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1. Laika notikumu re istr cijasun m r Sanas sist mas
prototipu aprob cija da dos re liem apst kiem
pietuvin tos scen rijos, kur nepiecieSama
pikosekun u precizit te

The main object of this year activity is to showlrapplications for event timing
systems requiring the picosecond precision for tineasurements.

During this period of time research was done onptioblems related to the Event
Timer (ET) using in the following real applicatisgstems:

Satellite Laser Ranging and Laser Time Transfer;
Multifunctional Time Analyzer;

LIDAR and 3-D scan systems;

Free-Falling Absolute Gravimeters;

Single Photon Counting Systems.

Solving the first problem allows to register timeasurements in the time-scale
related to UTC and using any pairs of time-tags floe corresponding range
calculation. The Event Timer module applicationTime Analyzers requires special
transformation of analyzed signals into event seqgeg and registration of these
events with very high precision. LIDAR and 3-D 8cgystems are the systems that
use ranging to get outlines of the scanned obpautisfor improved performance they
require using of Event Timers with high repetiticaie and high time resolution. In
gravimetry systems, very small deviation of thevgedional acceleration has to be
detected and that requires time registration wiprapriate very high accuracy. In a
number of physical measurements related to theideresl studies, the properties of
matter requires high stability and linearity of @ninstant registration at photon
detection. The developed Event Timer can provideafthieving such high stability
and linearity.

1.1. Satellite Laser Ranging and Laser Time Transfe r

Satellite Laser Ranging (SLR) systems measure dhedr trip time of flight of
ultra short pulses of light to satellites equippetth retroreflectors. The first
observation station with such systems appearedsn 16 1998 SLR stations around
the world have agreed to form the InternationaletaRanging Service society to
enhance geophysical and geodetic research activitiew about 80 SLR stations are
included in this society and 50 of them supply globlata centers by ranging
information on a regular basis. Besides the premibg determination of the geodetic
satellites the global network of SLR stations hashesd into a powerful source of
data for studies of the solid Earth and its ocaahamospheric systems. The precise
orbit determination provides for spaceborne radamater missions mapping the
ocean surface, for mapping volumetric changes imigental ice masses, and for land
topography. SLR presents a means for subnanosegiobdl time transfer, and a
basis for special tests of the Theory of GenerdhtRety. More information about
Satellite Laser Ranging and Earth Science is pteden [1.1].



1.1.1. Eventtiming in Satellite Laser Ranging

Routine SLR stations are working with lasers emgttipulses at 10 MHz
frequency for Low Earth Orbit and geodetic satedli{fround trip time is less than 50
ms) and at 5 MHz for GPS satellites (round tripetitm 130-140 ms). In such case the
round trip of the light pulse is completed befohe hext pulse is emitted and the
known Time Interval counters (SR620 from Stanfoes&ach, HP5370 from Hewlett
Pakkard, SeTIC from IECS) are widely exploited fanging. To support such “slow”
mode of ranging, the more precise A033-ET (A032-ETemployed in a cyclical
mode and the internal gating can be used. The dilmgram of the involved events
and procedures is shown in Fig.1.1.

Ranging period

Input A -- [/ ___________________________________________________________ L .--  START
-- ----  GATE
o o V1 = S | N U """" [/" """""""""""" r--- STOP
START Time of STOP-s Arming
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and GATE writin range bias
prediction g plotting

Figure 1.1 Time diagram of AO33-ET operation in cylical mode

Number of STOP events is defined by customer spscifFor example, Riga
Event Timing System designed for Riga SLR statib2][has additional STOP event
that characterizes the video impulse from the photoplyer. This information
provides for refinement of the registered rangaei@allhe structure and functionality
of this system is considered in [1.3].

In 2004 new Laser Ranaging systems appeared witfing repetion rate 2 KHz
that was restricted by the specially developed eviemer on the base of Dassay
timing modules having 400 us dead time [1.4]. Latteis SLR station has
successfully approbated our A032-ET for 10 KHz ramgd1.5]. The previously used
Time Interval Counters actually cannot be appl@dKkHz ranging as then multiplex
START-s and corresponding STOP-s would have tonberporated into at least 80
(1) counters for geodetic satellite ranging in 2 Ktequency:

Round trip time / Interval between START-s =40 md 0,5 ms = 80 Counters.

In case of KHz SLR, the AO33-ET (A032-ET) is worfiln continuous mode
with external gating by mean of pulses arrivednput GATE (Fig.1.2).
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Figure 1.2 Time diagram of AO33-ET operation in cotinuous mode

A special device is needed for gating control. Sweting control can be
implemented in alternative ways:

get timing data from ET, recognize the START evewtsich in ET are
marked specifically, predict times of acording STORBNd issue the GATE
pulse to the Input GATE of the ET,;

register the START event by simple timer with mexliprecision (0.5 ns is
enough), predict the time of acording STOP andeidbe GATE pulse to the
ET or directly to Single Photon Avalance Diode ($94&ontrol,

control the laser pulse emission [START event]hsd & corresponding STOP
pulse hit to predicted GATE area controlled viaun@ATE of the ET or
directly at SPAD.

We developed the device of the first type and cldcit in combination with
AO032-ET [1.6] and AO033-ET [1.7]. A similar deviceapr been implemented in
Potsdam SLR station on the base of a microcontrfill&]. A number of devices of
the second type were developed in Graz and areinssine SLR stations [1.9]. The
devices of third type are developed and used iresBGhna SLR stations [1.10] [1.11].

1.1.2. Eventtiming in Laser Time Transfer

Laser Time Transfer between Satellites and grotatibss is based on SLR and
additional on-board Event Timer in Satellite. Sw{periments are carried out from
2007 in the frameworks of international collabaratiprojects, but now the main
forces are concentrated in the project “Laser Timansfer” of the European Space
Agency mission “Atomic Clock Ensemble in Space”.

The principle of Laser Time Transfer (LTT) is iltusted in Fig.1.3.
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Figure 1.3 The principle of Laser Time Transfer [112]

In accordance to the notations in Fig. 1.3, thelcltifference T between satellite
and ground clock is:
T T, Ts, (1.1)

up

where
w - laser pulse flight time from the ground to sits|

Ts - time difference between the pulse emission &®SLin the ground clock;
Ts - time difference between the received pulse @MSlin the satellite clock.

For LTT experiment in China, two Riga Event Timer® used on the ground
(Fig.1.4). Event Timer 1 is applied for measurihg start and stop events at high
precision SLR. Through identifying correspondin@r&and-Stop events, the laser
pulse flight time for ground-satellite-groundis obtained. After considering the
correction of the Earth rotation (Sagnac effett, laser pulse flight time for ground-
satellite up p is to be calculated. Event Timer 2 measures the tinterval T
between the start event and 1PPS on the ground. dacording to the principle of
LTT, the precision of measured up andTg directly affects that of clock difference
between satellite and ground.

The precision of time transfer in these first expents was about 200 ps, while
the accuracy for synchronizing ground clocks canbleé&er than 50 ps, as the
continuous work in European Space Agency missiotoffic Clock Ensemble in
Space (ACES)” shows. For such synchronization tlodalmoration with the
International Laser Ranging Service is needed f@ES module tracking and
receiving ranging data from the ACES.



I

I Atomic Tlack epEn I

I [ onboard J Timer l

Hicrowave - b d

--------- Tranmsmitter Cumput:r onboard ~o—— b I
T, ST .

+c105e ]

Eqaipmeat Srxtmm Laser Reflector | Lazer Detectar | |

onboard Ai‘ra}' onboard I

f; .j ‘ '

e o e e e e e e e e e e e e e —_— e — —_— e — —

Equipment Sy=ztem

e e

lpps lpps

Teles cope on groumnd

!:L-l: rowave
[ A—— - B
Receiver

; r
frn:c::xn;
-
[ Computer
Ty
{ 7 Control zystem
|- Atomic Cleck |_ Laser 1
A (10MHz and lpps) A B J

Figure 1.4 Riga Event Timers in LTT experiments [112]

~{

REanging ]

1.1.3. Conclusions

So far 23 SLR stations have Riga Event Timers &mlis almost 50 % of all
stations participating in the International LaseanBing Service network. In the
framework of collaboration agreements with Scientihstitutions involved in SLR
problems, a number of KHz custom-specific rangiggteams have been developed
and put into operation.

Shanghai SLR station was the first one from then€h6LR stations that, in
collaboration with Riga Institute of Electronicsca@omputer Science, began using of
Riga Event Timer for SLR and the related applicgadioAfter integration of Riga ET
into specific event timing systems, it has beercessfully applied for SLR and LTT
experiment. The analysis of the obtained measurerdata has shown that the
performance characteristics of Riga Event Timeclisas RMS resolution, stability,
non-linearity, etc.) satisfy the high precision uggments of SLR and LTT.
Following the Riga ET applications at Shanghai Sit&ion, several SLR stations in
China also stared to use this ET for developing IR and for advanced test
equipment.

1.2. Signal Time Analyzer

The high measurement rate and high precision ofBbhent Timer AO033-ET
allows to analyse signals and get both usual ang sgecific characteristics of these
signals.
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1.2.1. Eventtiming in Jitter analysis

1.2.1.1. Implicit jitter measurement

The Event Timer application for jitter charactetiaa in case of clock generators
is considered in [1.13]. The general jitter modesdd on the phase progression of the
timed clock generator is considered there.

If we register the time instan{s, ,t,,....t,,...,ty, When the clock signal crosses the
most significant level for this signal charactetiaa, we can build a phase
progression on the timing intervg| t, (Fig.1.5). For a sinusoidal signal and its
jitter characterization the most significant arstamts when the signal has zero value.

bl | N
kT, <—--)](- R 7/ Linear fit

a /

§

af

E A N N
0

taZ

0 Phase progression k N

Figure 1.5 Phase progression of the timed clock gerator

Deviation of the actual incrementing of the timarsps from their ideally linear
incrementing represents dynamics of jitter accutmria This acumulated jitter
presents the time difference between linear functiod the real signal:

AJ, t. (KT, t3), k 0O1..,N. (1.2)

The accumulated jitter function is the basic fumatwhich characterizes the clock
generator deviations from the ideal clock with 8table period. All other known
jitters functions are derivatives from this accuated jitter:

periodic jitter function(first difference)

PJ, AJ, AJ ,; k 12..,N; (1.3)
cycle-to-cycle jitter function(second difference)
cJ, PJ PJ ., k 23..N. (1.4)

The differences of higher order can be calculatedhe same manner if it is
needed but their physical essence is not clear.

An approach to statistical jitter analysis, basedhe simplified theoretical model
of jittered clock oscillators, provides correct qtiative interpretation of the
measurement results. Experimental research confimaspossibility of estimating
these parameters with femtosecond precision bygusia event timer with a time
precision of about of two picoseconds. However nioelel not always fully conforms
to the real cases, indicating a more complicateireaof jitter accumulation for

typical clock oscillators.
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Generally it seems that the considered techniqug@ttef measurement could
complement the traditional oscilloscope-based tegl® offering comparable
precision, simpler and cheaper solution as appbetie jitter of input signals limited
in upper frequency to hundreds of MHz. Expectedaathges of this technique also
concern a versatile characterization of clock tetaifs in a wide time-range [1.13].

1.2.1.2. Explicit jitter measurement

The considered approach is applicable in the cdmrerhe analyzed generator is
characterized by the variance that is more thamtbeasurement error of the ET. In
other cases the special method using Event Timéraadelay line should be used
[1.14].

This method is based on the high-precision evening of two sequences: one
sequence of arriving events and the second sequérice same events delayed for a
constant delay. This method allows using of a simgeasurement channel rather than
three channels as it is needed in the case ofcafiph of the known “three-cornered
hat” method. Despite the additional impact of tteday deviations, the proposed
method allows to estimate the measurement devieeigion with subpicosecod
precision. In result this estimation becomes thmantable factor for simultaneously
executed measurements of external clock generands allows estimating the
generator’s own jitter, which may be less thanEkent Timer precision.

On the basis of the developed methods, we haveurezhshe jitter dependence
on the time interval values for time intervals geted by T5300U. Obtained
measurement results (Fig.1.6) differ from the giwvem5300U generator data sheet
and they are more precise. The developers of tisgument from the Institute of
Telecommunications Department of Electronic Engimgeof Military University of
Technology in Poland have agreed to that.
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Time interval, [ns]

Figure 1.6 Jitter dependence on time interval for gnerator T5300U measured by A033-ET

1.2.2. Event timing in pulse signal modulation an  alysis

The measurements of time instamts when the modulated signal crosses the
preset level, can be used not only for estimatiggas jitter characteristics, but also
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for revealing and reconstructing the modulatiomj@iency (demodulate signal) in
cases of frequency or phase modulation of cariigmas with stable period. The
modulating frequency changes instantaneous petindsty and they can be detected
by observing the period of the deviation functi@icalated from (1.3) and shown in
Fig.1.7). This function period can be calculated rogans of FFT of this period
deviation.

Period deviation
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Figure 1.7 Period deviation function for frequencymodulated signal

In case of constant modulation frequency its recanson precision depends on
how many its periods are fit into a continuous meag time. Considering the A033-
ET performance characteristics (single-shot RM8lm®n 3 ps, and buffer memory
volume 16K time-stamps) the maximal resolutionrfardulation function is about 0.1
Hz [1.15].

An amplitude modulation of the signal cannot becoN®red from the time
instants of zero crossings but if the crossing llageshifted from the zero this
modulation become visible (Fig.1.8). Knowing theossing level offset we can
calculate not only the modulation frequency but dimeplitude variation range, too.
Considering the AO033-ET performance characteristiote maximal resolution for
amplitude modulation is for modulation depth ab@udt % [1.15].
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Figure 1.8 Period deviation function for amplitudemodulated signal

1.2.3. The event timing in analog signal represen  tation
and analysis

More general approach for analog signal representaind analysis by mean of
event timing is considered in [1.16]. This appro@tbased on timing of crossing
instants of analyzed signal and reference sinuksigaal. The reference sinusoidal
signal is the internal master clock signal of theed Timer (ET) that is used for
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crossing instance timing. To support the high amcyrand precision the ET the

hardware provides for high stability of this refece signal both in constant phase
shift and constant amplitude. But for a detectidncimssing events and deriving

specially selected events to the ET input the audit schematic has been developed
(Fig.1.9).

Analog Signal to Event Converter Event Timer
; > Inp+ ->| Pulse
Difference Comparator Shaper InputA
Amplifier —3)| inp- P
GND Enable ToPC
A A T
Input Trigg
Controller FPGA
CLK
Master
1 or Ref 10 MHz

sine

Inputanalog signal

Figure 1.9 Crossing instant conversion into eventer the Event Timer

The Difference Amplifier amplifies the differencetiveen the input signal and
the sinusoidal reference signal to facilitate themParator operation. This is
necessary because the time deviation of Compaaattput signal depends on the
input signal relative slope and this can impacissiag event timing. Pulse Shaper
forms a short sharp pulses and provides identiglsles that are registered by the ET
as events. Controller provides the selection ohsuwossing instants that are randomly
distanced in time and any interval is greater thla@ ,dead time“ of the ET.
Randomly selected crossing events allow to repteset analyze the input signals
without aliasing for frequencies higher than hdiftloe reference signal frequency.
Signal to the Input Trigg is used to start digi#ation in predefined pseudorandom
sequence position that helps to reconstruct theoranntervals values. The signal-to-
event convertor implementation is shown in Fig.1.10

Figure 1.10 Analog signal-to-event converter impleentation
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To illustrate this approach to digital representwwfgoriginal analog signals, a
triangle waveform signal has been digitised. Thymali-to-event converter generates
events at instants when the sin-wave signal craseegriangle signal. These events
are timed by the ET and after the phase offsetuekaly these time values are
substituted into expression for the reference signa

re¢,) Asin@ft), k 12..N. (1.5)

In such a way we get the instantaneous sample valuthe reference sine-wave
signal. Evidently they are also the recovered samplues of the input signal. These
sample values are displayed in Fig. 1.11 and p@pectrum obtained from the 512
timed events is shown in Fig.1.12.
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Figure 1.11 Recovered values of the analized triatgwaveform signal

While input signal parameter estimation often isng@e enough, alias-free
processing of them in time and frequency domains,particular, input signal
waveform reconstruction is more complicated. Fas #im the so-called SECOEX
method (SEquential COmponent EXtraction methodysed and the spectrograms
given in Fig. 1.13 were obtained on the basis ofThis method is described in
sufficient detail in [1.17] and it can be used i@rsatile alias-free digital signal
processing, including Discrete Fourier Transforngnal parameter estimation,
analysis of this specific type of digital signafedasignal waveform reconstruction.
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Figure 1.12 Power spectrum of the analized triangle/aveform signal
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Figure 1.13 Spectrograms built by the SECOEX method

The results of the direct Fourier transform wereduthen for reconstructing the
signal waveform shown in Fig. 1.14.
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Figure 1.14 Triangle waveform reconstructed on théasis of the input signal spectrum analysis

1.2.4. Conclusions

All considered methods show the real applicatiohthe Event Timer A033-ET
and Event Timer module that has been developetianframework of this project.
This report presents approbation of the considerethods to estimate the usefulness
of the Event Timer in signal analysis area. Some¢heke methods will be used in
framework of another project related to the develept of Multifunctional Signal

Time Analyzer [1.18].

