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of individual satellites acquired from the navigatimessage, and assumed position
of the user.

Finding a novel method of the determination ofdbtual user position based on
the previous model.

It is evident that a crucial prerequisite was drepa digital terrain model
related to the position of the satellites and deieing the reflections of their signals
in the defined position of the user. And it is psety this condition, i.e. creating the
model and necessary algorithms, what is the foo@tf my dissertation thesis.

The dissertation research also constitutes theriabfier the patent application
entitted “Method of determining the actual positioofa user of the
GNSS in complicated environments and a systemrmiptaémenting this method.”

RESUME

Diserta&ni prace se zabyva odrazy sigh&NSS (Global Navigation Satellite
System - Globalni navigai satelitni systémy), které deformuji skirteu polohu
uzivatele, a metodami vedoucimi k jejich podai, nebo vyuziti. Hlavni naplni
prace bylo:

Poskytnout teoretickyiphled metod vedoucich k paténi vlivu nezadoucich
signati.

Nalézt a odvodit postup pro modelovani slozitéhaspedi pomoci inteligentni
mapy.

Navrh nového modelu k detekci vicecestnélrersisignalu v dynamickém
prostedi pomoci ray tracing algoritmu, 3D modelu budanamych poloh
jednotlivych druzic ziskanych z navigd zpravy a pedpokladané polohy
uZivatele.

Nalézt novy zfisob zjis&ni skut&né polohy uzivatele na zakkagdredchoziho
modelu.

Je zejmé, ze klbovou potebou bylo vytvéeni digitdlniho modelu terénu ve
vazhE na polohu druzic a stanoveni odrgejich signah pro definovanou polohu
uzivatele. Na tento cil, tedy vytieni modelu a petbnych algoritm, jsem
soustedila #ziS€ disert&ni prace. Ostatni kroky jsou jiz standardni inZekgu
¢innosti. Je skut@osti, Ze pro vypiet je nutny znény vypaietni vykon — vypdet
mize na Bzném PC trvatadow jednotky hodin, ale naprava nemusi byt v tom, ze
budeme pozadovat tento vykorirpo na mist, resp.¢ekat az procesory tohoto
vykonu budou &2né dostupné, ale pozadovana dat&eme odeslat do cloudu, kde
tento vykon jiz nize byt gipraven, pomoci komunikai linky.

Reseni disertmi prace je sotasré i podkladem pro fihlasku vynalezu s nazvem :

»Zpusob stanoveni skuteé polohy uzivatele GNSS ve slozitém predf a systém
k provadni tohoto zjisobu*.
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SUMMARY

This dissertation thesis deals with the problemrefiected GNSS (Global
Navigation Satellite System) signals, which arepoesible for distorting the
information on the actual user position, and witétimeds on their mitigation and
utilization. It was focused mainly on:

Presenting a theoretical overview of the methods uafvanted signals
mitigation.

Defining and deriving a technique to model compéwironments using an
intelligent map.

Proposing a new model of multipath signal propagatin a dynamic
environment using the ray-tracing algorithm, 3DIdinig model, known positions
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1. CURRENT SITUATION OF THE STUDIED PROBLEM

It is well known that multipath is a phenomenort thecounts for a dominant source
of error in precise global positioning. In dynamidan environment, it changes
rapidly so it is difficult to detect, predict, andntrol.

Generally, direct (or line-of-sight) signal is nalty the most wanted signal.
Nevertheless, signals can also arrive at the receia a number of different paths
that may occur between the satellite and the receivhese paths are results of
reflections and diffractions from buildings of difent heights, structures, and
materials — reducing the number of visible satslénd thus increasing the presence
of multipath.

Typically, an antenna receives the direct signadl ame or more of its
reflections. The reflected signal is usually a warakersion of the direct signal
which takes more time to reach the receiver thardthect signal. This path delay,
or rather this difference between the length ofthth taken by the reflected signal
and the direct signal itself (between the sateliitel the receiver) causes an
important pseudorange measurement error.

It is difficult to mitigate the multipath by modelsecause it depends strongly on
users’ local environment — the influence of givegnal and receiver parameters on
the actual multipath error depends on various facto

Analysing different combinations of Global Navigati Satellite Systems
(GNSS) constellations promises more considerablpramements than mere
analysing data from a single GNSS constellatiorer&lare several satellite systems
in operation today, such as the United States NAMSGlobal Positioning System
(GPS) or the Russian GLONASS (Global'naya Navigesaya Sputnikovaya
Sistema). Chinese Compass navigation system anHutepean Union’s Galileo
navigation system are currently under construction.

