple one frequency low-cost solution is not sufficient. Even under
good conditions with a geodetic-grade antenna there can be gaps in the fixed
solution of more than one minute (K31 13:44:30 or K11 16:09:00). So a
medium cost L1/L2 receiver is presently recommended for smartphone and
tablet computer RTK application.

- Working with a reference station network could be an alternative, if one does
not want to work with a local GNSS base station, or if one does not want to
invest the double amount of money for an additionally GNSS reference station.
For a rover only, the low-cost smartphone RTK system costs (without
software) and including the smartphone in between 850.-EUR (Helix antenna,
Fig 6.2) up to 2600.- EUR (high precise geodetic antenna, 1800.-EUR) plus the
fee for the correction data services. The price for a local base & rover station
equipment would be double.

Finally one has to remark, that the three sessions were observed under good con-
ditions conerning multipath and satellite view. The Bullet 1l antenna has shown, that
it is possible to get a fix also over a longer period of time, but it loses the fix more
often than with a geodetic-grade antenna. For RTK work under worse conditions the
Bullet 111 is probably more a pain than a workable solution or RTK, while the Helix
type (fig. 6.2) shows a better performance concerning the ambiguity fixing, but
generally has a lower accuracy (1-3) cm.



6. ENHANCEMENT OF SYSTEM DESIGN

The function volume of the smartphone RTK system, as described above, can
be extended, if in addition to GNSS, the data of MEMS sensors (gyroscopes, accele-
rometers, magnetometers) are exploited, in order to get - besides the position (X,y,z)
as in case of smartphone RTK - the full navigation state vector y(t). Respective algo-
rithms for a tight and deep coupling of the GNSS/MEMS data have been developed
in the frame of the NAVKA RaD (Jager, 2014). The navigation state vector y(t) in-
formation can by used together with the distance d observatioon of a laser distance
meter. With that system, which can be completely be implemented on a tablet (fig.
6.1, fig. 6.2), a contact-free 3D polar tracking of the 3D position p of objects can be
done. The different coordinate systems on the device (fig. 6.1) have to be considered,
because the MEMS-sensors, GNSS and the laser are mounted at different positions
and orienations on the body (b) of the tablet. The different location and orientation of
the MEMS-sensors and GNSS is already considered in the frame of the computation
of the navigation solution y(t) of the body (b) by the multisensor-multiplatform
concept of the NAVKA-algorithms (www.navka.de; Jager (2014)). The distance
meter observation d in the distance meter sensor coordinate system (s) can be set in
relation to the body (b) with eq. 6-1. The the rotation matrix R is known from the
mounting and the calibration of the laser distance meter. Finally, an observed point
position p has to be transformed from the body system (b) to the ECEF (e-frame)
with eq. (6-2). The rotation matrix R§ is known from the integrated GNSS/MEMS
navigation solution y(t) computed by the NAVKA-algorithms (www.navka.de).

coordinate systems T NAVKA

Georeferenzierung
GNSS Mobiles GIS
distance
meter
inertial unit *  Distanz-
s Messer
A\ 2/

MEMS

Fig. 6.1: Mobile tablet computer  Fig. 6.2: Contact-free Georeferencing principle

device and platform (p) with local in mobile GIS (left) and KALEO-Georeferencer
sensor frames (s) (bottom, right)
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X (6-2)
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The mobile GIS system (fig. 6.1) was implemented in the Windows based mobile
GIS system KALEO-Georeferencer™ in a cooperation of the NAVKA RaD team
and teXXmo Mobile Solutions GmbH (fig. 6.2). Fig. 6.2 (left) shows the principle of
contact-free 3D polar tracking of object positions p (6-2) in the earth-fixed frame (e).
Fig. 6.2 (bottom, right) shows the mobile GIS KALEO-Georeferencer, which is based
on a tablet equiped with MEMS,GNSS and a laser distance meter.

7.  SUMMARY

In this article a low-cost smartphone RTK system for direct non contact-free
positioning, and an enhanced contact-free 3D object georeferencing system based on
a tablet are presented. Both can be used for various mobile GIS applications. External
low-cost GNSS (fig. 2.1) is due to single frequency (L1) mass market receivers. As
shown in that contribution, the complete data communication and processing is done
with standard smartphone and tablet computer hardware, in our case Android smart-
phones and tablets, as well as Windows mobile tablets.

MEMS is already available both in smartphones and in tablets, or - together
with GNSS - available in complete navigation boxes (e.g. www.robinette.de). It was
pointed out in that contribution, that full capacity for mobile GIS applications
requires both - GNSS and MEMS sensors - and accordingly a full navigation state
vector y(t) based on the respective raw sensor data.

Generally there is a need of transformation-algorithms and parameters due to
the dynamics of the earth (e.g. datum-changes, datum-drift and plate-movements).
The parameters and respective transformation parameter databases, or external servi-
ces for datum transitions to classical geodetic frames and a change to a physical
height reference system as the final target systems, have to be provided as well for
mobile georeferencing and GIS.

The presented system developments on smartphone RTK and enhanced 3D
contact-free georeferencing are both open for the use of other hardware-components,
e.g. L1/L2 GNSS receivers, instead of L1-technology, in order to reduce the initiali-
zation time for the ambiguity resolution. Alternatively improved GNSS-algorithms
can be integrated, which are under development in the NAVKA RaD team at HSKA.
These are e.g., a modified ambiguity function algorithm for an ambiguity parameter
and cycle-slip free positioning, implying the abolition of any initialization time, espe-
cially for L1 only. Further improvements are expected in the area of online precise
point positioning (OPPP) using SSR products and corrections (e.g. from IGS-RTYS) in
combination with code- and carrier-phase observation combinations. Here the impro-
ved code measurement accuracy of the GALILEO signals will help to reduce the in-
fluence of ionosphere in high precise low-cost GNSS/MEMS-based system develop-
ments for mobile GIS and other navigation applications.
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