1.3. LIDAR and 3-D scan systems

LIDAR and 3-D scan systems are very similar tordrgging system as it has been
seen in ILRS Wrokshops. A number of specialistSIiR are engaged in LIDAR and

3-D Scan problems [1.19] [1.20] [1.21].
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One of the main operation in LIDAR and 3-D scantaysis a time-of-flight
measurement for emitted laser pulses and refldnyeplarticles in atmosphere or by
surface of the moving and stationary objects. Tpeesics of such measurements is in
multiple responses to a singlee shot. The cyclidenof the Event Timer AO33-ET
can provide for such measurements carried out lgh resolution (the time diagram
is identical to that shown in Fig.1.1 only the nienbf STOP-s in opened GATE is
usualy greater than two). The repetition rate fiDAR and a especially 3-D scan
systems is very significant and the Event Timer ude@dwvith USB interface can
provide average measurement rate equqgal to morelthillion measurements per
second and up to 20 millions in bursts for 2600 sneaments.

One more specific feature of the LIDAR and 3-D segstem is the necessity to
analyze the returned pulse power and change ofsfthat depend on a reflectance of
irradiated objects. This information about returmrdses should be registered and
processed simultaneously with the ranging infororati

Lately a lot of attention is paid to scanning asloserving of space debris.
Although the Radars were used in routine scanmiogy a hew concept based on
»active* and ,passive” LIDAR system is developinghe ,active* LIDAR systems
operate in all spacecrafts and in many satelliesthey are working in the same way
as Radar systems. The ,passive“ LIDAR systems @ppased to use a group of SLR
stations around the world for simultaneous obsertire same space area but only
one of the SLR station is shooting by the lases this space area. It is clear that in
this case all time scales should be syncronizedf@adan be done by the Laser Time
Transfer facilities.

Here we consider the problem of tracking spaceobdjehat is not investigated
sufficiently and their calculated trajectories psean is much worse than the gate
position requirements for usual SLR. However alacsp objects have very high
velocity and a small number of disturbing factdrsat helps as then their trajectories
can be extrapolated on the basis of the data gatheirectly before. The range
prediction method realized in RTS-2006 [1.2] anc tHeveloped Range Gate
Generator [1.7] can be used in such systems.

The optical surveing of a flying object allows dgteg and defining the trajectory
of such object on the basis of long-time observatmd complex calculation but
using the laser tracking together with an opticahitoring essentialy simplifies the
problem solution. The optical system reveals vemest of the object movement
trajectory in two coordinates (X,Y) and the lasanging gives the movement in the
third coordinate. In this case the optical systamdd and follows up the object and
laser tracking starts the object ranging with aeagéte and approximate position of it
while the sufficient data are obtained to prediet time gate position more precisily.

1.4. Free-Falling Absolute Gravimeters

Gravimeters are used for petroleum and mineralpacg, seismology, geodesy,
geophysical surveys and other geophysical researthfor metrology. Free-Falling
Absolute Gravimeters measure the local gravity bsodute units, usually Gal = 1
cm/<. The milligal (mGal) and microgal (uGal) refer pestively to one thousandth
and one millionth of a gal. The standard gravit§atth surface variates from 976 up
to 983 Gal, depending on latitude and elevatiothefplace where it is measured. The
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gravity variation with height is about 310 uGal peeter of height. Density variations
within the Earth’s crust cause variations of gnaup to hundreds of milligals.

1.4.1. Eventtiming in serial Gravimeters

The classical free-falling absolute gravimeter &sdd on precise tracking of a
free-falling object in vacuum. The falling objeadntains an optical retroreflector and
laser beam directed to this object interferes withreflected beam and that produces
the optical fringes during the movement. The Fithlshows the laser beam traveling
between falling retroreflector and reference retflector until a superposition of the
emitted and reflected beams is registered by tio¢ooletector.

Freely falling
retroreflactor
Siny

Focusing Beam Beam
lens splitter 2 splitter 1

dvee ED—E

Alignment
mirror

Referance v
retroreflector
Figure 1.15 The optical part of the free-falling alsolute gravimeter [1.22]

Photo detector output generates a swept sinussigizl representing the fringes.
During the falling distance about 25 cm and the nbeaavelength 633 nm
instantaneous frequency is increased from 4 KHmup MHz generating more than
million periods (fringes). The distance betweemdas is equal to half of the beam
wavelength. An ordering number of the fringe deditiee distance of the object from
the start point but the time interval from the ifadl start moment up to this fringe
defines the time of acceleration. In result we caltulate up million points of the
falling trajectory and find the gravity value.

There are many other factors as deviation fromicadrtvibration, laser beam
instability, impact of near located great densibjeacts and so on. All these factors
should be taken into account for precise gravitysneement. But there are at least
two factors that essentialy impact on the precision

Fringe detection by means of zero-crossing is mneicipe, because this
precision depends on rapidly variating frequen@mfr4 KHz up to 7 MHz

[1.22].

Time Analyzers used for these zero-crossing regietr have typical time
resolution of about 70 — 100 ps RMS [1.23].

How to avoid zero-crossing we will consider in tiext section but for increasing
the precision of zero-crossing timing we suggesisge Riga Event Timers. The 2.5 —
3.0 ps RMS resolution of these Timers and contisuiime-loggs registration into
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internal memory at 12.5 MHz rate will allow to reggr all zero-crossings with high
precision. In all Riga Event Timers the internahéscale is syncronized with the
external 10 MHz Frequency Standard, usually GP&lised crystall or rubidium
generator, and this provide the timescale stalblityall measurement cycles.

1.4.2. Event timing in a specifically modified Gr  avimeter

One of the main problems in all existing free-fabbsolute gravimeters is the
precise processing of the swept sine signal from ghotodetector. Usual zero-
crossing can not solve this problem because ofibks and essential distortions of
the optical interference signal. We propose toaeplthe laser interferometer with
very high resolution for distances measurement thyerosystem that provides very
high resolution in time measurements.

Let us look at ballistic free-fall absolute gravimeand suppose that the Event
Timer and picosecond pulse laser are used in@womfiguration (Fig. 1.16).

- Freely falling
I EventTimer I etroreflector
| SPAD |
control light
light light pulse
pulse pulse
Picosecond
laserdiode
Reference

retroreflector

Figure 1.16 Modified optical part of the free-falling absolute gravimeter

The requirements for adjusting additional optidaiheents (splitters and mirrors)
in this configuration are not so strong as in theecof the laser interferometer. The
trigger pulses from the Event Timer are appliedh® laser diode with preset stable
frequency synchronized with the internal timesadléhe Event Timer. Time instants

of the emitted light pulses are denotect‘%l?;n Fig.1.17.
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Figure 1.17 The sequential tracked positions of ade-falling object
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The returned light pulses from the falling retréezefors are detected by SPAD
(Single Photon Avalanche Diode) and their timeanstt, are recorded by the Event
Timer.

The Event Timer does not register time instafit# simply registers time instants

t,. Fig.1.18 presents discrete values of functdgt) taken at precisely defined period
T. In this figure the scales are choosen for bestatization only.

ty

InyZd

T 2T KT NT time
Figure 1.18 Tracking times for a falling object

Assuming the time begins at start of falling, wa express th&-th value of this
function as:

[T° @) .. K1 ,p gre Kk Dk D)

t kT 2
2cC 12 ¢

(1.6)
wherec is speed of light in vacuum.

The numbeN of points{t,,t,,....t,,....ty }is defined by a choosen periddf the

ranging frequency and the time of falling. The tiaidree falling from the height, =
25cmiis:

T \/ 2h, /g J2 025/98 0.226(s) a.7)
and the ,dead" time of the Timer A033 is 50 nstl®maximal numbeaX is:
N T, /50ns 451754Q (1.8)

In result the precision of one time-tag of the AMSB (that is equal to 3 ps or in
distance h 1mm = 0.001 m) will be refined by averaging d&h values for

\J4517540 2125times and gives the relative error fpfm/<’) evaluation:
h/2h,/2125 0.001/05/2125 1 10°. (1.9)

This precision is equalent to 1 uGal and teoreticgdn be obtained at one
measurement cycle. But there can be different prablin computation (the Least
Square fitting for 4.5 millions points is a hard nkpor distortions in light pulses
reflections and so on. To estimate the real preci#i is necessary to approbate the
proposed approach in real devices
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1.4.3. Conclusions

The Riga Event Timer can provide measurementstiofefor optical fringes with
much better resolution than the other known Timealpsers allowing to get the same
precision at about 200 times reduced number oftitepes.

The proposed free-fall gravimeter modification withe pulse laser and Riga
Event Timer provides the measurements of funck¢) discrete values with 3 ps
precision for the free-falling object. After thisrfction Least Square fitting the
relative error in the gravitational acceleratioe\gluation becomes about 1 uGal that
allows essentialy to increase the precision ofdkisting gravimeters and to obtain
good results faster.

The considered approach has been presented in Map&ium on Terrestrial
Gravimetry: Static and Mobile Measurement, 17— 2€pt8mber, 2013, Saint
Petersburg, Russia, and it caused a lot of inteseskravimeter developers from
Russia and China.

1.5. Single Photon Counting Systems

Time-resolved fluorescence spectroscopy is a paednalysis tool in
fundamental physics as well as in the life sciendegplementing it in the time
domain requires recording the time dependent iitiepsofile of the emitted light
upon excitation by a short flash of light, typigadl laser pulse. The best solution of
this problems is Time-Correlated Single Photon Giogn(TCSPC) [1.24]. With
periodic excitation (e.g. from a laser) it is ptsito extend the data collection over
multiple cycles and one can reconstruct the singide decay profile from single
photon events collected over many cycles [1.25].

1.5.1. Principle of operation

The sketch drawing of the TCSPC method is showhRignl.19. A laser pulses
excitates an atom of an analyzed sample and aftee ¥ery short time the last emites
photon which should be registered. Time intervasmMeen the laser pulse emission
(Start pulse) and photon detection (Stop pulse)thent distribution characterize the
analyzed sample in the best way. To achieve gogulteeit is necessary to provide for
high precision (about tens picoseconds) and vagelaumber of such accumulated
intervals.

So far the Time Interval Counters have been useddoch measurements. The
main problem of using these Counters is the lovetigpn rate that leads to long-
continued analysing process taking into accouny @nlip to 5 percent from laser the
pulses producing the photon emission.

The resolution of interval estimation should be hhigs well because this
resolution defines the accuracy of these interigbgram that is the main facility for
specifying different substances. In TCSCP methbdgésolution usually is specified
by Full Width Half Maximum (FWHM) of the timing eor distribution.
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Figure 1.19 Generic TCSPC for Fluorescence
(from Horiba presentation by D. McLoskey, in Riga,June 13, 2012)

1.5.2. Event timing in Single Photon Counting Sys  tem

The Riga Event Timer can provide very high repatitrate up to 20 MHz for
2600 measurements and 12.5 MHz for internal bufiemory. The ,dead time" of
AO33-ET is 50 ns and this defines the maximum igpetrate not allowing direct
measurement of the fluorescence decay that lests tens picoseconds up to some
nanoseconds. However this problem can be resolyedsing two Timers, one of
which measures times of Start events while thermbome measures the time instants
of Stop events. To check the possibility of sucrasueements and the measurement
resolution, we did an experiment with one signalree splitted to inputs of two
Event Timers AO33-ET. The time-tags differenceshaf corresponding time-tags are
presented in Fig.1.20 and their histogram in F&{L1.
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Figure 1.20 Short interval measurements executed lywo Event Timers AO33-ET
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The time interval between two measurements is 8@nasin one measurement
cycle 16380 intervals are measured (restrictednatememory of AO33-ET). After
this the timing data are read from the Timer memuamtten into disc file and then
new measurement cycle starts. Ten such cyclesmake than 10 min. In result some
time trend of the measured interval values candam |s it is shown in Fig.1.20. In
spite of this trend the resolution in standard deéon (STD) and Full Width Half
Maximum (FWHM) are very good (see Fig.1.21).
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Figure 1.21 Histogram of intervals measured by tw&vent Timers A0O33-ET

1.5.3. Interpolator linearity estimation

The TCSPC method requires very high interval litgaof all measurements.
Very small nonlinearities lead to Histogram distumt and impair the capability of
distinguishing substances with similar properties.

To check the AO33-ET linearity, randomly distribaditiatervals from 0 up to 100
ns were used in the test setup shown in Fig.1.22.

Oscillator A 10 MHz L 5| TimerAo033 — PC

Oscillator B 12.47... MHz » TimerA033 S m—

Figure 1.22 Test setup for nonlinearity verification

The next Fig.1.23 explains a method for selectibmtervals between time-tags
from two Timers and events generated by two indéeengenerators A and B.
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Figure 1.23 Extraction of all intervals that are in100 ns range
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The measurement actually was cyclic rather tharimmoes. At each cycle 16384
intervals are evaluated and distributed into 1 lasses from 0 ps up to 100020 ps
(+20 ps taking into account a jitter of Oscillator AFG3251). Oscillator B — Event
Timer Test Generator ETTG — has jitter less thgms1l The data are accumulated
during about 300 000 measurements cycles. Thetirggulistogram for intervals in
the range from 0 up to 100000 ps is shown in F24.1.
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Figure 1.24 Distribution of measured intervals in he range 100 ns

Calculated standard deviation of numbers of intsrua one bin is 225. For the
mean number 50000 in one bin we get a relativer éess than 0.5 % and for 1 bin
equal to 1 ps we get the nonlinearity less thaandtdésecond.

1.5.4. Conclusions

The experiments with couple of Event Timer A033-EXecuted in accordance
with requests from the HORIBA representative Dr.D.®lassky, show that Event
Timers satisfy requirements of TCSPC method intrépe rate, resolution in couple
and linearity.
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2. Superplatjoslas  impulsu  tuvdarb bas radara
sist mas prototipu aprob cija re liem apst kiem
pietuvin tos scen rijos zemgarozas kartogr fij un
objektu fiks San caur EM caurlaid gu sienu

This year we have continued to improve our ultrdevband radar system to be
able to perform GPR surveys and human trackingutitieelectromagnetic transparent
wall. Results achieved this year:

perceived shortcomings in the applications (Secidi);

improved receivers dynamic range from 24dB to 7&.@8ection 2.2);
signal processing improvements (Section 2.3);

software, user interface and feature improvemesest{on 2.4);

hardware reliability improvements (Section 2.5).

2.1. Perceived shortcomings in the applications
Field experiments were performed with following UWdlar system prototype.
Distance Transmit Unit
encoder Boost — v
DC/DC t
Control Unit “ gene{}r\a > A
U SB UEE_.".U ART UART Equ walent
time Receive Unit
PC sampling o —
clock ’_. DAC = Clocked _’
| USB s USB/2UART generator CPLD | Comparator _1
RS485

Figure 2.1 Universal multi-channel UWB radar systenprototype

System is universal 4 receiving antenna systenfF{gure 2.1 only 1 receiving
antenna is depicted) for through-wall imaging (TVéhd ground penetrating radar
(GPR) systems.

Radar system is designed as universal multi-chadidéB radar system. In order
to see how this system performs in various radpliegtions we test it both for GPR
and through wall imaging applications. Severaliahiexperiments were performed to
test system in real environment for GPR and TWpdtiment objective was to find
out problems system has to deal with during apptinebased tasks.
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2.1.1. GPR experiment

The described system is mounted on wheelbarrowRR. Gystem uses distance
encoder to sample each A-scan in equally spacéandis. Each A-scan is visualized
on PC while performing survey.

In this experiment a metal plate (40x20cm) wasdulin 1m depth (dry soil and
sand medium, Figure 2.2).

Figure 2.2 Preparation for the experiment

Survey was 2m long as depicted in Figure 2.3.

2m
- |

S

@C’@

Figure 2.3 Schematics of the survey
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However, no reflections from object were detectsl.it turned out later, system
was unable to detect such reflections because wfréceiver dynamic range. To
overcome this issue and increase receiver dynaamiger, an adaptive compensation
algorithm was developed.

2.2. Dynamic range improvements

Radar receiver is designed as clocked comparatoth Bomparator inputs are
connected to wideband bowtie antenna and so cahedt signal tracking is
performed using feedback where voltage change enimput is compensated with
equivalent voltage change on second input (Figute 2

RS-485 PC

CLK

ceo P8 DAC

*A

Figure 2.4 Clocked comparator radar receiver

If the voltage on comparator output is positive, @& output voltage is increased,
but if the voltage on comparator output is negatilZAC’s output voltage is
decreased by some voltage step. Voltage step agrcehstant over time or it can be
varied to adapt input signal properties. It is ekpental tested that using adapting
voltage step a greater receiver's dynamic rangebeaachieved.