Three-dimensional (3D) reconstruction and textufidpuildings is becoming
increasingly important for a number of applicati@msl has been a topic of active
research in recent years. As 3D building modelsharmming more geometrically
accurate, they can be regarded as new true dat@esowhich can improve
positioning accuracy in urban canyons.

Therefore, one promising solution is to use knowsitions of the satellites
extracted from a navigation message in combinatiin 3D building models and
known position of the user. These quantities mdp teecalculate the path lengths
of direct signals and even path delays of reflectigghals and thus to predict
blockage and reflection of GNSS signals. This apphocan be then used to
estimate the subject’'s unknown position while mgvimthe same environment.

Influence of given signal and receiver parametershe actual multipath error
depends on various factors [1]: code chipping ratignal-type modulation;
pre-correlation bandwidth and filter characteristioumber of received multipath
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signals; relative power of multipath signals; pdtiay; chip spacing between
correlators; type of discriminator and algorithnedifor code and carrier frequency
tracking.

Different techniques exist to mitigate the effettmultipath signals. In general,
they can be grouped into three main categoriesnaatbased, receiver-based, and
post receiver- based techniques. Many are useghibination [2].

Antenna-based mitigation techniques

As mentioned above, GNSS signals are right-hanolleirly polarized (RHCP),

while most reflected signals show left-handed dacpolarization (LHCP) or

mixed polarization. The signal, however, remains (G®Hwhen the angle of
incidence is greater than the Brewster’s anglenBter’s angle varies with different
reflective surfaces [3]. A RHCP antenna is ablsupress the LHCP reflection quite
effectively too and minimize (but not entirely rewed the multipath reflection

error.

Therefore, the principle applied in GNSS antennasams increasing the
sensitivity for RHCP and simultaneously decreasihg sensitivity of LHCP
signals: A well-designed GNSS antenna is at le@stidcibels more sensitive to
RHCP signals than LHCP signals at normal incideincerder to decrease the
magnitude of the code and carrier tracking erroms t multipath appearance. The
exception is the case of low elevation signalswibich the antenna has very little
polarization discrimination. To attenuate low andgative elevation signals,
modern design uses variable choke-ring antennge(ding on space permits) [2].

A space-effective alternative is the use of the |-potarization antenna
technique which correlates the right hand circylpdlarized (RHCP) and left hand
circularly polarized (LHCP) outputs separatelyatf LHCP C/N is larger than the
corresponding RHCP CgN the multipath interference is detected. This @ n
effective for low elevation signals [4].

Another technique is the use of a GNSS antenng &orastimate the angle of
arrival (AOA) of incoming GNSS signals [2]. For rtipath and directly received
signals determination, measured lines of sightcampared with data predicted
from the satellite ephemeris. This method is uswddetecting strong multipath
interference.

An advanced method is special processing thatdisestive antenna arrays to
provide required directive pattern with high gairthe direction of the direct signal
and attenuation from directions of reflected sigrjal. Directive antennas are not
affordable for most civilian applications becauseytare usually physically large
and heavy [2].

Receiver-based mitigation techniques



There are many techniques to mitigate the effettsdtipath on pseudorange
measurements by increasing the resolution of tbeiver’s code discriminator, and
thus separating the direct signal from the refi@signal components [2].

Examples of recently developed in-receiver multipattigation techniques are:
- narrow correlator;
- double-delta discriminator;
- gated and high resolution correlator;
- multipath-estimating delay lock look (MEDLL);
- vision correlator;
- strobe and edge correlator;
- enhanced strobe correlator;
- multipath elimination technology (MET);
- multipath mitigation technology (MMT));
- maximum likelihood (ML) estimator;
- pulse aperture correlator (PAC;
- earlyl/early2 (E1/E2) tracking technique.

Superior methods like MEDLL, MMT, and VC rely on riimum likelihood
(ML) estimation principles. However, they are tygllg complex and difficult to
implement as they require cross-correlation fumcfior each reflected path with
multiple correlators to measure the received sigaal to process these
measurements with complex algorithms [1].

Post receiver-based mitigation techniques

Multipath effects on code and phase measuremefits @xtensively. Multipath

also creates different errors on different freqiesdt can be therefore detected and

mitigated by comparing different measurements gfigls on different frequencies
from the same satellite [6] — an example is carseoothing to reduce code
multipath errors for dynamic applications [2].

Another method is signal selection based on casigt checking: the position
is computed using measurements from different Igatethat are compared with
each other to identify reflected signals. The sarmiple is used for fault detection
in receiver autonomous integrity monitoring (RAIMhere algorithms require at
least five visible satellites to detect the presenica large position error [7].

High performance positioning is also achieved bypgiKalman filter where
inconsistent measurements are determined by usifogmation from previous
epochs.

Further information on multipath interference may flound in standard GNSS
books [2].
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position of the receiver, and known position of G\&tellites extracted from the
navigation message.

There is no direct way to export the geometry wéktures and coordinates
mapped automatically. Therefore a new techniquaddel complex environments
using an intelligent map was defined and derived.

For each satellite, the algorithm determines whdthesignal has arrived at the
receiver through a direct path or through multipegfiections. Furthermore, the
algorithm is able to estimate the number of muttipaeflections and their
coordinate data within the proposed simulationesystwith this information, the
distance the signal travelled to the receiver, afl as its the transit time, are
calculated.

The model is established and validated using exparial as well as real data. It
is specially designed for complex environments sitgations where positioning
with highest accuracy is required — a typical extenig navigation for the visually
impaired.

This approach can be then used to determine thésysesition in dynamic
propagation environment thanks to the fact thatisf possible to calculate the total
propagation path length of the GNSS signals — usitedligent maps and other data
—then it is also possible to perform the ordeppérations in reverse and thus to
determine the actual, unknown position of the user.

Based on the research results presented in this wetection of GNSS signals
propagation in urban environments can improve aurof the pedestrian
positioning. The data processing algorithm requsigficient computational power.
Therefore, it is expected the data will be serth&ocloud for faster computation.

In future work, an investigation in the multi-coskation GNSS area and right
selection of direct/multipath signals using the moet presented, combined with
other options — e.g. using antennas capable ofvingeonly phase undistorted
GNSS signals, or cameras able to determine whighopahe sky is uninterrupted
by objects — seems to be interesting.
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2. AIMS OF THE DOCTORAL THESIS

Global navigation satellite systems (GNSS) havenbieeoperation for several
decades. They affect virtually all areas of humetivity. Thanks to augmentation
systems (involving correction of signal propagation the ionosphere and
differential measurements at referential pointgirtaccuracy — typically about 1 m
— is satisfactory under usual conditions of thgiplecations. The problem arises
when the position needs to be determined in comgateironments, such as narrow
town streets, mountain valleys etc., where thedaigends to be reflected from
various obstacles. This causes signal delays, likedéstorting user positioning
accuracy. Depending on the nature of the enviromntea deviation may amount
up to tens or hundreds of meters. This systemidefig is not necessarily fatal in
today’s situation when cars are operated by driverthis case, some deficiencies
can be corrected, e.g. by software combinatioh®fiata with the information on a
navigation route and by estimation of the real fimsiby a driver. However, the
situation changes dramatically in case of unmansaétdriving vehicles. Although
these are not very common yet, this era is fastagmhing. This problem is also
very pressing in other areas where the exact pagieds to be determined, such as
in precise data processing within the navigatiarttie visually impaired.

There are many methods to counter these problehes simplest approach is
based on the knowledge of the fact that polarinativa GNSS signal changes upon
reflection (from right-handed to left-handed andewersa). There is thus an option
to consider only those signals which did not undehgs change. For this purpose,
antennas suppressing unwanted (i.e. unsuitablyripet§ signals may be used.
Similarly, it is possible to determine the actuagjment of the sky situated above a
receiver which contains only directly “visible” sélites. This may be done using
intelligent maps which contain data on the locataond height of surrounding
objects. While the first method is already commoalyailable, the other —
map-based computation — is currently not widelyduae it is very demanding of
computing power of the receiver processor. Moreottee number of satellites
situated in direct line of sight is usually not feziént so the position cannot be
determined with satisfactory accuracy.

I have decided to design a new technique whichaisetd on the fact that
intelligent maps (i.e. those which contain inforibaton the height of surrounding
objects and possibly other relevant data, suctheasature and structure of the
surface) are relatively easily available today #rey can be used to determine the
actual position by calculating signal reflectiom&ldaheir comparison with the data
measured by a navigation receiver.

The main task is thus finding a computing modelohhivould be able to provide
the information on reflected signals from navigatieatellites (because their
position at any point in time is known with sufécit accuracy). If we know the
expected situation of direct versus reflected digatia defined location, then it is
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also possible to reverse the procedure and toftarathe actual position of a GNSS
user by means of the comparison of the measuredalodlated data. This can be
done using the interval halving method in sevesgii¢ally three to five) steps until
the difference between the calculated and measlatdis acceptable.