Tracking algorithm changes voltage step dependmgvbether signal is tracked
or not. Voltage step is doubled if voltage is irayed or decreased by the same
voltage step 3 times in a row:

Signal is considered to be tracked and voltageistbplved if n, n-2, n-4, n-6 and
n-8 samples equivalent:
Anz*"l‘r!—zz*"l‘n—lz*"l‘x—ﬁz*"l‘n—a' (22)

Now, let's see how this adapting tracking algorithffects receivers dynamic
range.
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Figure 2.5 Receivers error threshold using adaptingoltage step

Input signal amplitude is changed between 100uV BdError is calculated as
error energy over input signal energy:

L N
a_“x"\;u; v

= ) 7,

v (2.4)

(2.3)

where x — input signal, y — tracked sigrldll — input signal norm.

In Figure 2.5 it can be seen, that for 10% erraedhold input signal can be
received with amplitude 20uV to 735mV. Receiverymamic range then is

735-107®

T m_ﬁ}=?1.3a'5.

20 - logye |

Modeling receiver with constant voltage step 100jt\¢an receive signal for 10%
error threshold with amplitude within 700uV and MniFigure 2.6). Receiver’s
dynamic range then is

11-107%

—mﬂ_ln_ﬁ)=24a‘5.

20 - logso (
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Figure 2.6 Receivers error threshold using constantoltage step

Now, when using adaptive signal tracking algorithmetal plate buried in 1m
depth can be distinguished from surrounding clyftggure 2.7).
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Figure 2.7 Detection of metal plate
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2.3. Signal processing improvements

A new TWI signal processing algorithm for movingnman body tracking through
electromagnetic transparent wall was developed.

The main goal for this signal processing algoritisnto distinguish a small signal
change in much larger background noise (clutter)iciwvhis equivalent to
distinguishing signal reflection from human bodgrir other reflections.

Signal processing algorithm is based on princigahgonent analysis (PCA),
more specifically - Karhuen-Loeve transformation.

In order to test UWB radar system with new signedcpssing algorithm for
through wall imaging applications, two experimemtere performed. First, object
tracking in 1D using one receiving antenna, secafject tracking in 2D using 2
receiving antennas. In both experiments object$omaded in radar’s line of sight. To
extract distance between each receiving antennadgndmic, object, a complex
signal processing algorithm based on Karhuen-Loresformation is used.

In 1D tracking a metal plate is located in frontraflar in 1.7 meter distance
(Figure 2.8). Metal plate is moved closer and ferttiom radar with 30cm amplitude
and data is recorded with UWB radar and ultras@ergor simultaneously.

Ya
. Objekts
0.3m , ®
1.7m !
RX1(=03m,0) TX(00)  RX2(0.3m,0) x

Figure 2.8 Setup of 1D experiment

Results are depicted in Figure 2.9. Object movenseciearly distinguished both
with UWB radar and ultrasound sensor.
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Figure 2.9 Results of 1D experiment

In 2D tracking a man is standing in front of radar2m distance (Figure 2.10).
Man is walking slowly towards receiving antenna RK&eping distance to radar
constant. Radar is now using two receiving antemmasdistance from object to each
receiving antenna is transformed into object cawtdis in 2D coordinate system.

Y.
- ----—"-—"-"-"-"-""-""J " - 5
2m E
RX1(—0.3m,0) TX(0,0)  RX2(0.3m,0) T

Figure 2.10 Setup of 2D experiment

Results are depicted in Figure 2.11. Resulting swaf points is clearly located
around exact object movement trajectory.
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Figure 2.11 Results of 2D experiment

Software, user interface and feature improveme  nts
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Figure 2.12 Radar software user interface
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Radar software (Figure 2.12) is based on MATLAB iragwith added features
like:

4 channel data storing;
easy radar reconfiguration (time window, samplesiaee, etc);
distance encoder sampling and configuring;

SEGY file format support.

2.5. Hardware reliability improvements

Since last year a great deal of effort was devtiedake our radar hardware more
reliable and user friendly. In this respect a nadar prototype was designed which is
mounted into a plastic enclosure (Figures 2.132td). This leads to less denial rate
and better user experience using this system.

Figure 2.14 Radar prototype (rear panel)
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3. Viedo transporta sist mas sensoru t klu prototipu
aprob cija re liem apst kiem pietuvin tos
scen rijos, kas saist ti ar 3D datorredzes
pielietoSanu, sensoru datu ieguvi un apstr di, k ar
ar ce ainfrastrukt ras att st bu

3.1. Real-time object tracking in 3D space using mo  bile
platform with passive stereo vision system

Real-time object tracking in 3D space is an act@asearch topic in several
domains as robots and smart vehicles. Traditionethods in most cases rely on
relatively expensive active elements as radarsrdasr LIDaR's (LIght Detection and
Ranging). Relatively inexpensive solutions as p&s8D stereo vision based tracking
methods yet are relatively slow and therefore uabie for time critical systems as
Adaptive Cruise Control (ACC) or Advanced Driversistance Systems (ADAS). In
this paper a method for real-time image processipgoposed that is capable to track
an object using only 0.1-0.2ms for processing afhetame and is based on the
segmentation in dense point cloud data.

3.1.1. Related work

Passive 3D stereo vision for vehicles has beercavearesearch interest for years
now [3.7] [3.8] as it can significantly increasdesg and efficiency of transportation
systems. Existing safety systems mostly use trgekindetection, robust, but
characterized by slower calculations and in turowsk response times. System
described in [3.2] uses multiple cues for pedestdetection and tracking and takes at
least 100ms per frame. Solution mentioned in [883s evolutionary algorithm for
vehicle detection and tracking and takes about 3fen$rame. Approach explained in
[3.7] uses structure from motion together with saledescriptors for complete
dynamic 3D scene analysis that takes more than 8Qfken frame. For systems as
ACC or a frontal collision detection fast and psectracking is the most important
characteristic therefore detection could be peréatron less frequent basis. Modern
computer technologies are capable to do real-tteres vision on CPU as well as on
GPU (graphics processing unit)(for a good compariso stereo algorithms running
on GPU see [3.6]). Embedded techniques allow ugO@FPS [3.10]. All this is a
well-formed basis for the creation of new trackingthods based on performance of
computer hardware and software.

3.1.2. Proposed method

The method described in this paper is based onefesstution speed for a robust
target tracking using constrained per-frame segatient of the point cloud data and a
6D Kalman filter for filtering of the position angelocity. An example frame for input
and output are given in Fig. 3.1.
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Figure 3.1 (a) Input image (b) Output image showinghe ground and sky plane removal(1),
segmented surface (2), reprojected tracking point3), distance to the tracked vehicle (4), speed of
the tracked vehicle (5) and reprojected path of théracked vehicle (6)

The first step consists of acquiring and rectifyiofy stereo images using the
intrinsic and extrinsic parameters calculated dyricalibration. Next step is
calculation of disparity using rectified images. the method relies on performance
then the execution time stereo matching algoritsnmighly significant, LIBELAS
described in [3.4] was selected for this task. dallculations are done in the absolute
units of length and not in pixels therefore allowttmg realistic constraints.
Calculation into a point cloud can be done witmsfarmation:

W =d/b+ cir /b
r=(r.+cg)/W
U= (ys +cy) /W’
z=f/W

(1)

whered is disparity at screen coordinate; (ys), cx andcy are thex andy of the optical
center,b the baseline between camerag,difference between left and right camera
optical center (usually O or close to 0) drtie focal length. Main steps are given in
Algorithm 1.

Algorithm 1 Tracking algorithm

1: Rectify input images and calculate disparity map

2 Calculate point cloud using the disparity map

3 Remove ground plane

4 Calculate ego vehicle position Ry, direction R and speed

Ry with visual odometry

Compute occupancy map and detect targets

Init tracking point screen coordinates z,, vy, with detected

values x4, yd

7. Segment using the tracking point’s screen coordinates
T,, Y, and constraints

& Calculate centroid in segmented area to get measurement
Tm, ¥m and check constraints

9 Calculate average = value in segmented area to get mea-
surement =, and check constraint

10: Update Kalman filter with =, Ym, 2m

11: New tracking point is Kalman filter’s =, y, =

122 Reproject tracking point to screen T, ls

1% Compensate the target’s position, speed and direction

=]
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3.1.2.1. Ground plane removal

The ground plane creates a smooth gradient — pateatison for segmentation
leak and encompassing the whole ground surfacerdposed stereo system the
camera height value is used as the poigt'soordinate representing the vertical
position relative to the cameras in absolute urfitength. If cameras are mountkgd
distance from the flat ground, then ground can dmaved by checking if poing
position is above a certain threshgid —h;, wherey = 0 at camera level. In typical
case cameras are not perfectly parallel to thergt@nd the points have to be rotated
with angle around the cameras as origin. There are severalrkntethods to detect
ground that would allow the calculation of the angl Some are using homeography
[3.1], v-disparity [3.11] or ground plane detectionEuclidean space [3.9]. Trough
testing detection in Euclidean space was chosenleViths slower than v-disparity
because of RANdom Sample Consensus algorithm,titrme better results with
smaller error (for comparative study see [3.9])aimoutdoor environments sky has to
be removed the same way, because the disparityrithlgo tends to calculate
erroneous disparity for the sky. The valugeis the distance to upper cutoff plane.
Equation for rotation and thresholding is:

D — {Dr:y [z« sin(a) 4+ y - cos(a)) € [—he, h]
Ty — .

(2)

whereDy. is disparity at positionx( y) and therefore invalidates all points outside the
range [h¢; hg and is the angle between the ground plane and caniBeasuse the
execution speed of the system is essential, thangraetection is not performed
every frame, but twice a second. The influence ofomroad bumps which would
cause segmentation problems if the ground is nobved entirely is mitigated in next
steps using Kalman filter.

3.1.2.2. Detection

An obligatory prerequisite for the tracking of tbleject is at least one initial point
on its surface. This point is found via plan-vieacopancy map, which is used for
general purpose obstacle detection in front ofolberver. The occupancy map works
by point binning. The observed world is dividedoimtz bins. Vertical direction is not
used because the ego vehicle cannot move in thiealatirection and thus any object
after the ground and sky removal is a potentiatasds. Bin sizeBs was empirically
chosen as 25x25cm as a compromise for speed, iprea@sd the possibility to
distinguish smaller individual objects. Bins arsigeed a valu®,, which shows how
many points are inside the bin. Then maximums ated in the occupancy map
which corresponds with individual objects. To igaemall ground irregularities a bin
is considered to have an obstacle in it if theratileastB; points inside it. Obstacles
are only searched in a region in front of the vighi®oint binning is performed and
maximums are found using equations:
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T?ERI[Z Gol|(z,2) — q|) - Bulz,2)] (4)

wherep(x; 2) is the pointBi(x; 2) is the bini at positionx; z, G being the Gaussian
convolution operator anfl being the size of the kernel. When an obstacletisaled,
then one point inside the bin is taken and reptege@s the seed points( yq) for
segmentation. Fig.3.2(a) shows the reprojected paomey map where height and
color represent the number of points in the bin &igl 3.2(b) shows the detected
objects with circles reprojected underneath theawstg the position.

(b}

Figure 3.2 (a) Occupancy map projected over the ingg image (b) Detected objects

3.1.2.3. Segmentation

The detected initial point is assumed as the seet pnd afterwards used for the
segmentation in the disparity map via constrairedd fill algorithm. Constraints are
Cs - thez distance from the seed to the current point @pe the z distance from the
current point and its parent point (i.e. the adjgaoint it came from). The point
cloud gets less dense farther from the camera asaipensation valu€y must be
added to the constraints. Relation between digpaniti distance is:

(3]
Il

(3)

The partial derivative of this equation gives tmeoant of distance change when
changing the disparity:

e | - bl
i |- |12 0

od|  |d-d|
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Segmentation is done by checking every point sigurtat the seed for these
constraints as:

| Zry — ‘:—“c-.l-'cl < .+ €y and
S, y) = ' Zry — Trpyp < '[._'r.. + Oy . (7)
0

wherez is the depth position in absolute units of lend#),y) is the point position,
(Xo; Yo) is the seed position and( yp) is the parent position. Effectively, this
operation segments a surface whose points are dertain depth range. Th€s
constraint deals with noise and allows the segntientdo stop at steep gradients,
while still allowing different shapes for the tatgle The C, constraint limits the
maximum segmentation depth and is used to at |[easially escape segmentation
leaks in the case that ground plane forms a sngraidient. The worst case scenario -
overflow to horizontally adjacent objects (see Rigl(a)) is solved in next steps using
Kalman filter.

After segmentation the target object is selected emrresponding area is the
detected surface. It should be noted that this setgtion can not be used for
disjointed objects — it can not segment a part [#rger object as it would converge
on the largest perpendicular surface to the observe

3.1.2.4. Tracking point update

The calculation of the centroid in the detectedas is performed with:

||.'
C= ETF 8)

The centroid position is the measured tracking i Ym) position in 3D space
and the average distance for all points on theasarfs the approximatg, position.
This seed point could be erroneous due segmentétmis (see Fig. 3.4(a)) and
subsequently - the reason for losing the trackamget. So before it is used in Kalman
filter the position of the poiniXg,; ym; zm) is validated using following constrairts—
X1] Cxyand{nryi1| Cyandlzrzi| C;+ Cy whereC,y the maximumx; y)
jump distance per framé€, maximumz jump distance per frame, and(; Vi1 ; Z1)
the tracking point in the previous frame. Constrdor z is different from X; y),
because points projected in 3D space have varyengity - points closer to the
camera are denser than the ones farther away ardfdhe distance difference
increases when the target moves away from the wserhis is also why density
compensation constrain @ used.

If the point complies with the constraints, it ised as a measurement for the
Kalman filter. Otherwise, the Kalman filter is upeld without a new measurement.
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3.1.2.5. Kalman filter and reprojection

A standard Kalman filter uses a prediction step amdipdate step to estimate the
state of a system, where measurement and the feéditate must be related with a
linear transform. 6D Kalman filter is used to filtargets state spac& x (X; y; z; \;

Vy; V7)) which has 3D position and velocity. The statensfdon model F and
covariance are defined as:

/1. 0 0 At 0 0O
010 0 At 0
001 0 0 At
0o00 1 0 0
o000 0 1 0
o 00 0 0 1

(A4 0 0 A2 0 0

0 At'/4 0 0 Af/2 0

o_| 0 0 Att/4 0 0 Af/2
= af/2 0 0 A2 0 0
0 A2 0 0 A2 0

\ 0 0 AS/2 0 0 A

[y

where* t is the time between frames. Then the measuremen(X, Ym, Zn) is used
to update the Kalman state spage kuning of Kalman filter parameters allows
filtering out erratic jumps and still tracking astamoving target. Kalman filter also
allows calculation of the approximate direction which the object is traveling
relative to the ego vehicle. After filtering the gpion is reprojected back into 2D
plane as the next seed point by doing the revdréb expressed as:

W =f/z
T, =W -z 4 ep, (10)
vs = W-y+oy

where K; y; 2 is the 3D position of the point filtered by thalikhan filter andXs, ys)

is the reprojected 2D point. Reprojection in 2Dcgpmnstead of using 3D space is for
the ease of segmentation as the point cloud repiesiee 2D image projection into
3D space and thus points do not overlap in suashidn that would make 3D flood
fill behave differently from a constrained 2D flobil

3.1.2.6. Ego motion compensation

Ego vehicle motion makes Kalman filtered positiehative, but it is possible to
compensate it using visual odometry. Here LIBVIS@as used for fast visual
odometry [3.5]. It calculates homogeneous transébion matrix R which allows
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transforming a point from previous frarpe; into current framep; with relationp; =

R . p 1. For motion compensation the translation and iaainust be separated into
two homogeneous matrices:

Rt = (Pera) Pe(zay Peaay 1)
Per,1y Peinzy Pein,a) 0 _
B, — Ptiz,1y  Peizzy Priza) 01: (11)
i Pe(31) Peaz) Puaazy 0

0 0 0 1

Ego vehicle speed now must be calculated. Thioredy Kalman filtering the
extracted translation matrRR; . Used Kalman filter is the same as in previousigec
but hereRy is used as measurement to get ego vehicle stateatsR¢ = Xx. To
compensate the ego motion the target's positiorarsformed into global coordinates

by:

I
¥1=1Y| Ra+kr, (12)
1

Uy R.’f:L]j-

; _ v, Rn+ Ry 519 ) (13)
o ___ Rk (61

Direction is the calculated speed vectors directdagnitude of the vector is the
velocity in the direction of travel.

3.1.2.7. Tracking multiple targets

As single target tracking is very efficient, thanis possible to track multiple
targets using the same method. Only differenckas dne ownership relation must be
used. That means only one point in the point cload belong to one object. If the
tested point belongs to another object, then iindises the point as if tresholding
constraint had been broken. This also reduces ingfaany leaks as objects cannot
overlap. In case of occlusion the tracker will stiyecauseC, constraint will be
broken and then detection is used to start trackthgn the target is visible again.
Example of tracking multiple targets can be seefign 3.3.
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Figure 3.3 (a) Image showing segmented objects @utput image showing tracked objects

3.1.2.8. Error recovery

The real-world disparity map could be sparse dusenor occlusions. As result
reprojected 2D seed point can fall into positioneveh disparity is unknown. The
recovery from this state is attempted by searclairggind the invalid position for a
valid point that meets all previous constraintsnPoloud transformation enforces x/y
point adjacency (but not z), i.e., adjacent pointglepth map are also adjacent in
point cloud in the x/y direction. This means tha search can happen in the 2D plane
around the invalid point in a search window untWaid point is found. The search
pattern is clockwise spiral starting at the invabint, and therefore appropriate in
cases of noisy disparity map where a valid pointight next to the invalid one,
because a regular window search could return araepabject at equal distance as
the target (e.g., a vehicle in the next lane).