The dissertation objectives are thus as follows:

1. An analysis of the environment and the movenoéret GNSS user within the
area of interest.

2. Determining the anticipated route of the GNS& usicluding the definition of
deviation tolerance intervals.

3. In case of a mismatch between the position niedshy the GNSS and the
anticipated route, determining the number of diyetisible satellites. If the
number of satellites is not sufficient (fewer tHaar), determining the starting
point and the endpoint of the route in the areiatefest.

4. Computation of a 3D-object model using an irgelt map, taking into ac-count
the data on positions of all available satellitésased above the horizon.

5. Setting the beginning of the computation of algrand their reflections to the
midpoint of the route (a point halfway between #tarting point and the
endpoint as defined in point 3).

6. Computation of the signals and their reflectioaimg the model.

Depending on the contrast between the positompeited and data meas-ured, a
consequent decision which half of the route isvat®, then moving the next
step of the computation to the midpoint of thisreegt.

8. Another round of signal computation for the ngesition and displaying the
result (i.e. repeating point 6).

9. Repeating point 7 in subsequent steps untiiffierence between the meas-ured
and computed positions lies within the desiredrésiee interval.

10. Marking the last computed position as the dgtasition.

It is evident that a crucial prerequisite is cnegta digital terrain model related
to the position of the satellites and determinimg teflections of their signals in the
defined position of the user. And it is preciséligtcondition, i.e. creating the model
and necessary algorithms, what is the focal pdintydissertation thesis.

3. 3D ENVIRONMENT MODEL

3D reconstruction and texturing of buildings hasdyee increasingly important for
a number of applications and has been an actiearels topic in recent years. There
is a variety of approaches with different resolnsiplevels of accuracy, methods,
completion times, stages and costs (e.g. lasenscgyphotogrammetric approach).
For more, see e.g. [8], [9].

Table 5. 4 shows the result of one reflection.

Satellite ID 5

Direct Path: No

Number of signals with a single reflection: 1

Reflection point coordinate data (Xm, Ym, Zm): a+002 * [-1.8066, -0.6410, -0.0499]

Table 5. 4 Results shown for GPS, Satellite ID 5

From the knowledge of reflection points coordinatd® distance from the
satellite to the receiver is computed, equatior2(¥, equation (4. 23). Computation
time increases extensively with the amount of 3[p indormation, and number of
satellites and receivers.

C — Detection of the User’s Pseudo-Position

Computed data are forwarded to the receiver - basdhde results of the ray-tracing
algorithm, the receiver computes its new positionicl is different from the
originally known position of the user.

Depending on the difference between the positionmded and data measured,
a consequent decision which half of the routelesant, moving the next step of the
computation to the midpoint of this segment.

Another round of signal computation for the newipos is done until the
difference between the measured and computed @odigs within the desired
tolerance interval. The last computed positiohésdctual position.

These steps account for standard engineering tésisstrue that this sort of
computation is dependent on considerable compptimger: The completion of the
above mentioned calculation may require up to sdvieours of time using a
standard PC. However, the necessary solution dateequire having this kind of
computer power on the spot or waiting until thegaissors capable of this output are
available: The data may be sent to the cloud Vilmeaof communication where this
sort of power may be at hand.

6. CONCLUSION

The presence of reflected and diffracted signalarban environments seriously
degrades GNSS positioning in terms of accuracggititty, and precision. Possible
combinations of GNSS constellations promise beatsults with respect to GPS
only. Although the current situation only allowsng GPS and GLONASS to the
full extent, additional satellites of Galileo andr@pass will offer significantly
improved GNSS performance and availability in teamfuture.

Within this research, a new ray-tracing model fionidation of GNSS signals
reception in urban canyons was designed. To irgegstiwhether GNSS signals
have arrived at a receiver directly or througheetibns, the ray-tracing algorithm
was introduced based on information obtained fr@b8ildings model, assumed

18



SVid x-axis (km) y-axis (km) z-axis (km)
1 -13588.7 22126.96 5159.559
2 16473.63 -1019.71 -20414
3 -17858.5 1989.12 19045.99
4 4294.17 20627.37 -16296.3
5 26516.43 -1724.24 -2094.13
7 -5040.23 24550.11 8313.925
8 -1615.86 21746.78 14861.25
10 19225.86 9773.089 -16112.9

Table 5. 2 Examples of satellite coordinates olethiinom the navigation message (1.12.2014 — 6pm)
B — Detection of GNSS signals propagation

The model described in previous section is evatliaging the multipath detection
algorithm based on an assumed position of the vecgeidigital 3D maps
information, and known positions of GNSS satellidsapter 4.

As a result, a list of all direct paths and possiiefflections examples for a given
satellite and the receiver along with coordinata dd reflected points is displayed —
the example below:

Table 5. 3 shows the result of two reflections.

Satellite ID 7

Direct Path: No

Number of signals with a single reflection: 0

Number of signals with two reflections: 3

Signal 1

Reflection point coordinate data (X1m, Y1m, Z1m): .0et-011 * [3.7131, -1.9701, 0.1399]

Reflection point coordinate data (X2m, Y2m, Z2m): 1.0e+002 * [-1.5763, -0.7414, -0.0099]

Signal 2

Reflection point coordinate data (X1m, Y1m, Z1m): .0et+007 * [2.0910, -1.1095, 0.2041]
Reflection point coordinate data (X2m, Y2m, Z2m): 1.0e+012 * [-5.4743, -6.2745, -0.7086]
Signal 3

Reflection point coordinate data (X1m, Y1m, Z1m): 1.0e+002 * [-1.4315, -0.6138, -0.0076]
Reflection point coordinate data (X2m, Y2m, Z2m): 1.0e+002 * [-1.4427, -0.5883, -0.0084]

Table 5. 3 Results shown for GPS, Satellite ID 7
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Moreover, as 3D building models are becoming nggemetrically accurate,
they can truly be regarded as a new data souliogpr@ve the positioning accuracy
in urban canyons. Research done in the dissertéticuses on these models to
evaluate GNSS positioning performance with 3D ragihg techniques. This can
be achieved using satellite visibility and geometmdictions for any given location
compared with measured satellite visibility to deti@e the user’s current position.

This chapter deals with obtaining 3D geometry dedan a real environment,
extracting them into 3D modelling software, detarimi current satellites visibility
above the user’s receiver, and transforming thmirdinates into the same units.

3D Data Visualization

The most known 3D Geospatial Browser is Google Hedbigital model or 3D
representation of a terrain’s surface is availabke Digital Elevation Model (DEM
— a type of raster Geographic Information Syster@ fayer) format, albeit not that
accurate for many areas [10].

There are two distinct methods to represent thiglihg geometries [61]. The
first method defines a base polygon that corresptmthe floor plan of the building
and extends it to the height of the building. Thleo method uses multiple
polygons which allow more detailed geometrical espntation of the building
elements.

Other well-known 3D Geospatial Browsers are e.@grdboft Virtual Earth or
NASA World Wind.

3D Data Extraction

There is no direct way to export the geometry wetttures and coordinates mapped
automatically. For my purpose, | used 3D RippertoXapture, import, and export
given urban environment from Google Earth into Algsk 3ds Max.

Capturing Google Earth Geometnsteps to follow:

Download and run Google Earth [S1], go to Tool€ptions and set the
Graphics Mode to DirectX. Leave all other settiagislefault. Apply changes and
close it.

Download and run 3D Ripper DX [S2], tick checkbamd copy and paste
Autodesk 3D Max 2011 path manually. Select googtbezxe path , define Capture
key and press the Launch button.

In Google Earth, there is a Ready to capture yellbel displayed in the left
corner. Go to the point of destination Click on thdoutton on compass and press
the Capture key. Exported data are stored in owtipettory defined in 3D Ripper
DX Options.

Importing / exporting data from Autodesk 3ds MagP0Steps to follow



Download and run Autodesk 3ds Max 2011 [S3]. Impaytured data in 3.dr file
and change settings to:

e FOV: horizontal (for width) to 60 (defined for Gded=arth)
e Monitor aspect ratio (for Google Earth): 1.58 (iraa&ize1025:646)

Export data into .obj file - the building layout é®nsidered to be made up of
triangles put together.

Satellite Coordinates Extraction

The information about which satellite is visible # certain receiver in a 3D city
model at a certain time is found in GNSS almanda da1]. Satellite coordinates
are computed in Earth-centred, Earth-fixed (ECER3M4 coordinates.

Satellite Coordinates Transformation

The position of the receiver is reported in mapmiogrdinatey( X ,, Y, Z1,, — the
same coordinate system when extracting buildingrggry from Google Earth).
The satellite position coordinates are in differenits.

The transfer matrix between these two coordinaséesys is as follows:

-sin(B) cos(B) 0
Mecer mc =| —cosBUsina  -—sin(B) Usin(@) cos@)|, (3.1)
cos@) cos(B) cos@)Usin(B)  sin(a)

wherea andp respectively represent latitude (N) and longitE coordinates
converted to radians.

4. MULTIPATH DETECTION MODEL FOR DYNAMIC
PROPAGATION ENVIRONMENTS

In the following, the proposed multipath detectiondel for dynamic propagation
environments is presented.