Other reasons for an invalid value could be brogenstraints, as target moving
too fast relative to frame rate or segmentatioR.léaall these cases error recovery is
performed, and if recovery process fails, then a&ie is performed on the input
images to reacquire the target for tracking.

3.1.3. Implementation

The proposed tracking algorithm was evaluated amhile platform by tracking
vehicles in the front of the ego vehicle.
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3.1.3.1. Setup

The setup includes PointGray Bumblebee XB3 Firewdemera with 24cm
baseline mounted on a minivan roof-racks 174cm ftbenground. All calculations
were performed using 4 core 2.9GHz Intel i5 process

Developed software uses OpenCV for general purf@send drawing, LIBELAS
library for fast disparity calculations, LIBVISOZibtary for visual odometry,
PointGray FlyCapture SDK for synchronized cameguinPointGray Triclops SDK
for Bumblebee XB3 stereo rectification. Written @G+ and many parts are multi-
threaded using OpenMP. Input images has the résolaf 640x480px and disparity
is calculated and tracking done on a 640x210pxoredtrame rate for this setup is on
average 40FPS.

3.1.3.2. Configuration

Constraint | Value | Description

h, 120cm | Camera height from the ground
was 174cm, but noise and uneven
surfaces require a safer value.

ha 300cm | Sky plane distance above the cam-
eras. More than the largest vehicle
to be tracked.

¥ 1° Camera angle relative to the
ground. Facing slightly down-
wards.

Cp 200cm | Large enough to suppress the noise,
but less than the length of most
vehicles.

i, 400cm | Allows segmentation even if it has

sloped (turning) or uneven (objects
sticking out the back) surface.
Cry T0cm Smaller than the distance between
' two side by side wvehicles, so it
allows to reduce leak impact.

C, 150cm | About the maximum = jump dis-
tance mn a typical city traffic, be-
cause of leaks and noise in the
point cloud.

3.1.4. Experimental results

Method, implemented on the basis of described #hgor was evaluated on a
mobile platform by tracking vehicles in severalamscenarios, as well as on datasets
used in [3.3]. During the tests the proposed methvad able to track a vehicle
constantly until it either went out of the field wiew or was in a distance exceeding
50 meters. The tracking itself typically took abawuftl-0.2ms depending on the
distance to the target (as closer targets have segmented points and that requires
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more calculations) while disparity calculation andual odometry took about 15-
25ms running in parallel. Video demonstration @& iystem can be seen at [3.12].

An example of segmentation leak induced by clogdecles in larger distance is
given in Fig. 3.4(a). As result the centroid pasitis calculated somewhere on the
other vehicles surface - it exceeds @gjump constraint and therefore corresponding
frames are dismissed by the Kalman filter.

In Fig. 4.4(b) it can be observed that the targgtiale is turning fast to the right
and almost out of the field of view of the camerEse ego vehicle was turning at that
intersection as well and tracking was not lost myiihe turn. The problem can arise
when the fast turning target stops as the Kalmiéer fihas some delay which moves
the tracking point too far and that can cause trachoss. It is possible to tune the
Kalman filter parameters to have less delay, ben tih would have less robustness to
noise. If the tracking is lost then the obstacleed®sr can be used to rediscover the
target.

(a) (b)

Figure 3.4 (a) Output showing segmentation leak anmg closely spaced vehicles
(b) Output showing tracking of a turning target

3.1.5. Approbation

Approbation of the developed prototype was perfalrtagether with American
car club [3.13] and society “MB Club.lv’ [3.14] —ambers of the Association of the
Latvian car clubs [3.15]. Approbation included tdsives with a car equipped with
the developed prototype. Setup of particular tasti€ shown in Fig. 3.5. Test drives
were performed using different road types includiody streets and intercity
highways during different lighting conditions inding daytime and late evening time
characterized by darkness. Approbation showed plaaticular solution has some
minor flaws to be resolved (Appendix 3, Appendixbtjt overall is capable to be
extended to commercial available technology.
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Figure 3.5 Setup of the test vehicle during approligon activities

3.1.6. Conclusion and Future Work

In this work a robust real-time tracking method faffic related scenarios was
proposed that is able to track vehicles using 02tA8 per target and is configurable
using main constraint parameters in absolute wfiksngth. It was noticed, that while
the approximated constraint values can be usee@ ikestill some experimental fine
tuning necessary for best results. The segmentatiatll be improved by searching a
volume in 3D space while knowing the size of theyéa - this would allow tracking
partially obstructed objects. Maximum tracking diste could be increased by
increasing the baseline of the system.

The tracking performed in the point cloud allows tisage of this method with
LIDaR or Kinect - in this case performance will iease as the slowest operation is
the disparity calculation and the visual odometmith can also be calculated from
point clouds). During tracking of multiple targefe performance can be increased by
running all the individual calculations in paralleDther potential performance
improvements include usage of GPU or embeddedisnltlhat makes the tracking
more robust and appropriate for faster targets. iffpFoved system is intended as a
prototype for Advanced Driver Assistance system &uhptive Cruise Control
system.

3.2. Smart road studs for dangerous road situation
warnings

Safety is an important aspect of transportationiesys for both, the drivers and
pedestrians. Significant part of road accidentsrelaed to driver inability to react in
time on sudden hazardous situations, such as peahssor wild animals on the road,
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a car stopped in case of emergency, or a slippargment segment. In this paper we
propose an embedded system for driver visual watifin in case of a hazard. The
system can be unobtrusively added to existing iofedstructure, it is solar-powered
and can function autonomously without human intetiem. The evaluation shows,
that proposed solution is able to detect sevep®dy hazardous situations and report
them to drivers.

Initial information about related work, approactardware, solar power supply
and packaging is given in [3.16].

3.2.1. Hardware

The hardware of the IMilePost embedded device \Wgistly redesigned after first
real world tests. Main changes included alternatéraperature and humidity sensor
SHT21 that was better suited information exchangeopol as well as alternative
pyroelectric infrared sensor with integrated coltgrothat was characterized by
improved sensitivity and therefore longer detectilistance. The hardware structure
of redesigned embedded device is given in FigaBdbfirst prototype — in Fig. 3.7.
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Figure 3.7 First prototype of IMilePost embedded dvice
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3.2.2. Software
Flowchart of IMilePost embedded software is showfig. 3.8.

On energy
check timer

On waming
fimer

Measure
SuperCap Update LEDs
charge
Adjust sensing Hazard Sequence yes Disable warning
s Read sensors — ected? 2 M0 <ﬂ>—~ timer
v yee
no
Update warning Init warning
thresholds sequence
1L L J
Analyze sensor Enable warning
values timer
¥ _/He:?mm‘;

"\ skeepmode S i o

Figure 3.8 Flowchart of IMilePost embedded softwareonsisting of three parallel tasks,
initiated by system timers

During startup of the system (not shown in flowd¢Har simplicity) sensing and
energy check timers are initiated. Periodicallysseg interval is adapted, based on
available energy budget.

In each sensing cycle, daylight time check is pentad first. System is operating
only in dark time of the day. All digital and anglsensors are being sampled, and
warning thresholds are updated based on long-tererages. Sequential hazard
detection is performed, based on priorities, descriabove. If at least one hazard is
detected, warning sequence is initiated and wartiner is enabled.

In each warning cycle, LED status is updated adngrtb actual displayed hazard
type, and timer is disabled, when warning sequénfinished.

3.2.3. Evaluation

First evaluation of the experimental device wasfgared through tests of
detection of approaching vehicles head lights. &hests were carried out during time
of darkness (after 11PM) in urban environment daonilnated street. Weather
conditions were typical for late autumn - it wa®lcand moist. The sensitivity of the
experimental device is designed as adaptive cordide value. During this activity
three sensitivity levels were tested - 100 m, 50and 15 m. Each test scenario was
performed with the set of 30 approaching vehicles.

48



During test with most sensitive configuration 83%approaching vehicles were
successfully detectedre positivg. 7% of approaching vehicles had defect right
head light and therefore not detectéalse negative 10% of approaching vehicles
followed another approaching vehicle by small diseaand therefore did not induce
separate detection case. As pecuf@se positivetest case could be mentioned
detection of a bicycle with working head light.

During test with medium sensitive configuration 90@sue positiveé of
approaching vehicles were successfully detectednaeng 3% of approaching
vehicles had weak head light reflectors, 3% drouang time of darkness without
head lights turned on (!), and 3% followed anothpproaching vehicle by small
distance.

During test with least sensitive configuration 87tie positivg of approaching
vehicles were successfully detected. The reasarfal&e negativeases were similar
as in two previous test scenarios - 10% due folowof another approaching vehicle
by small distance as well as 3% due weak head lejlgctors.

Conclusions from this test session were:

1. True positiverate of detection of approaching vehicles healtdigcould be
assumed as sufficient for practical purposes bertetlis a need to determine
critical boundary for vehicles with weak head ligatlectors.

2. It is possible that there is a need to determingcexumber of vehicles in
approaching column as it could be significant adoay situation
DangerPassingVehicle.

Second evaluation of the experimental device wasopeed through tests of
detection of approaching vehicles head lights maarand non-urban environment as
well as detection of approaching human beings mumban environment. Other test
parameters were similar to first test session. Basificles-related test scenario was
performed with the set of 50 approaching vehicleistbe human test subjects-related
test scenario - with 12 approaching human tesiestdhj

During test in urban environment 76%ug positivg of approaching vehicles
were successfully detected. The main reasofafee negativeases were selection of
a street with 2 lanes in each driving direction hoe experiment - therefore vehicles
from the second lane were detected just partidfigliowing tests in non-urban
environment with similar lane configuration and thuhbigher true positive rate
conformed that this relatively low rate is charastec for particular urban
environment with illuminated streets that is na grimary environment for proposed
solution.

During test in non-urban environment 94&ué positivg of approaching vehicles
were successfully detected. The main reasorfalse negativeases were following
of another approaching vehicle by small distance.

During human test subjects-related test scenaneraxental device was placed
in non-urban environment and test person walkedatdsv the device from the 40
meters distance. In the moment when device detexggpdoaching person the actual
distance between the device and the person wasunedasMaximal detection
distance was 24 meters, minimal distance - 6 meders average distance — 16 meters.
In the 66% of all test cases measured distancegveater than average distance.

Conclusions from this test session were:
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1. True positiverate of detection of approaching vehicles headtdigiould be
assumed as sufficient for practical purposes inicfpenvironment for
particular application.

2. The actual average detection distance for particRlIR sensor requires the
placement of similar devices each 40 meters. Thhdss than typical distance
between regular road side items but it could beliegide for particular
locations with high wild animal density.

3.2.4. Conclusion and Future Work

This work describes an autonomous solar-powerecedden system for detection
of particular dangerous road situations and craatb corresponding warnings to
drivers using visual interface. The system was watad using real world scenarios
including urban and non-urban traffic during timfedarkness. The results show, that
the system is able to detect separate approackimgles with reliability at least 83%,
and detect separate approaching human test sulijeth® average distance of 16
meters. Therefore it is suitable for warning of thevers about particular dangerous
road situations. The future work includes developied additional functionality for
detection of other dangerous road situations akagetxpansion of the hardware part
with the aim to create specific homogeneous or rbgneous wireless sensor
network.

3.3. Published results

The results of real-time object tracking in 3D spaelated activities are described
in paper ,Real-time object tracking in 3D spacengsmnobile platform with passive
stereo vision system” [3.17] as well as presentethé International Conference on
Signal Processing and Imaging Engineering (ICSPOE32 October 4-6, 2013) in
Hammamet, Tunisia.

The results of smart road stud related activitiesceescribed in paper ,IMilePost:
Embedded Solution for Dangerous Road Situation Wgsi [3.18] as well as
presented in the 1st International Conference difiéal Intelligence, Modelling and
Simulation (AIMS 2013, December 3-5, 2013) in SahMdhalaysia.
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4. Plaukstas att lu un erme a muguras formas datu
re istr cijas un inform cijas apstr des sist mu
aprob cija

4.1. Biometric person recognition system

During previous year, biometric recognition systemas developed. System
allowed for person recognition using palm vein @atf making it potentially safer
than many authorization systems, as it is basediangical property that is hard to
acquire without person knowing that. During thiaysystem was tested in real life.
Changes were made to biometric data processingitiligs to reduce chance of false
positives and false negatives.

Our developed system consists of 3 main modules:
personal computer, with appropriate software;

module that connects our system with already exisétectronic door
locking system (relay module);

palm capturing device, consisting of camera and Ic&Btrol module.
More in depth these modules are explained in fahgvesub-section.

4.1.1. Development of biometric system

4.1.1.1. Connecting our system to existing door
control system (relay module)

Requirement for communication with existing systeas to provide galvanically
isolated switch that has to be closed to unlockdiber. Simple low voltage relay was
chosen to provide isolation. To increase reliapilind provide some basic safety
against errors in software, band pass filter wasriied between output of computer,
and driver of relay, thus output signal from PC twabe toggled in order to open the
door (Figure 4.1). This means, that door won't siagn if computer hangs up in state
when output level is high, as oppose to directlgtaaling relay by high/low states
from computer. Interfacing with computer is doneusyng FT232RL chip.

BN

o Kty

el
R

Existing door control system

Figure 4.1 Connection with existing door locking sstem

52



4.1.1.2. Palm capturing device

Palm capturing device consists of mechanicallydrigody, Videology 21K352
USB-C camera, LED control board, optics for cam&amera has 1/4" Sony Ex-
view® CCD, combined with IR transmissive objectigsad cold mirror, provides
ability to acquire images of palm in near infrargubctrum, widely used to capture
images of blood vessels in human palm. llluminatisnprovided by 16 LED’s
emitting 850nm light.

To inform person attempting to unlock door, twoommhation LED’s are provided.
Yellow - palm is placed correctly, attempting tocognise person. Green —
recognition successful, door is unlocked.

4.1.1.3. Software

Biometric recognition software is complement withteznal hardware, and is
responsible for determining if person is allowedetder through door or not.. Even
though multithreading is used to improve perfornearaf software, by splitting
workload between processor cores, algorithm ilfallowing simplified program
flowchart provided in Figure 4.2.

Acquire Image
¥
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F.eset data
Fy

Filter image

L 2

Extract
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data vectror
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agamntst database

:
$ i
Tes
Cpen door

Figure 4.2 Simplified flowchart of recognition softvare
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Image filtering is done by using Fast NH-CMF [4ald result is added to buffer,
reducing noise and enabling to detect blood vessaisvisible by filtering just one
image.

Extracting data vector is done by dividing regidnirerest into cells and finding
maximum vector in cell. As practical tests has shaks approach is prone to cases
where there are multiple blood vessels (resultmgjumping vector") in one cell, or
where one vessel is located on border betweers @ah result in "jumping vector" in
multiple cells).To reduce these effects, weighte@ahmation of extracted data vectors
is done. This summation is done to each vector etenmdividually before hashing is
done. This results in value beeing same as valueedbr from ROI, if always one
vector in cell is detected, and weighted midpomtase vector is "jumping". Actual
value is closer to value detected more often. Qmution to performance is visible in

Figure 4.3 (without summation) and Figure 4.4 (vatimmation).
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Figure 4.3 FAR and FRR without using summation of dta vector
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Figure 4.4 FAR and FRR using summation of data veot
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Hashing is done using Biohash [4.2], providing eveer data conversion from
values that describe vein pattern, into sequent@®i{biocode). If it were possible to
reconstruct data from stored biocode into vectescdbing most intensive vectors, it
would be also possible to reconstruct image neecgsto cheat system into
preceiving image shown to camera as palm shownebsop described in database,
leading to opening of door.

In case person has been recognised, or if palneftasamera view, buffers used
for summing filtered image and for summing datateec

4.1.2. Possible further improvements

It is still possible to further improve system, lopproving ROI detection,
resulting in more stable vector location, meaniegsl "jumping vectors" will be
present. Another weak point is extraction of daeter, being fixed grid it is unstable
in cases where blood vesel is at border of cellyal as it is prone to loosing data in
more dense image parts, and extracting less stabters or even noise in places with
less blood vesel density.

4.1.3. References

[4.1] M.Pudzs, M.Greitans, R.Fuksis. "Complex 2D tbheed Filtering Without
Halo Artifacts". 18th International Conference olysms, Signals and Image
Processing, IWSSIP 2011, Sarajevo, Bosnia and lgevoea, June 16-18, 2011, pp.
109-112.
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Biometrics (ICHB) 2011, Hong-Kong, China, 17-18 N@@11, pp. 268-273.