Generally, direct (i.e. line-of-sight, LOS) sigrialnormally the most wanted
signal. Nevertheless signals can also arrive ataiver via a number of different
paths that may occur between a satellite and avexc& hese paths are results of
reflections and diffractions from buildings, watground etc.

To investigate whether GNSS signals have arrived agceiver directly or
through reflections, the ray-tracing algorithm m¢roduced based on information
obtained from 3D buildings model, assumed positibthe receiver, and known
position of GNSS satellites extracted from the gation message.
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Figure 5. 2 Street model of Prague in .obj file
The building (or street) layout is made up of tgrs ABC which are imported

into Matlab in the form of .cvs files. In the Tale1 below, examples of triangle
coordinates of Studentska street are shown.

AX Ay Az Bx By Bz CX Cy Cz

0.1086  -0.0365 0.0046  -0.0595 0.0397 0.0076  -0.1086.0397 0.0066
-0.1577 -0.0365 0.0036 -0.1086 -0.0365 0.0046 8610 0.0397 0.0066
-0.1531  -0.0749 0.0032  -0.1553  -0.0809 0.003 -(8155-0.0809 -0.0112
-0.1531  -0.0749 -0.0119 -0.1531 -0.0749 0.0032 5%B1 -0.0809 -0.0112
-0.1471 -0.083 -0.0148 -0.1503 -0.0759 -0.0148 5@81 -0.0759 -0.0132
-0.1466 -0.084  -0.0151 -0.1466 -0.084 -0.0148 -p114 -0.083  -0.0148
-0.1512  -0.0845 -0.0131 -0.1466 -0.084  -0.0148 4661 -0.084 -0.0151
-0.1544  -0.0848 -0.0118 -0.1544 -0.0848 -0.0119 1502 -0.0845 -0.0131
-0.1553  -0.0809 0.003 -0.1544  -0.0848 0.0031  -01154-0.0848 -0.0118
-0.1553  -0.0809 -0.0112 -0.1553  -0.0809 0.003 15 -0.0848 -0.0118

Table 5. 1 Examples of triangle coordinates, Sttek@nStreet, Prague

Navigation message extraction to obtain satellitesrdinates and their transfer
into mapping coordinates is done next, the methagiols described in chapter 3.
Table 5. 2 shows examples for first 10 satellites.
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Depending on the availability of known positions satellites obtained from
navigation messages of different GNSS systemsmihépath signal propagation
model is evaluated.

Test measurements were performed in Europe andfési@PS, GLONASS,
Galileo and Compass. With the fact that the evalnabf the ray-tracing method
and simulations is the same for all GNSS systerngthdr conclusions are
concentrated on the GPS, which is the most avail@giNSS system.

Model 1: Europe, Prague, Studentska street
A — Model preparation

A building block in city model of Prague with vable parameters for street width,
street length, and building block parameters with assumed position of the
receiver (50°06’10.01" N, 14°23'24.18" E) was calesied.

Figure 5. 1 shows a street as captured in GooglhEED Environment
methodology described in chapter 3.

The selected urban environment is captured by 3pé&iDX and imported into
Autodesk 3ds Max 2011 - the geometry data of theesis then exported into .obj
file, as described in chapter 3 (Figure 5. 2 shihesStudentska street in .obj file).
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Figure 5. 1 Street model of Prague in Google Earth
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All MATLAB code ([S4], [S5]) can be found on thepplemented CD attached
to the doctoral thesis back cover.

Calculation of Direct Path

Consider SP from S (satellite) toP (receiver), and a triangle with vertices
A,B,C(obtained from the 3D map), as illustrated in Fegdrl

Reflector 1

Reflector 2

Figure 4. 1 lllustration of GNSS signal — directtpa

Linearly independent vectors
To avoid all pointy(S,P,A,B,¢ being on the same line, the algorithm provides an
estimate of the number of linearly independent mexctAB ,BC and SP. They
are linearly independent if none of them can beesged as a linear combination of
the others, otherwise they are dependent andgbeitiim does not consider them in
further calculations.

Let A={AB,BC,SF} be a collection of vectors froR> . Then the vectors
are said to be linearly independent if [12]:

rank(A) = 3. 4.1)
Line-of-sight between two points

To get the intersection of the vectSPwith the A ABC, we first determine the
intersection of the vectdBP and the plango (AABC € p). If it does not intersect,

then it also does not intersect théBC and the time and distance from the satellite
to the receiver are calculated from pseudorangewsener, if they do intersect in
the pointR (reflection), we need to determine if this pomtnside thex ABC.

The true geometrical range between sateKitend receivei can be denoted

plL3):



Pl =X = X)2 + (YK -¥%)2 + (24 -2)7 4.2)

A limitation is done to exclude the intersectionirioR as a part of the ray
SP(ROSP).

Intersection of a ray with a plane

A plane is defined by three non-collinear pointeirde points not on a

line) A,B,C[ R3. These three points define two distinct vectd8 and AC .
The A ABC lies in the plango through A with normal vectorw [14]:

w =AB x AC. 4.3)

Then the parametric plane equation through a psint
R=A+B-A)[s+(C-A)lu, 4. 4)
where SUOR.

The parametric equation of a ray that passes gfraypoint is:
R=P+(P-9)It, (4.5)
wheretR.

By inserting equation (4. 3) to equation (4. 4¢, get the solution te,t,u:
Misu =

Si—Pc By—Ar G -APR—A
Sy=hy By—A, Cy-A R -A L
S,-F, B,-A, C,-AF,-A

(4. 6)

By substituting the solution of equation (4. 6joirquation (4. 4) or equation
(4. 5), we get the parametric coordinates of thergection pointR in the plane.

Calculation of Single Reflection

Further, different models of reflection are conséde First, a single reflection
model is described, as illustrated in Figure 4. 2.

Intersection of a point and a plane
The basic criteria to determine whether a pdfjties inside a triangle defined with
vertices A, B, C or not is as [14], [1562]:

a,+a,+az=1, (4.7)

a;,a,,03=0, (4.8)

aA+a,B+a,C=Ry, (4.9)
9

From the knowledge that GNSS signals travel atgeed of light and the
known distance to the receiver, we can calculateithe the signal took to reach the
receiver.

Detection of a User’s Position

It is evident that if it is possible to calculateettotal propagation path length of the
GNSS signals — using intelligent maps and othea dathen it is also possible to
perform the order of operations in reverse and thidetermine the actual, unknown
position of the user.

The principle is described as a sequence of foligveteps:

« determining the number of satellites visible usiagcombination of
intelligent maps and known position of the subject;

» performing calculations to determine the positighe( position in a
presumed region) if the number of satellites tmatia direct line-of-sight
is greater than or equal to three;

e based on combination of intelligent maps data (idiclg terrain and
buildings height) and measured GNSS data (with kngaesitions of
satellites obtained from navigation message) —fitied position of the
receiver is found;

Typical application of a new method of determinthg position is as follows:

The user is equipped with a GNSS receiver abldaio @nd define the route where
he moves along. In a simple environment the positfcthe user is displayed on the
map inside the planned rout. In a complex enviramntieis may not be obvious

thanks to the influence of reflections of GNSS algnin the case the position of the
user (measured data from the GNSS receiver) isagisg outside the planned route,
it is necessary to define his true position. Thisans to find such a point in the
specified interval (defined by his last known piositand the place he is able to
reach) using the multipath propagation model wigistes the same position as the
measured data from the GNSS receiver. If this dseéhe position obtained from
the model is identical to the actual user’s positieor speeding up calculations, the
interval halving method can be used, repeatingti@ns in so many steps until an
agreement between measured and calculated paranseteached.

Detailed description of individual steps can benfdin chapter 2 and chapter 5.

5. RESULTS

In this section, the method evaluation and resatés presented. The ray-tracing
algorithm is generally designed for different conations of GNSS constellations —
GPS, GLONASS, Galileo and Compass.

Different GNSS systems use different reference ésand different reference
time scales for their positioning and timing sadati Therefore for each system, a
matrix transforming satellite coordinates of a giv@&NSS system into the mapping
coordinates has to be performed.
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directional vectors of all lines and planes arecdbed by matrixes.
Calculation of Single Reflection Length

Given by known coordinates &, R, and P (as in Figure 4. 2), the reflection
length for a single reflection can be simply cadtet! as:

D=d; +d,, (4. 20)
whered; is |PR1| ,andd, is |SF§| in meters.

As in the equation (4. 2), the distanasand d, are calculated as:

dy =y (Ry = P)Z + (Ry = Py) 2 + (R, —P)? (4. 21)

dy = /(R =S +(Ry -S,)2 +(R,, - S,)7. (4. 22)

From the knowledge that GNSS signals travel atsfweed of light and the
known distance to the receiver, we can simply dateuthe time the signal took to
reach the receiver.