4.2. erme a muguras formas dature istr cijas
sist mas aprob cija

During last year project entered approbation phask collaborated with
specialists from the field of medicine and patiegihabilitation in order to obtain
professional feedback for applicability of our post monitoring system, necessary
prototype improvements and further developmentegias of hardware and software
to improve overall medical utility of the methoduOexperimental prototypes were
tested with real patients in both private and stagéglical institutions and received a
number of suggestions for possible improvementsyelver, an overall positive
feedback was received about system potential fadicak applications. Based on
received feedback we developed a new improved tyjmeowhich entered second
approbation stage.

Also several publications and presentations weredmvering the results of new
innovative methods used in technical part of thety@ monitoring system.

Results obtained in this period:
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approbation of 16 sensor prototype device;
development of new improved prototype device;
approbation of % 63 sensor prototype device;

publications and exhibitions.

4.2.1. First 16 sensor prototype approbation in
“Unihouse Ltd”

Ouir first prototype [4.3] was approbated in “Unikeu_td” [4.4]. “Unihouse Ltd”
is a technical orthopedics company, which dealb wérious types of limb prosthesis,
orthosis, production and adaptation. Company staffudes some of the leading
Latvian specialists in the field of orthopaedicShe aim of approbation was to
evaluate systems utility in orthopaedics and pliisi@py. Approbation was
performed in real life conditions, working with tesge (13-15 years old) patients with
considerable posture defects, and was controlleddxjical specialist.

During approbation process a number of possibleongments for the prototype
device were pointed out and amended, such as siriegration in sport style jacket
for more facilitated use and sensor mounting onepgtmore clear posture model
visualisation, and improved functionality of dateogessing application. Also our
technical specialist participated in physiotherafasses to obtain better insight about
specific monitoring and feedback requirements igspitherapy process.

Several imperfections were emphasized such aselimftosture measurement
resolution, error of obtained posture model, rezmient for more convenient sensor
integration and reduction of data acquisition medsize. However, overall feedback
for possible system application in posture monitgrand feedback was positive. It
was suggested that system could be applied as leaereise set to help scoliosis
patients perform correct posture after treatmenh Ward braces. Another potential
user group can be teenagers, who have potentiatgrdous posture habits, but the
deformations have not developed as far to diagsoe8osis. System could help to
improve posture and reduce development of spinerahettions.

Full approbation review form “Unihouse Ltd” can foeind in Appendix 6.

4.2.2. Development of new prototype with 63 senso  r
nodes

Taking into account results from the first approdratstage a new prototype was
designed. To improve system resolution and accutheyamount of sensors was
increased almost four times reaching 63 sensorsmptement such an improvement
a new method for sensor data acquisition was dedigMethod is particularly
effective for data acquisition from network of largumber garment embedded sensor
nodes. For new prototype the sensor nodes andadqtasition board were redesigned
in order to implement our data acquisition meth@dluce size of the hardware and
allow more convenient hardware integration intotlulny. Several features and
improvements for the prototype were added, durpyy@bation process.
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4.2.2.1. Efficient data acquisition

In order to implement effective real-time data astion from sensor network and
at the same time allow relatively easy sensor rinthegration into garment, a new
method for data acquisition was designed [4.5].aDatquisition was achieved by
connecting devices in line topology (Figure 4.RisTallows to overcome addressing
problems which occur in networks with large numbenodes. Method also reduces
number of wires and provides simple wiring struettor convenient integration into
garment or similar medium. At the same time metteapiires only conventional low-

power hardware and provides reasonable data traepfeds, which are essential
aspects in number of applications.

Rw  nlg Rw  (n-1)l Riw lee
vee ﬂ.T:'_.T —
Data Data Data
SOMI - - SR R
Master Sensor | Sensor ) Sensor
CLK G | node 1 CK | node2 | ¥ _ | noden
GND 1 [ — ]

Figure 4.5 Structure of the sensor network [4.5]

Method is based on daisy-chained SPI, however akwsrdifications have been
applied, such as clock signal repetition in eactssenode. This reduces the network
to multiple relatively simple and independent lifdesween two adjacent sensor nodes
in chain. The whole network can be formed with omlywires in total: 2
communication lines which connect sensors in semiws 2 parallel power supply

lines. In theory method allows to connect severahdned sensor nodes using
conventional low-cost hardware (Figure 4.6).

—— : S .

Figure 4.6 Sensor network with line topology [4.5]
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After sensors have been connected in line, thegijoua can be customised
depending on application, however, the line topplegalways maintained. Sensor
network was embedded in wearable garment accotditayout visible in Figure 4.7.
After first tests during approbation for more coniemt and robust system operation
the sensor network was integrated in custom matt®sis which was developed by
Tonus Elast Ltd (Figure 4.10).
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Figure 4.7 Sensor node layout on surface

4.2.2.2. New sensor node design

In order to implement our data acquisition methocheav sensor node was
designed. Each node consists of acceleration s&&dB03DLHC, microcontroller
MSP430G2553 and few miniature external passive compts resulting in total size
of just 13 x 13 x 2 mm (Figure 4.8). These nodesewspecifically designed for
connection with our data acquisition method anduithe all the necessary hardware.
The on board microcontroller is the key componehict provide interface between
digital acceleration sensors and our sensor netwap&logy. It also provides clock
repetition with integral analogous comparator, theducing the number of external
components and reducing total size of the senste.no

MOSI

Sensor node
—J] Microcontroller | SCLK
SPI module

| [l;f/
——I Comparator module E

—I Timer module ]

| 12C module I

SCL SDA

MISO

SCLK

Sensor:
Accelerometer

Figure 4.8 Structure of the sensor node [4.5]
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4.2.2.3. Data acquisition and processing

For data acquisition from our network with line od@pgy a new data acquisition
board was custom designed. The board can be diwidseveral modules depending
on their task:

Data acquisition module is based on microcontralk8P430G2553, and is
directly connected to acceleration sensor netwlbdcts as a master for sensor
network communication, receives all sensor data tmadsfers them to
wireless module.

Wireless module is based on Bluetooth transceiviegv222. It receives data
from data acquisition module and transfers it tdgdde computing device, for
example smartphone or tablet.

Power module consists of 3.7V 3000mAh lithium po&ynbattery pack,
voltage regulator TPS63031DSKT and battery charginguit MAX1555. It
provides power for both data acquisition board aadsor network and can
last for up to 40 hours on a single charge.

The data acquisition board was enclosed in prateatasing. The casing was
custom CAD designed and manufactured with 3D prifRgyure 4.9).

Figure 4.9 Data acquisition board

An enhanced version of Android data processingiegpbn was developed to
process data from all 63 sensors and draw correlspgposture model. Several other
features were added such as ability to store @iffieposture models, statistical graph
of deviations of posture in time, etc. In FigurdQl.are visible the new prototype
applied to human back and also corresponding posthodel from data processing
application.
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Figure 4.10 Sensor network embedded in orthosis anmbrresponding posture model

4.2.3. Second 63 sensor prototype approbation in
rehabilitation centre ‘M sesam| dz s”.

The second prototype was approbated in rehabditatentre “Ms esam Hz s”
[4.6]. This rehabilitation centre mainly deals withrebral palsy patients, especially
children with different movement disabilities. Tlagm of the approbation was to
evaluate prototype operation in real rehabilitatcmmditions, when medical staff is
using the system in work with real patients, andewaluate systems potential for
assisting the rehabilitation process.

During the approbation process (Figure 4.11) thess a close cooperation
between the staff of Institute of Electronics amuhr@uter Science and rehabilitation
centre to improve the utility and convenience opemmental system. Based on
recommendations from staff of rehabilitation cergneumber of improvements of the
system were introduced. In data processing agjgitaseveral new features were
added such as more detailed user statistics. Alsgas suggested to reduce the
sensitivity of certain sensors in order to allovelusore free arm movements before
generating feedback alert, as it is necessarydersuto perform certain actions during
the rehabilitation trainings. Also based on sevetajgestions the application was
modified to become more user friendly.

In addition, more convenient solution for the wédeaharness was found in
collaboration with Tonus Elast Ltd. The sensorsevembedded in custom made
orthosis. This solution also increased the pradecthf the electronic components,
which made prototype device more robust to mecldizmage.

During the approbation process system proved toseéul in work with kids and
teenagers who are diagnosed with decreased bodglentsus and have posture
defects. It was suggested that the system coulenpally be used in rehabilitation,
orthopedics and physiotherapy. Commercializatiosuwth a system will give benefit
in economic development.
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Figure 4.11 Prototype approbation in rehabilitationcentre "M s esam ldz s"

In addition, medical staff from rehabilitation cenmtin collaboration with
researchers from Institute of Electronic and Corap@&cience participated in “25th
European Academy of Childhood Disability” (EACD &)1 where they presented
poster “Virtual Reality Rehabilitation System fohi@liren with Cerebral Palsy” [4.7],
which was based on the results obtained in apprbptocess.

Full approbation review form rehabilitation centi®d s esam Hz s” can be
found in Appendix 7.

4.2.4. Published results

During last year of the project several scientibigblications have been done
covering different parts of our system. Publicati@oout our first prototype was
presented in “2nd International conference on Madidnformation and
Bioengineering (ICMIB2013)”, and was published idotirnal of Medical and
Bioengineering” [4.3]. Some innovative sensor nekwvdata processing ideas were
presented in “17th International Conference Elett® 2013” [4.8]. The new data
acquisition method described in section 4.2.2 wassented in “2013 IEEE
Conference on Open Systems” [4.5]. Some of thdtsesbtained during approbation
process in rehabilitation centre were presented2Bth European Academy of
Childhood Disability” [4.7]. In addition, some resmch results were described in
master thesis by R. Cacurs [4.9].

Our system was presented in several exhibitionssépopularity of the research
results. Our experimental prototype was presemezDth International trade fair for
innovative electronics production “Productronical2Q held in Minchen, Germany.
Also system was presented in exhibitions "Innoveim fashion and textile industry"
held by Baltic Fashion Federation in Art Academy lddtvia and international
invention exhibition “2nd International Inventiorxkibition MINOX 2013".
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5.Uz rot cijas le iem balst tas datu p rraides
lek rtas prototipa aprob cija re liem apst kiem
pietuvin tos scen rijos

P tjumi bija saistti ar uz rotcijas le iem balsttu ortogonlo transformciju
izp ti. So pt jumu galvenie rezulti ir sekojosi:

izstr d tas jaunas Vispint Elementr Jakobi Rotatora arhitektas
(potencils pieteikums patentiem);

atsevisSi So arhitektru varianti realizti uz FPGA bzes;

izveidots strd joSs Simulink modelis uz Vispin to Unit ro Rot ciju (VUR)
balsttai sakaru sistnai;

atseviSas Simulink modea sastvdaas jau ir realiztas uz FPGA tzes (piem.,
Jakobi rotators, SVD algoritms).

L dz gada beign ir pl nots pabeigt arre | laik strd joSu maketu uz FPGA
b zes.

P tjumu rezultti apkopoti divs publik cij s [5.1] [5.2]. Divas citas publikijas
[5.3] [5.4] ir iesniegtas un gaida publganu nkoSaj gad. Rezultti ir bijusi par
pamatu arvienam promocijas darbam [5.5].

5.1.1.Main research directions

Novel classes of real and complex (unitary) tramafo(1D&2D);

novel parametrical DeRe (like wavelets) filters &2D);

shape resonance;

novel data transmission systems (GONDM);

Matlab/Simulink Toolbox;

tools for automation of VHDL/Verilog code generatiof “angular” devices;

architectures for rotators (rotation cells).

63



Basis Functions,N=8
¢=[30 -30 -30], w=[30 30 -30], y=[30 30 30]

Pre =1 Py =1 Pre :5 Dln.]_:_
.---: 1
i - - - -
Pre = 2 Py =2 L Pre - pIm -
5 — — -]
[ [ & | —— |_|
I H
A= - - -
Pre = 3 Pim 3 Pre = 7 P 7

I:IF{E = pIm ot PHE = . le =&
o —1—1 — ———— | i --r'
_____ | I — |—I i |_ A" — |_
-1
2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
Figure 5.1 Parametrisk s H ra funkcijas ar nulles vid jov rt bu
Vef‘y hfgh 10° THD in Dependence on the Angle of Tuning
. i fthe 4-th CRA-HT BF, N=16 | ..
selectivity \ : R LRI g
n
A ' D
v e |
In the 2" o
generalized case A.,u.s.=°:-1'ﬁ Haai iter— "
=1* 5 ! P
curves are - 'Apulse =1 Asln j ,31':|-|D,r,3¢>1 ;(]ooo %.H;Ieg |
multidimensional! DA TR S S R
s Apulse =100 Asm , ,-00004%' Fsaoé ; l
%30 32 34 36 38 40 42 44 46

Angle (deg)

Figure 5.2 DeReFiltering of single BF “Shape resomae”

64



e 2
- '
@ ) :
_Q_JT p : :
© 1‘-'}-2:'.::'..':::::::::::r'"':""'""::::fl:"'""""""':""""""""';'"""'-
g Sebbabiitieeins th
b Sl 'fil'_'ffi
o e e

| I

0 20 40 60 80
receiver CCRAOT angle, degrees

Figure 5.3 Le isk rezonanse 30° VUR sakaru sistn

T il il

ir 2r 3r
X
)

@

,
¢
yvyYypvy
&
_|
r R
¢l‘
.
I

Yy
Y
@

=
[

*w h 4

{ /
g

K [y U mode] r
Yirvl?

b w ; u; mode]

> [ ————

i

medes

b, {b.=1}
c c 8
= Sl b

o |0

& >
[¢: mode; b, b 2]

C =

-

[bR :a] Angie mapper

Figure 5.4 Generalized Jacobi rotator

5.1.2. Today and in the future: Some directions o  fthe

work
Unified approach to complex fast orthogonal transf(“theory”);
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unified approach to real fast orthogonal transforms

digital signal processing of acoustical signaleégh, biomedical, research of
materials);

parametricalorthogonalfilters;

wavelets and phi-functions;

prototypes of generalized data transmission systékesIEEE 802.11);
implementation of (prototypes of phi-devices)ineGA.

5.1.3. Perspekt vas

Nep rtrauktu signlu rekonstrukcija (visprin t , “rot cijas le ubalstta”
diskretiz cijas teorma);

uz rot cijas le iem balsttal-D signlu kompresija;
uz rot cijas le iem balsttaatt lu (kompresija, filtr cija etc.);

uz VUR balsttu sakaru sistnas.
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6. Elast gas antenas izstaroto sign Iu parametru
nov rt Sana

The results obtained in the period:
Estimation of the antenna capabilities (Section).6.1
Estimation of the shielding capabilities (SectioR)6

6.1. Estimation of the antenna capabilities

6.1.1. Introduction

The object of the research of a topic is a texitéenna for protective clothing.
The antenna is assigned for microwave power tratesnan a frequency 870 MHz in
the ISM band. Remote control monitoring of tempematand voltage is provided by
transmitter.

The most popular antennas, which are used in resgrising are ¥2 monopole,
folded dipole, ceramic antennas. These conventi@ménnas are not effective
enough, in case, when a human body is located énatitenna near zone. The
significant part of output power is absorbed bylibdy. The microstrip patch antenna
resolves this problem. The chapter contains desmnipf the most popular portable
and textile antennas, modern e-textile materiedgisimitter technical data, schematics,
calculation methods that are needed to designngatar patch antenna.

The practical part of the work contains patch anéedesign solutions. The target
of work there is to develop patch antenna desigooraghm, which can be used to
produce textile antennas for clothing and remotesisg. To achieve the goal the
following methods are used: antenna calculationsdeting with HFSS software,
parametric analyzing, optimization, antenna prqietypuilding, S11 measurements,
tuning, antenna test with transmitter and receirgsullts analyzing.

The 2.45 GHz ISM band is very popular for low powsareless communications.
This band has some advantages and disadvantagesdVhntages are a short wave
length (12 cm), small antennas and universalitthefband. The disadvantages are the
spectral pollution of the band and poor propagattmough the buildings. A lot of
wearable textile antennas were designed for thmslbRor example antenna for fire
fighter garments [6.12] [6.13], eight-element etilexantenna array for body-worn
communication and navigation [6.14] and other texéintennas for 2.45 GHz band
[6.15]. A lot of these systems were tested in aoecbhambers and the authors get a
good efficiency of the communication. But in redé Ithis band can be polluted by
high power signals from Wi-Fi, Bluetooth transmisteand microwave ovens. This
results in a sudden decrease of communicationiefity. But it cannot be allowed for
emergency or rescue workers. The alternative wasgiisg the 868 MHz band which
is allowed in Europe. This band is less pollutedl @éhe wave has the better
propagation in towns. The radio-frequency idendificn RFID tags also use this band,
and some flexible antennas are designed for RFIpgses [6.1] [6.2] [6.3]. A
wearable textile antennas for 868 MHz band comnaiiuns in not distributed
widely. We decided to make an antenna for this basithg the new conductive
pigment technology.
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The conductive inks became very popular today. ittely use for ISM band
antennas [6.4] [6.5]. A paper or polymer films aeed as substrate. The inks with
nano-silver particles were used for creation of tdoaductive layer. The Dimatix
DMP 2800 printer usually was used for printing afnductive layer. Also, the
conventional ink-jet printer Epson C90 can be ufedprinting of the conductive
layer [6.3]. A lot of print is needed to achieveogoconductivity. This technology is
more suitable for antennas with thin conductors, deample dipole. But we are
focused on the microstrip patch antenna, becaussedirectional antenna. The ISM
band 868 MHz patch antenna has a large radiatogeouhd. The dimensions of the
radiator are 170x115 mm. The dimensions of the mpigplane are 200x270 mm. It
can be smaller if the substrate has higher dietectinstant of the substrate. The
simple rectangular 868 MHz band patch antenna doeeed a very high precision
and the pigment can be drawn manually without sphgeinter. Textile materials can
be used as antenna substrate. The common useasebdor flexible antennas are a
polyester, cotton, felt, aramid or combinations tbése materials. The dielectric
constant of the materials is 1.3 — 2.0 and losgean0.0004 — 0.04 [6.6] [6.7]. A lot
of measurement methods are available for charaatesn of the dielectric properties.
The most popular is ring resonator [6.2], dielectoaded waveguide cavity method
[6.6], microstrip patch radiator [6.7], matrix-p@ntwo-line method [6.8]. For the
material and patch antenna characterization weaufdl sheet resonance method
which is described in [6.9] [6.10] and standard {P@-650 2.5.5.6. Also this method
is recommended for the tests of materials for dirbwards for example Rogers
RO4000, but it is suited well for any structure @fhforms a planar resonator.

6.1.2. Geometry and materials of the antenna

The rectangular patch antenna was created on thencsubstrate. The thickness
of the cotton is 0.3 mm. The dimensions of the mméeare 170x115 mm. The antenna
matched with 0.25 transformer which width is 1.0 mm. The photo ofesama and
ground plane is demonstrated on the “Fig. 6.1".

o

Figure 6.1 Patch resonator and ground plane
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The antenna is flexible. It can be roll up in piyw#h diameter 15 mm without
deformation or degradation of the conductive laydte conductive layer is quite
strong. The “Fig. 6.2” demonstrates the flexibilitfythe antenna.

Figure 6.2 Rolled antenna

6.1.3. Tests of the antenna

6.1.3.1. Resonance properties

The resonance properties of the antenna were tdsteflill sheet resonance
method. We used the sweep generator X1-43 withuéegy range 0.5 — 1250 MHz.
The amplitude-frequency response (AFR) was obseiMeel “Fig. 6.3” shows the test
circuit. Patch resonator was connected to genetatansing loose electromagnetic
coupling on the corners. The coupling can't infloensignificant to current
distribution of the resonator. The “Fig. 6.4” shotir® test conditions. There were
prepared two tests. The patch resonator with candu@igment was tested first.
After that the patch resonator with aluminum foksmested. The dimensions of the
aluminum patch resonator are the same as of theguigresonator. The substrate of
the aluminum resonator is fiberglass.

tracking generator

A
] WA
output input

¥ ¥

parallel plate resonator

\

N

E_’_ ] Loase Coupling

Corner-to-Corner Transmission

Figure 6.3 Measurements of resonance response oethesonator
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Figure 6.4 Patch resonators. Left — with conductivpigment. Right — with aluminum foil.

The AFR of the both resonators is shown on “Fid.@iflely. The resonator with
conductive pigment has not significant peaks ondisplay. It means that is has low
Q factor or high losses. The same structure with Ffas significant signal
amplification in two frequencies. The resonancediencies are 723 MHz and 992
MHz. The result demonstrates that the resonancedrecies of the patch antenna can
be found simply by using the full sheet resonan@hod. This method gives the
opportunity to compare different materials for thetenna and estimate electrical
loses in the working frequency. The test shows titaluminum foil and fiberglass
structure is more efficient than conductive pignsearid cotton structure.

'IrVIBOP AAf MCC/\FI]OBI«HMH A

Figure 6.5 AFR oh the rectangular patch resonators.
Left — with conductive pigment. Right — with aluminum foil.
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6.1.3.2. Resistance and capacitance of the structur e

The surface resistance of the pigment was measuitbdESCORT ELC-3131D
equipment on two frequencies 120 Hz and 1 kHz. rEselts on both frequencies are
the same. The test results are presented on Tableelresistance is not uniform and
it is not stable enough. The line between poingm& 7 is a 0.25 transformer. It has
too high resistance and the transformation of mgeidance is not expressive enough.
In some papers are described the impact of thetagsie to effectiveness of the
antenna. For example a carbon conductive layemfarostrip patch antenna was
researched in [6.11]. There was described thatdhductivity of the radiator must be

better tharit0’ (S/m), otherwise the effectiveness of the antenitidbe/too low.

Figure 6.6 Resistance measurement points of the amna

Table 1
Resistance between control points
Points 1-6 3-4 2-5 7-8 5-7
R, 4 5 3 4 20

The patch resonator has the capacitive propertieshe low frequencies. The
capacitance of the structure was measured in toderd parameters of the dielectric.
But the results were controversial. The tests egais cannot show the capacitance
value correctly because of high loss tangent.

6.1.4. Measurements of resonance of the textile B i-Quad
antenna
The Bi-Quad directional antenna was produced asigéde This antenna consists
of two loops. The loops are connected in paralléle loops can be rectangular or

circle. The length of elements of the antenna isaétp wave length which is 32 cm.
This antenna is very popular on wireless intermsiaes, Wi-Fi 2.45 GHz.
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The input impedance of the antenna was tested wigih frequency (HF) bridge.
On resonance mode the antenna input resistanagasagtive. The best case is then
antenna input resistance is active and equals to.5Chis is the matched load mode.
When the antenna is in matched mode, then anteaceives all power of the
transmitter. Amplitude of the current in the elensenf the antenna is higher in
matched mode. The higher current generates morenwwelectromagnetic (EM)
field. If the antenna is unmatched (reactive load %0, ) than a part of energy are
reflected from antenna input. The reflected powssoabs in the output stage of the
transmitter, as a result the antenna radiatespl@s®r. The transmitting distance was
reduced due to this absorption. The HF bridge coespthhe impedance of the antenna
with etalon 50, load. If the antenna impedance is,5@han output voltage of the HF
bridge is OV. The predicted resonance frequencg08 — 900 MHz. The textile
antenna doesn’'t have expressed resonance on a@illefrey range. It works like a
resistor. The same antenna on FR4 substrate wesl.tékhe test of FR4 antenna
shows the expressive rising edge on the 820 MHzufrcy. It means that antenna
impedance is active and close t0,50 The results of tests are shown on ,Fig. 6.9”.

Figure 6.7 Test of textile BiQuad with HF bridge

Figure 6.8 Test of FR4 BiQuad with HF bridge

72



Figure 6.9 Comparison of two antennas

6.2. Estimation of the shielding capabilities

6.2.1.Microwave transition and reflection

The transition and reflection coefficients of miseve were measured. The
microwave frequency is 10 GHz. The waveguide netthas used. The test circuit is
demonstrated at “Fig. 6.10”. The photo of test shdWwig. 6.11". Microwaves
propagate in waveguide with dimensions 23x10 cne ad was connected in the
end of the waveguide. The load parameters are kndwa material of the antenna
was located between waveguide output and the lgagt.i The microwave field was
distorted by the antenna material. The amplitude pimase differences of the field
were observed by using the slotted line.

Figure 6.10 Measurements of microwave transition,chematics.
1 - Coaxial to waveguide adaptor, 2 - slotted lineg - investigated material, 4 — reactive load
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Figure 6.11 Measurements of microwave transitionnage.
1 - Coaxial to waveguide adaptor, 2 - slotted lingg - investigated material, 4 — reactive load

Figure 6.12 Measurements of microwave transition.
Comparison of conductive pigment and graphite coarig

The phase and amplitude differences were plottetherSmith charts which are
demonstrated on “Fig. 6.13".
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Figure 6.13 The Smith chart of complex impedance. A textile antenna , B — graphite layer

The complex impedance of the antenna material aasd. The transmission and
reflection properties (S12, S11, S22) can be etd¢dafrom the complex impedance.
The textile antenna material was compared with lytapayer. The surface resistance
of the graphite layer is 500/. . Data are collected in Table 2. The physical m&gni
of these parameters is explained below on “Fig46.$12 — transition of the
microwave through antenna material, S11 — reflectfiathe wave propagates from
metal side to textile side, S22 — reflection if thave propagates from textile to metal

side.

Figure 6.14 Description of the S parameters

Table 2
Transmission and reflection coeficents
[S12] |S11| S22| Absorption
Transmission reflection| reflection 1-(|S12|+|S11))
Pigment 0.20 0.70 0.77 0.10
Graphite 0.46 0.40 0.56 0.14
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6.3. Conclusion

The analysis of the result show, that the resigtariche hand-covered conductive
pigment is too high for using it for antenna oramator. The effect of resonance was
not very expressive, because the surface resistahtliee conductive layer is not
uniform enough. The high frequency (HF) field camicates on places with better
conductivity and distribution of the HF field waistbrted.

The microwave transition test shows that the pigsmere more effective as
shielding material than graphite layer. The pigmagér can be used as grounding of
the static charge in the electronic devices whiek h plastic case. Sometimes an
additional shielding is needed in the electricalides. The conductive pigment layer
can be used for additional microwave absorber.

The resistance of the pigment layer should be rediirc order, to use the pigment
for antenna design. The microstrip patch antenneeiy sensible to resistance and
thickness uniformity. The best way is to use autiien@onductor covering, which is
able provide better uniformity of resistance andkhess. The thicker substrate (1.5 —
5 mm) is needed for patch antenna design. Not mxile can be used for antenna
substrate. For example, a rubber or flexible contpsscan be used as antenna
substrate.
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7. Komunik cijas sist mas prototipa aprob cija
re liem apst kiem pietuvin tos scen rijos, kas
saist ti ar mobilo objektu vietas noteikSanu ar
augstu precizit ti, k ar bezvadu datu apmai u
starp kust giem objektiem un att lin tiem serveriem

7.1. Performance Calculation of Two layer
Communication Vehicular Network

Our goal is to demonstrate the performance of IHREBLg in the mobile
environment. The similar studies estimate the s&aliscenarios of the urban traffic
with the WLAN performance at very low speeds. Thayied the module schemes
and analyzed bandwidth throughput. The obtainedilteesof the research are
important for the multimedia and for the other e applications.

The idea of using IEEE802.11g standard of the aabobl@m scenario is quite
unusual. In our research we try to prove that IEHEE8BLg standard can be much more
accessible and simple in the implementation.

We are interested in the real traffic situation®ider to calculate the maximum
capacity of IEEE802.11g standard.

7.1.1. Distribution of the vehicle in the coverag e area of
the base station

Base station throughput depends on vehicular @lmmber in coverage zone. It
is clear, the large client number reduce base ostatihroughput. Throughput in
vehicular networks is estimated as goodput. In ngts; goodput is the application
level throughput. Base station goodput is varietihwistance between BS and client.

The 200 meters long base station operational pbimedivided into 5 zones, 40
meters each, the third zone being the most adjdoethie base station (Fig.7.1). We
will assume that vehicles enter the operationakzainthe base station, starting at the
speed of zero. Then the velocity increases expaignt

100m 100m

A

&

. T T - T _ T

<

S) 4 3 2

y—

A

Figure 7.1 Vehicle cyclic network
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Besides that the actual speed of data transmigglbbe depend on the number of
objects, which are in the coverage area of theostaSupposing that the average
length of the automobile is 5 meters, and the reogdistance on the road between
automobiles is 5 meters.

Then, in the length of the road of 600 meters tlaximum automobiles that can
fit in are 60 automobiles. The road section of G@ers we divide into 12 subareas in
50 meters, thel m 5. Wherem - length of the distance (50 meters).

For vehicles number investigate a closed netwaomsisting of M independent
nodes with N incoming customer. We assume thap#tameter , according to the

highway speed on the movement on highway is cheniaed by density. Customer
service intensity ; in zonei is related with length of zone and vehicle (custgme

velocity in zone [7.1.1].

If the zone length equa%, and vehicle movement speed equalsthen the
intensity of vehicle service by road interval egual

/S. (7.1)

According to (7.1) the intensity of vehicle servisedepended on from initial
vehicle flow rate into the road interval as frone tthensity of vehicle location on the
road interval.

In fact, to determine how to grow the speed of tlehicle was made an
experiment. Results are presented in Fig. 7.2.
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Figure 7.2 Speed of vehicle
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The speed of movement of vehicles on the highwaysharacterized by the
density of placement of vehicles on the road sactieor the calculation of the
average speed of automobiles on the certain raawsehere is an expression:

(7.2)
1K
Ke

Where, k. - is the maximum allowable flux density, - the speed of the free
movement of the flow (the maximum allowable) Fig2, k& - the number of vehicles.

The speed grow can be depending on the vehiclaitmdhparameters. Vehicle
speeds in the various zones are presented in Tdhle

Table 7.1 The vehicle speed.

Zone number 1 2 3 4 5
Distance (m) 40 80 120 160 200
Velocity 38 49 59 67 74

. (km/h)
Intensity . 0.264 0.34 0.41 0.465 0.514

For presented closed querying model out coming seamgable have been
involved in model. First of all variablg (i=1,M) are needed.

% is estimated by the system of equations([4]:

X; iMl i X Py - (7:3)
From nature of model we may calculate tHat 1 and the next step is calculated

as follows:

(7.4)

Using Buzen’s matrix is developed for closed netamalysis, as shown in Table
7.2.
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Table 7. 2 Buzen’s matrix.

No. 1 2 3 4 5
0 1 1 1 1 1
9 1 4111 10.63 22535  42.284
10 1 4.19 11.038 23.835 45.569
19 1 4.443 12377 28432  57.991
20 1 4.447 12.414 28.562 58.370
Probability thai — zone is occupied:
G(N 1) (7.5)

i X G(N)

Where G(N) — normalizing constant, resulted fromuadizing to one all probabilities
of system states. Naturally, there are no limitatidor the number of vehicles
(queries) in the i-th interval.

Average number of queries (vehicles) in i-th ingdras shown in Table 7.3:

M K G(N k) 7.6
E n K 1( i) G(N) ( )

Table 7.3 Average number of queries.

Vehicle (N) Zone 1 Zone2 Zone3d Zone4 Zoneb5
10 5.81 1.03 0.92 0.76 0.69
20 15.69 1.65 1.04 0.85 0.76

7.1.2. Two Layer Vehicular Network

The physical sphere for the transmission is theless network. At the first stage
the data is transmitted from the mobile objecthte hearest Access Point along the
protocol IEEE 802.11 g. However, the distance ftbm AP object should not exceed
200 meters. Further from the AP the data are trdtesirto the remote base station on
the protocol IEEE 802.16 (WiMax). This variant pides the data transmission at the
distance up to the several kilometers. Thus, thjecblof the research represents the
two-level system of the wireless networks. Thiseabjcan be represented by the two-
level network model, as it is shown in Fig. 7.3.lINmode stimulates the data

transmission from a movable object with the intgnesf the data transmission.
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Figure 7.3 Two layers vehicular network model

The second node stimulates the AP wireless netwaokiding the data reception
and transmission from the mobile objects of thd natle. The intensity of the data

processing is equal ta.

7.7)

Where | - is the data — transmission rate in the wirelestsvork IEEE 802.11g
depending on the distance to the base stationskmisn in the Fig. 7.3 [7.1.2].

Depending from the vehicle's proximity to baseistatlata processing rate and
data processing intensity in base station will iffeiént. For file transfer the common

packet length is 1500 bytes. Then we will estinfzdse stations goodput, by the
chart at Fig.7.4.
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Figure 7.4 Goodput in wireless network with one roter depending on distance for IEEE 802.11g

In its turn AP connects with the remote base stasitong the wireless network
with the IEEE 802.16 standard. The intensity of da¢a transmission of the second

node is to be taken to be equal to

The route of the data transmission keeps the titack the null node to the first
node and then to the second, if the file trangezansidered from the car to the BS.
From the BS is transmitted the ACK confirmationstba packet’'s transmission. In
this case the average time for the transmissiohbeilvarying: more time is spent on

the transmission of the data packets, which we wead (). The ACK transmission

takes less time denotes it&&). Then the average time of the data processitigein
first node will be:

Et,) E@t) E(t,)/2. (7.8)

If on the top of each transmitted packet we recémeeACK confirmations. In this
case the intensity of the processing in the ficstenwill be:
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. E(®). (7.9)

The model participates in the parameter N detemginihe number of data
transmission initiators, which compete for the tese sharing of the 1 and 2 nodes.
In our case this is the number of automobiles & A® coverage area. Then three-
node and two-level model of the goodput can beeasgad by the (7.17) formula. In
this formula the parameters X; and X determine by the value from (7.10). The
valuation problem of the goodput provided by thedelaconsists of the determination
of the value N — the number of cars in the AP cagerarea. Moreover, in the
wireless network standard IEEE 802.11g the speedhtd transmission depends on
the remoteness of the vehicles from AP.