The benefit of a single reflection is that aftdiaetion, the circular polarization
of a GNSS signal is changed to left-handed (LH@R)RHCP antenna can supress
the LHCP reflection quite effectively so the mudtip reflection error is minimised.
Naturally, a second reflection will cause the RH@¥Harization again [17], [18],
[19].

Calculation of multiple reflections length

The distance for multiple reflections, i.e. threénps of reflection (Figure 4. 3), can
be simply calculated as:

D=d; +d,+d; +dy,, (4. 23)
where d; is |PR3| d, is |R2R3| , dyis |R1R2| , andd, is |SR| in meters.
S Ry, Ry, Ry andP[I R and their coordinates are known.

As in equation (4. 2), the distana@bsd,, d; andd, are calculated as:

dy =/(Rey ~P,)2 +(Rey —P,)% +(Rs, - P,)2, (4. 24)

dy =1 (Rax = Roy)? + (Ray = Roy)? + (Ry, — Ry,)? (4. 25)

d3 =1/ (Rox = Ri)? * (Roy = Ryy)? +(Ry, — Ry)? (4. 26)

dy =(Ru —S)? +(Ry = S,)2 +(R;, - S,)2 . 4. 27)
13

where R;,A,B,Cl R3; a1,0,,03 R, In other words, the poinfiy has to be a
convex combination of the ABC.

g
&<
e ta k
R ~a
Reflector 2 A Reflector 1
L ary
)
!

Figure 4. 2 lllustration of single reflection ompkanar reflector

Given the pointR; and thea ABC, we find the solution tar;,a»,053:

1 1 1)1
A B, C|Ry

Mﬂlﬂzﬂs = Ay By Cy R1y . (4. 10)
A, B, C|Ry,

To determine whether the intersection pdit does or does not lie inside the

A ABC, the algorithm verifies the conditions describecguation (4. 7), equation
(4. 8) and gives the solution.

Single reflection path - one point of reflection
The equation for the planABC going through the poin# is as [16]:

Wy AW A +WA, +d =0, (4. 11)
wherew is the normal vector for the plan@BC defined in equation (4. 3).
It is assumed that the reflected poRRt is part of Iines|SR| (defines the

distance from the satellit® to the reflected poirRl),|RlP| (defines the distance

from the reflected pointR; to the known position of the receiver), and the
planeABC. Its coefficients are described by the normal eewt .
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Therefore, any reflected poirf§ on the planeABC satisfies the normal
implicit equation:
wl(R; -A)=0, (4.12)
and as in equation (4. 5), the reflection pdityt can be expressed also by:
S+ny ity =P+n, [t,, (4.13)
where Sdefines the known satellite positioR, represents the assumed position of
the receiverty,t, R, ny is the directional vector of the Iidélﬂ, n, is the
directional vector of the Iin+3R1P| .

The relation between these two directional vedmgiven by:

Ny, =Ny XM geg, (4. 14)
where M g is the matrix describing reflection:

w -1 00 w
MREF:_in A_B O 1 0 A_B . (415)
A-C 0 0 1| |A-C

Now we know whether there is a path with a singilection between the
satellite and the receiver. If so, the algorithmegi coordinate¢X,Y,Z) of the

reflected pointRy [ R® as a result.

Calculation of Multiple Reflections

GNSS availability in urban environment is seriouslggraded by buildings
blocking direct signals from more than one siddl|lastrated in Figure 4. 3.
Two reflections path — two points of reflection

Now when we know the reflection matrix, we can dimgalculate if a GNSS signal
arrived at the receiver via more than one reflectiche principle is similar: for the

second reflection, the plan®,B,C,, with normal vectow , is defined.

The equation for the plan&,B,C, going through the poin#, is as [16]:

Woy Aoy +W2yA2y +Wo, Ay, +d2 =0. . (4.16)
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Figure 4. 3 lllustration of multiple reflections jlanar reflectors

Similar to the equation (4. 5), the second reftlecpoint R, can be expressed
by:
Ry +nyt, =P+nsts, (4.17)
where t,,t; JR, n, is the directional vector of the Iin|ePR2| , N3 is the
directional vector of the Iin{aRz P| .

The relation between the directional vectargand n, is given by:
N3 =Ny XM Rer. (4.18)
where M ge is the matrix describing the first reflectioM , ger is the matrix
describing the second reflection:

W, -1 00 W,
M2 rer =Mpreel{ —iINV Ay =B, | 0 1 0|0 A;-By||. (4.19)
A2 _C2 O O 1 A2 _C2
For more reflections, the principle is the samen&ally, every side of a

building is defined by a plane with a normal vecfiis normal vector describes
every point on a plane, therefore also the reftegbeint. Relations between
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