The terminal count in each vehicular wireless nekws usually high.
Bandwidth equation for a two layer network:

(7.10)
X, —2—; X, aX;a —1P,.
1P10 2
The intensity of the ,:
, 1/t. (7.12)
t o1, /V,. (7.12)

p

Wherevf - effective data transfer rate for the IEEE 802.péetocol. For the data
transmission between the Access Point and the $tasen is used IEEE 802.16e

protocol, this protocol will have the peak trangstate V, = 50Mbps.

The packet length will be 150wmytes, but the actual speed is determined in the
following way:

V, V. /2. (7.13)

Starting point for the calculation is the normaigifunction G(N), that is chosen
from the principle of the sum of probabilities bgione. P("o:M:M2) where™ in

vector " ™M s the inquiry count il th node. The resulting equation for

G(N) calculation looks like this:
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n. . 0/ 3 n (714)
G(N) X, n ﬁnl,nz,nsl‘ n,

Where N - number of vehicles.
The function of the studied two layer vehiculanmatk looks like this:

1N _ (7.15)
GIN) — X/1 alt.
1 a !
i o

Goodput( of the two layered network is defined as the coohtprocessed
inquiries in a unit of time. The finished task istpout trough the subsystem of
input/output, and instantly trough it a new taskldaded. Probability of a lack of
inquiries in i-th node:

pn 0 G(N) X,G(N 1) /G(N). (7.16)

We get the result of:
( Po.@ pn 0). (7.17)

From equation (7.17) we can calculgtefor each segment. On the network

performance influences the probability of transmissof the confirmation ACK, as
increases ACK, increases the number of packagesnaetime.

If the probability will be P;=0.999 R,=0.001 then the goodput with N=10 and
N=20 will be (Fig.7.5):

Figure 7.5 Goodput for a Two layer Network model wih P,=0.999 R,=0.001
for IEEE 802.11g and IEEE 802.16e
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Goodput with the probability /8=0.99 R,=0.01 for N=10 and N=20 will be
(Fig.7.6):

Figure 7.6 Goodput for a Two layer Network model wih P;=0.99 R,=0.01
for IEEE 802.11g and IEEE 802.16e

As a result the goodput of the base station is ectea both with the traffic
parameters of the moving and data transmissiorufesitbase station — transport
vehicle. [7.1.3]

7.1.3. Opnet Simulation of Two Layer Network Mode |

OPNET is a research oriented network simulation toat directly uses real-life
applications and protocol stack to generate hidékfy simulation results. Figure 7.7
shows two layer network model with WiFi and WIMAX:

Figure 7.7Snapshot of IEEE 802.11g and IEEE 802.16e scenario

We used OPNET Modeler 15.0 to simulate IEEE.BD2and IEEE 802.16e.
OPNET provides high-fidelity modeling, simulatiomnd analysis of wireless
networks such as interference, transmitter/rececraracteristics, including MAC,
routing, higher layer protocols, and applicatiofg.1.2]. Goodput for a simple
scenario with one access point (Wifi) and one wiattksn, present in Figure 7.8.
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Figure 7.8 Goodput for Aplication

Figure 7.8 shows that for different network trafftorresponds own goodput.
Opnet has the ability to incorporate node mobdityl interconnect wire line vehicular
networks. The following Table 7.4 will resumes tiegwork setting for our scenario:

Table 7.4Network setting for Opnet

. Work
Base station :
Parameter (WiMax) station
(Wifi)
An_tenna 15dB 1dB
gain
Transmeted 38W 0.5W
power
PHU Wireless Wireless
rofile OFDMA OFDMA
P 20MHz 20MHz

OPNET modeler can give us the result as graphs farrelation between the
studied metric and simulation times or other etfdctactor like number of users.
HTTP is the foundation of data communication foe #World Wide Web (WWW).
Figure 7.9 shows the HTTP traffic sent by the serve
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Figure 7.9 HTTP traffic sent by the server

File Transfer Protocol (FTP) is designed for trenshg files and offers faster
overall throughput. In Figure 7.10 we present ageraTP traffic sent by the server:

Figure 7.10 FTP traffic sent by the server
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On average throughput increases approximatelyenstime order as the number
of users increase. The WLAN throughput is showRigure 7. 11.

Figure 7.11 Throughput for 2, 4, and 8 WLAN users

In this work we have simulated many different scesawith one AP and one
work station; two layer network model with IEEE 802 and IEEE 802.16e. From
the simulation result, WiFi access points were cara@ and the delay in WiFi router
was higher than the delay in the WIMAX base statferom this scenario we see that
Goodput in access point and base station depepndehe amount of traffic [7.1.4].

7.1.4. Experimental estimation of vehicular netwo  rk

7.1.4.1. Experimental Estimation of IEEE802.11n for
Short Range Vehicular Network

The estimation was made by the means of IxChaoitivare. The main feature is
the fact of speed measurement of the data tranemidepending on the remoteness
of the mobile object from the base station andnitaving speed. The base stations are
connected with the primary station, using WDS (Wése Distribution System)
connection Figure 7.12.
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Figure 7.12 Measurement setup using IEEE 802.11n dees

Data transfer rate as a function of location of thebile object, during its
movement at speeds of 20km/h is shown in Fig.7DE8a transfer rate as a function
of location of the mobile object, during its movearhat speeds of 40km/h is shown in
Fig.7.14. Data transfer rate as a function of llecabf the mobile object, during its
movement at speeds of 60km/h is shown in Fig. DkEda transfer rate as a function

of location of the mobile object, during its movarhat speeds of 100km/h is shown
in Fig.7.16.

Figure 7.13 Data transfer rate as a function of loation of the mobile object,
during its movement at speeds of 20km/h

Figure 7.14 Data transfer rate as a function of loation of the mobile object,
during its movement at speeds of 40km/h
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Figure 7.15 Data transfer rate as a function of loation of the mobile object,
during its movement at speeds of 60km/h

Figure 7.16 Data transfer rate as a function of loation of the mobile object,
during its movement at speeds of 100km/h

7.1.4.2. Experimental Estimation of IEEE802.11n and
3G for Two-stage Network

The results from previous studies, presented i dhticle, were continued in the
direction of the creation of the analytical modet performance assessment of not
only the mobile unit - Access point, but also fertHrom the Access point to the
remote server.

The adequate model in this case can be a closedorietmodel of queuing
systems, consisting of two nodes. The experimemt& place in Rumbula, Riga,
research polygon (Fig. 7.17).

The initial node simulates terminals of the mohifets; it is directly connected to
AP models with the controller and the router thahreects AP to a remote server,
which simulates the third node of the network model

In order to determine the model parameters, sut¢heamtensity of the processing
in the nodes and probability of transitions, itniscessary to evaluate the physical
parameters of the prototype. In order to creaté suprototype, the Cisco equipment
has been used.

This prototype presents a “test-bed” for the stoflyhe dependence of goodput
on the speed of the car. While the measuremenhefeffective data transfer rate
covers not only the first range of the system “ntohinit — AP”, but also the data
transfer channels from AP to a remote server olifes.
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Figure 7.17 Rumbula, Riga, research polygon

It is obvious that the goodput will be largely degent on the data transfer rate
from AP to the server, i.e. from the data transfearacteristics. For such studies the
router CISCO C819 M2M with two output channels leen used. One channel
provides data transfer in GPRS mode. The seconanehabeing characterized by a
high data transfer rate, uses LTE mode — the mbdleeonext generation of mobile
communications. Scheme “test-bed” is presentedwb@tagure 7.18):

Figure 7.18 Two range network model
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The first study showed that the data transfer medg differ significantly from the
data, which were obtained earlier and are covetimg first range of the system
“mobile unit - AP”. This can be explained by thetfaf the delay in the second range
of the network to the server. As expected, goothasta higher value at the transfer to
the LTE channel.

The results of goodput are presented in severghgra
1. 3G goodput at the steady mode is shown in Fig.7.19.

2. Two stage goodput with 3G and 802.11n at speed®kim/h is shown in Fig.
7.20.

3. Two stage goodput with 3G and 802.11n at speed®ki/h is shown in Fig.
7.21.

4. Two stage goodput with 3G and 802.11n at speed®kih/h is shown in Fig.7.22.

Figure 7.19 3G goodput at the steady mode

Figure 7.20 Two stage goodput with 3G and 802.111 speeds of 20km/h

Figure 7.21 Two stage goodput with 3G and 802.111 speeds of 40km/h
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Figure 7.22 Two stage goodput with 3G and 802.111 speeds of 70km/h

7.1.4.3. Experimental Estimation of IEEE802.11n and
4G for Two-stage Network

This experiment was carried out due to the growdeghand for the Internet and
its services. Information base is being used tovide good services, the latest
wireless networks and corresponding standards tdicaied short-range
communications. Considering this part, the wirelegse stations can be set up along
the priority roads, which will provide communicatido the vehicles independently
from the network infrastructure.

At the setting up of wireless network, the certpioblems occurred with for
moving objects, which are required to be solvedthsy manufacturers. One of the
problems is the amount of vehicles on priority madrespect to the amount of base
stations along the priority roads. The certain pobis significant as the certain
amount of the customers is located in the covemfgéhe base station with the
recommended data transmission speed, which is dcdigpodput”. The data
transmission speed depends on the traffic intendite second problem is the
presence of the neighbouring wireless networks.

The main task in this experiment is the approxindd&a transmission speed in
accordance with the distance to the base stat®owed as the second task should be
resolved, when the Internet speed should be firedccordance with the N moving
objects, which are located in the coverage of theless network base station.

In order to carry out such study, the program Gitashould be used. Over the
FTP protocol the file is being sent via base stetivom the computer to the remote
server moving along the base station. FTP protexdleing used to transfer large
amounts of data. During the experiment, the actpakd Goodput will be measured
(the recommended data transmission speed) in thgrgn over ftp protocol in order
to determine the data transmission speed at tredisgfethe certain vehicle.

This graph in Fig. 7.23 shows theoretical paransedéthe applied access point in
our experiment. Each access point has the tramgjectoverage distance up to 100m
radius from the device.

There are mathematical formulas to calculate theusthof packet transfer per
second, as well as the possibility of obtain theves which will show the optimal
speed for the moving object in order to receiveenmmackages.

The very first experiment was carried out with thee of access point in each
direction at the distance of 60 meters from thetradler in accordance with the
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principle as shown in the scheme. This means Heaatcess points are located at the
distance of 120 m from one another, we use 3 aqu@ass and the client was moving
with a speed of 30 km/h. It should be mentioned thase experiments have no
authority controllers. Throughput - permeabilitydaBlapsed time are denoting the
experimental measurement time. Mbps - Mbit/s (Fegu23).

Figure 7.23 Throughput graph at the client travel peed of 30 km/h along the access points

After studying of the graph we can see that theirsetspeed is a bit lower than
expected but this reflects the real internet speethe server. In accordance with
IxChariot program indexes, the average interne¢d@tained only 5,909 Mbit/s., by
using LTE (4G) network the speed should be gre#tdhis experiment the maximum
internet speed was 12.121 Mbit/s. while the minimwate was 0.311 Mbit/s. The
lowest speed is explained by the fact that at tiha# was switching from one access
point to another, so for a short time the datasimaesion speed is reduced. Response
time from the device, seconds and Elapsed time damoting the experimental
measurement time (Figure 7.24).

Figure 7.24 Response time graph at the client tralspeed of 30 km/h along the access points

Upon comparing of this graph and the previous gramghcan see association that
the response time of the client depends on thedspe¢hat moment or the action.
When the client switches from one access pointntmther with a very low Internet
covering, he moves for several meters with almosnternet.

The average response time for this attempt wass0sg&8onds, while a very good
index is the minimum response time of 0.066 secam®5 ms. Response time graph
shows that at this time much less data packagebang transferred than with the
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lower response time. So, within 51.398 seconds@@BMO bytes were transferred or
382 transmissions took places. This means that simgle transmission included
100.000 bytes or 0.1 MB and in total 38.2 MB weeats which is generally a good
index during the transmission of information.

The next experiment was carried out at the spe&aDdm/h, traveling down the
road along the access points.

But now we used only two access points to see ggbcat the switching moment.
The distance between the access points is 120 sr€ligure 7.25 and Figure 7.26).

Figure 7.25 Throughput graph for the client at thetravel speed of 50 km/h along the access points

Figure 7.26 Throughput graph for the client at thetravel speed of 90 km/h along the access points

Having investigated the graph, we can see thatctdmmection is not lost even
during the switchover, as the minimal Internet spee0.132 Mbit/s. The average
speed for this experiment made only 4.412 Mbitrg] the maximum internet speed
made 11.268 Mbit/s, which is quite a good speedHervehicle. While making this
measurement, 188 transmissions of 100000 bytes ptexde. The total transferred
data amount reached 18.8 MB only at the distanc246f meters, which is a very
good index (Figure 7.27).
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Figure 7.27 4G LTE goodput at the steady mode

7.1.5. Conclusion

From the made models can be seen that the perfearafrthe wireless network
depends on the number of customers as well as etrahsmission type of traffic
(HTTP or FTP).In the given piece of work was depeld the model for defining the
real speed of the data transmission depending®number N of the moving objects
which were in the coverage area of the base statidhe wireless network. On the
basis of this piece of work the real speed of theadransmission will depend on the
number of the objects interacting with the baséiataand their remoteness from it.
On the basis of the experimental data were devdldpe mathematical model, the
connecting number of vehicle and data transmisseature. In this paper were
developed the model to determine the actual spéddta transmission depending on
the number of mobile objects which are in the cagerarea of the base station of the
wireless network. In fact, we have derived prattiaaalytical models for the
distribution of the number of packets that a vehichn download from a two layer
network system with access point and base stattonan be concluded that the
performance of a base station depends on the nuafbashicle and speed. For our
calculations we assumed that the rate increasesergally.

7.2. Multiple Frequencies Precise GNSS RTK System
Research in Dynamic Mode

The rapid motor transport development, in termbaih quality and quantity, has
generated quite a few problems in the sphere af tadfic safety. Modernization of
the existing road infrastructure and creation of is¢ate-of-the-art systems, especially
in communication, are aimed at reducing the nunolbeoad traffic accidents. [7.2.1].
Given results work presents the possibilities te WBNSS system with phase
measurements and real time data correction to ledtdbcation of dynamic objects.
Test was done by using specially equipped vehiglech was equipped with high-
precision two systems (GPS and GLONASS) phase negecon GRS-1 and a real-
time correction system, which used GSM GPRS datsster format [7.2.2].
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7.2.1. Devices used in the research

Structure of the used satellite system devicesepted in Fig.7.28. Receiver
antenna W1 was installed on the roof of vehicla. ¢amtrol purposes, in the car was
installed a simple satellite signal receiver HoBI-353 with a proven ability to work
at high speeds of movement, but with the lower emu

Correction stations are part of EUPOS-Riga systeomsisting of five stations
near Riga. In some researches also were used LATd®@&ction stations, covering
all Latvia territory. For research without satellgystem, there were also two types of
inertial sensors installed, to autonomously deteerthe movement of the vehicle in
restricted satellite visibility conditions.

Figure 7.28 Structure of satellite system devices

One of the inertial sensors was MEMS acceleratarssr STEVAL-MKI024V1,
another - acceleration and position sensor Xsens®IWith built in receiver without
correction (Fig. 7.29). Inertial sensors were pthoa the roof of the vehicle, next to
the satellite receiver antenna, but the sensorubidignals were transmitted to the
recorder hardware, that was in the car.

Figure 7.29 Installation of devices
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7.2.2. TOPCON GRS-1 GNSS Receiver Testing in
Dynamic Mode

The testing results of TOPCON GRS-1 gave us goedigipn evaluation in static
mode. The first experiment purpose was to deterrtheeinfluence of environment
(trees and buildings on either side of the roaddhennumber of satellites available for
GRS-1 device and the respective precision errdrs.piath that contains different type
of environment on either side of the road (trees lanldings) was chosen (Fig.7.30).

Figure 7.30 The first experiment trajectory on theGoogle aerial map

After traveling the chosen path the navigation daban GRS-1 was processed
and marked on the map. Fig.7.31 illustrates the Rtfi& is accuracy) dependence on
the number of satellites available for every meadynosition along the path.

Figure 7.31 RMS dependence on the number of the gdlites

TopSURYV software provides several types of the tmosicalculation methods:
fixed — positions are computed by RTK engine, tagier phase measurements from
a base station and receiver. Integer ambiguitiesfiaed; autonomous — differential
corrections are not available; float - integer agulties are not fixed.

The purpose of next experiment was to test GRS:diver at different velocities.
The problem was to find a simple way to calculakegity of the vehicle based on the
data provided by GRS-1 receiver. It was impossiioleobtain the velocity data
directly from the receiver

During the experiment, measurements were carriéfoowertain vehicle velocity
parameters. Vehicle begins moving with accelerati@aching top velocity — 40
kilometers per hour. Vehicle moves at the top vigfpand then begins to slow down.
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The route for the experiment was selected at traagsit stretch of the road. Using
GRS-1 in static mode the road has been markedarptvints: “start” and “finish”. By
GRS-1 calculation, the distance between these twntpis 182.3728 meters (Fig.
7.32).

Figure 7.32 Orthophoto of the road

The vehicle moves specified distance at the givaooity parameters, while the
GRS-1 measures position every second. As a regalhave obtained the samples of
coordinates along the entire route with an inteofalne second.

Unfortunately, GRS-1 does not support the calooiatf the object’s velocity; it
measures only coordinates of the position alongdoge. But GRS-1 has the ability
to export the location data in meters (X — for khiegitude and Y — for the latitude).
Getting X and Y for each point of the route in metand knowing the time intervals
between measurements, we can easily calculateeloeity values for each point of
the route draw a complete velocity graph.

We use simple relation in among the sides of at+dglyled triangle to calculate
distance between two points of the way (7.18).

D, J(X;» X)? (Y, Y)?,  (7.18)

where D is the distance between two points, at the begmit will be the first
measured point (%,Yi.1) and the second measured pointY¥. xi.1 and X are the
corresponding values of longitude in meters offits¢ and the second measured point,
and Y., and Y are the values of latitude in meters of the fisid the second
measured point, accordingly.

We know that the distance between two points igeted in one second time
interval; therefore we can calculate velocity fmery point of the route and then
convert values to kilometers per hour accordin(/tt9).

D.
VvV, —=) 360 7.19
| 1obo) 3600 (7.19)

where V[ is a velocity at the ()XY;) point of the route.

We can calculate directions for the start and finmints and for every point
along the route by using the point’s values in met&Ve use (7.20) to calculate
direction.

X. X.
*  arctg(—+—1-
i a( VY, ) (7.20)

il i
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Fig.7.33 shows the results of velocity calculatipnusing the algorithm described
above. The graph shows the typical velocity inceesbken the vehicle begins to move,
then velocity remains relatively constant for sainee interval, and then it decreases.

Fig.7.34 shows the comparison of “point to pointedtion related to the straight-
way route “start to finish” direction. "Start tanfsh" direction is 317.0687° relative to
the north and marked with solid line. "Point to mbidirection is also relative to the
north and is marked with dashed line.
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Figure 7.33 Vehicle velocity reaching 40km/h
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For next experiment route with a much straighttstres of road was chosen in
order to reach speed up to 100 km/h (Fig.7.35).

Figure 7.35 Route of the experiment

Experiment results at maximum speed are presentEit)i7.36.

Figure 7.36 Velocity determination with satellite gstems devices, V100km/h

As can be seen from presented results, at maximueeds measurements of
mobile object location obtained with phase metet egal-time correction (Topcon
GRS-1) was very similar, if compared with high dyne receiver BU-353rd position
measurements. In order to compare the correctatioss networks EUPOS-Riga and
LatPos, measurements by using these networks \aefred out. Results are presented
in Fig. 7.37 and 7.38.

The results show the possibility of position measuardynamic mode, using both
real-time correction systems.
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Figure 7.37 Changes in travelled distance using caction from EUPOS-Riga

Figure 7.38 Changes in travelled distance using caction from LATPOS system

If from previous figures looks like precise syst€RRS-1 and non precise system
works similar, then now let's take a look at moetailed systems research results
(Fig.7.39 and 7.40).

Figure 7.39 Comparison of satellite systems with ahwithout RTK - GRS-1 measurements
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Figure 7.40 Comparison of satellite systems with ahwithout RTK -
Xsens built in GPS receiver measurements without c@ction

As we can see from shown measurements resultse phaasurements with RTK
have much higher accuracy and there is no variationeasurements, as for receivers
without correction.

7.2.3. Research of complex system

Location determination experiments with high-premissatellite systems in dynamic
mode, even using all available GPS and GLONAS Sesystatellites showed, that in
both urban and rural forest massifs are possibkuptions of satellite signal
reception. To avoid position measurement loss,rimecuduring the capture of satellite
signals, inertial acceleration sensors were usedafgdomotive sharp lines: x -
longitudinal, y - lateral direction.

At the beginning, when satellite device GRS-1 pidesi positioning, received
measurements are used to calculate longitudinal@@tion (x axis) and lateral (y
axis) acceleration values. Calculated accelerasamsed to evaluate inertial sensors
acceleration bias:

a, a, ag (7.21)

a, a, a, (7.22

where ax and @, - acceleration bias in the respective x and y lacometer axes,,a
and g - inertial acceleration meter values in the reipecaxes, & and g —
acceleration in the respective axes, calculateu Satellite device data.

It is important to note, that acceleration biad widt be constant thought the trip, but
will fluctuate, respective the accelerometer daiise and error values, mainly caused
by vehicle vibration and tilting during the tripoSve made conclusion, that it is
necessary for obtained acceleration bias valueapfay filtering algorithms. The
simplest filter model was selected for this purpdse - pass filter, which can be
described by the following equation:

1
v e %) (729

%o Xa L

where Xz - filter output value in the current time mome)r(ft',1 - filter output value

in the previous time momenk - filtration coefficient, e - filter input value, in our
case, acceleration value in the current time moment

In the case, if navigation signal is lost during thip, processing algorithm will use
accelerometer measurement results to determinatgéggoand movement parameters,
by using obtained filtered acceleration bias vaioe accelerometer measurements
correction. For navigation data obtained during éix@eriment were simulated 20-
second interval, when navigation data were not labi and the position was
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determined by using only accelerometer data. Residtained without filtering are
shown in Fig.7.41.

Figure 7.41 Straight line movement without filtration

with A green arrows are marked vehicle movement andiposiivhen navigation
signal was available. With red arrows are marked vehicle movement and paositio
for section, when we simulate navigation signat,laad parameters were obtained by
using only inertial sensor measurements. W:thyellow arrows are marked
determined vehicle movement and position, in c#fseavigation signal lost isn't
simulated.

Results obtained by using acceleration bias fiirafor the same road section are
shown in Fig.7.42. As can be seen in this casepltain accurate trajectory without
using satellite measurements.
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Figure 7.42 Position determination by using inertihsensors data with bias filtration

For acceleration filtration also can be used vadgiabindow method or Kalman.
Variable window method can be described by thevalhg equation:

n
Xavg E % (7.24)
ink
wherexayg - filter output valuek - window lengthn - count of input valuesg- filter
input value.

Let's look at the experiment results acquired bipgislata processing with window
method. As we can see from Fig.7.43, filtrationhwdptimal window length (20
cycles) give results very similar to those desatibbove. And it can be concluded,
that in principle, we can acquire same results wifferent processing methods, but
in autonomous mode error is most affected by matioevenness.

Accelerometer results are good enough to determimatsition and movement
parameters of vehicle when moving in straight dicec But in case when complex
movement is made, previously acquired bias value change and calculated
movement trajectory can be different than actuathat shown in Fig.7.44.
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Figure 7.43 Filtration with optimal window length (20 cycles)

Figure 7.44 Trajectory by accelerometer in complexnovement, filtration
with optimal window length (70 cycles)
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To improve determination of vehicle movement trajeg, instead of accelerometer
can be used gyroscope. Gyroscope measure diredt@mmge and are more stable in
specific axis against vibrations. Some bias sl affect the measurement, but it is
possible to compensate it with the mentioned filigtechniques. Example of result is
shown in Fig.7.45.

Figure 7.45 Trajectory by Gyroscope in complex mowaent, filtration
with optimal window length (70 cycles)

7.2.4. Conclusions

Results of our experiments for TOPCON GRS-1 shbat GRS-1 receiver has much
higher accuracy parameters than other GPS receivdre accuracy of GRS-1
receiver is affected by the road environment aredrtbmber of active satellites in
spite of the corrections provided by the base @tatGRS-1 can be used for the
different velocities, and it is possible to tesstteceiver in dynamic mode, which will
be our future GRS-1 testing aim. Position paransetan be estimated by using the
accelerometer offset filtering, when satellite sigrs temporarily unavailable. High-
precision phase system satellite receivers withtneee data correction can be used
for dynamic object location and motion parameteggednination up to speed 100 -
110 km/h. To ensure uninterrupted determinationmobile object location in poor
visibility conditions, it's required to use addia inertial sensors and simplest
complex signal processing with a data comparisah fdtration. Complex system
with high precision phase satellite receiver madgland experimental results show
that straight road section error is less than 2.800 s after satellite signal is lost.
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7.3. Appraisal of Feasibility of Using Vehicle-to-V  ehicle
Communications for Safe Passage of Unsignalled Road
Intersection under Varying Conditions

The rapid motor transport development, in termdath quality and quantity, has
generated quite a few problems in the sphere af tfic safety. Modernization of
the existing road infrastructure and creation ofwnstate-of-the- art systems,
especially in communication, are aimed at redudihg number of road traffic
accidents [7.2.1].

7.3.1. Algorithm application feasibility

One of the prerequisites of passing an intersedadaly is the presence of only one
vehicle at the intersection. So, on receipt of asgae collision warning signal, the
driver must be able to bring his car to a halt beforossing the traffic lanes.
Assuming proper operation of the brakes on the clehithe minimum stopping
distance for a vehicle is determined by the eflectioefficient of friction between the
tires and the road, the driver's reaction time ibraking situation and the brake
system’s reaction time. The friction force of tlwad must reduce vehicle’s speed to
zero as shown in Fig. 7.46.

Figure 7.46 Vehicle stopping distance

In order to stop a car, the kinetic energy mustdakeiced to zero or the kinetic energy
must equal the energy given by the friction forseslhown in (7.25):

(7.25)

here k- frictionforce; m -vehicle’anass;
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Vo-vehicle’sinitial speed; d -stoppingdistance;
g .8m/s?; - coefficient of friction between the tires ath road.

For calculating minimum stopping distance, a vati®.8 is a nominal value for the
coefficient of static friction between good tiresdaa good road surface. Almost
always, coefficients of kinetic friction are less)d are dramatically less for wet, icy,
slick, sandy, dirty very smooth or oily surfaceiscdn be 0.7 or 0.6 for a vehicle with
normally driven and worn tires. Poor condition siraight yield 0.5 or 0.4 for a closer
representation of friction.

Therefore, the distance covered by a transportcled standstill may be expressed
as (7.26):

(7.26)

where § - driver's  reaction time;

tor — braking system’s

The Graphs in Fig. 7.47 show the distance covesed tehicle to a full halt versus

the initial speed of the vehicle for various valeésoefficient of friction between the

tire tread and the road surface. For this purptieeaverage time of driver’s reaction
to the brake actuation is assumed to be 1.2 sechanbraking system’s reaction time
—0.2 sec.

Figure 7.47 Stopping distance/initial speed relatizship for different values

110



It is obvious, that within the boundaries of a plaped area, given the maximum

allowed speed of 50 km/h, the minimum distance ceddy a vehicle to a standstill

under the worst conditions will be 44 m. Outside Houndaries of populated areas,
given the maximum allowed speed of 90 km/h, theesaid parameter will increase
to 114 m.

7.3.2. Vehicle equipment configuration

Two motor cars were used for test purposes; eatieaf was equipped with a system,
whose structural scheme is given in Fig. 7.48.

Figure 7.48 Structural flowchart of vehicle onboardequipment

A GPS receiver GARMIN GPS-25LVC with an output metNMEA 0183 format
provides the system with information about the entriocation, heading and speed of
the car.

A 5.8 GHz DSRC transceiver shown in Fig. 7.49, dase a ML5805 microchip,
enables the exchange of the obtained informatiah another transport vehicle.

Figure 7.49 Onboard 5.8 GHz equipment
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The device has an omnidirectional, rooftop-mourdatenna as shown in Fig. 7.50.
To exclude cable losses, the antenna must be ctathdicectly to the high-frequency
part of the transceiver.

Figure 7.50 Car with onboard equipment

As a result, the transmission via a low bit ratet pd a microcontroller to PC contains
a time marker and information about the positigggesl and heading angle of the two
tested vehicles. Coordinates conversion and matheamhamplementation of the
algorithm of possible collision warning at an irstection are performed by a personal
computer (PC).

7.3.3. Tests results

The performed tests resulted in determination ef tieximum possible ranges of
reliable-service distances for various terrainsicwitonfirms the feasibility of the use
of the given algorithm for safe passage of a roéersection.

Test drives were held in an urban territory witmieas types of buildings. Test drive
Nr. 1 was conducted within line-of- sight betweée transmitter and the receiver
without any obstacles on the radio signal path.

The results of Test drives 2 and 3 demonstrat@dssibility of V2V communication
in the area with two-three-storey buildings arotimelroad intersection and with a low
development density of the area as shown in Fig.7.5
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Figure 7.51 Road intersection with low-rise urban suctures

Test drives 4 and 5 were conducted in the areautti-storey buildings with extreme
development density as shown in Fig.7.52.

During the test drive, one of the tested vehicless wn static position at various
distances to a road intersection, while the secoad was moving towards the
intersection by crossing course.

Figure 7.52 Road intersection with multi-storied uban structures

The data obtained as a result of the performed testshown in Table 7.5:
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Table 7.5Tests results

Where d1 is the distance between the first (static)or vehicle and the intersection,
d2 — maximum distance between the second vehicle the intersection, at the
moment of receipt of the first data set, D — reakimum radio range as shown in Fig.
7.53.

The g parameter estimates the ratio of the cogreetieived data sets number to the
total number of data sets transmitted during tharoanications period. The number
of data sets transmitted during the communicatpersod is determined using time
markers and the known transmission periodicity f The validity of the received
data set is confirmed by a checksum.

Figure 7.53 Scheme of road intersection
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In conditions of direct visibility (test Nr.1) — abnce of any constructions — the
maximum distance between cars enabling informagiochange is 495 m, which is
equivalent to the distance of about 350 m to thersection. In the given case,
therefore, the use of the vehicle-to-vehicle comitations system for safe crossroad
passing will be possible even at the speed of 9 kne. outside populated areas.

In conditions of low-rise urban structures (up tost®reys high), the maximum
possible operable distance of the system is sggmfly lower, as shown in Table 1,
tests Nr. 2 and Nr.3. That can be explained bydifferent conditions of radio-wave
propagation, re-reflection and the low altituddaufation of the transceiver antenna.

Nevertheless, the maximum distance from an intémecenabling information
exchange is in the range of 80-180 m, which sigaiftly exceeds the established
criterion for an urban environment, i.e. 44 m.

In such a case, the number of correctly receiveéd packets falls within the range of
87-93%, which, in view of the slow response of thetor vehicle, does not affect the
system operability.

The worst conditions for application of the givenndk of vehicle-to-vehicle
communications are observed in urban areas withi4storied structures as shown in
Table 1, tests Nr. 4 and Nr. 5.

In such cases, sustained exchange of informatiamlig possible at 15-25 m to the
intersection, which is insufficient according t@tbhosen speed criterion of 50 km/h.
It is obviously impossible to apply the algorithor safety passing of an intersection
under the said conditions on the basis of vehigleehicle communications alone.

The accomplished tests have shown that the presdrmeldings and other obstacles
significantly reduces the V2V communication ratecomparison with the estimated
rate for free space.

When comparing the test drive results with the edaid criteria, it becomes evident
that the use of the proposed algorithm for safesgges of an unsignalled intersection
is feasible under the conditions of line-of-sightldow-storey development.

In conditions of multi-storey urban developmentisitimpossible to use vehicle-to-
vehicle communication alone for intersection passsagfety purposes. In the given
case, it is worthwhile applying algorithms basedaonintegrated use of the V2V and
V2| communication systems.

7.3.4. Conclusions
The present work provides the feasibility critefioa the application of the algorithm
for safe passage of an unsignalled intersectiomgudihe vehicle-to-vehicle
communication system only.

On the basis of the results of the performed tests,have assessed the system
feasibility and made conclusions on the systemiegiplity under varying conditions
both within and outside the boundaries of a pogularea.

Further possibility research of applying of theaaithm provide for tests for moving
cars, as well as increasing the vehicles involvetthé tests.
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8. Viedo radio t klu sist mas mode a izveide un
aprob cija re liem apst kiem pietuvin tos
scen rijos, kas saist ti ar efekt vu daudzu ce u video
datpl smu p rraidi mobilos bezvadu ad-hoc t klos,
t.sk., izmantojot viedas antenas savstarp jo
trauc jumu samazin Sanai

Ptjumamr i

Izstr d t analtisku metodi daudzu ae datu prraides veiktsgas noteikSanai
bezvadu ad-hockla sist mas modelim ar virzienu datiu un bez ts (Nodaa
8.3);

Integr t bezvadu ad-hocklu sist mas modeli Matlab k , kas autu statistiski
izv rt t daudzus gaguma rakstura kla scenrijus (Nodaa 8.4);

Ar imit cijas rka paldzbu gt priekSstatu par dadu tkla un ceu izv les
raksturlielumu ietekmi uz daudz-ce p rraides efektivitti un izstrd t
krit rijus ceu izv lei (Nodaa 8.5);

Izmantot imitcijas rku lai pttu daudzu plsmu prraidi ad-hoc klam ar
viedaj m antenm, nov rt jot optim lo ceu skaitu, starp-ca att luma, antenu
masva elementu skaita un adapt algoritmu ietekmi uz veiktspu (Nodaa
8.6).

8.1. levads

Datu prraide vienlaiogi pa vairkiem ceiem tiek piedv ta k risin jums
augstkas caurlaides spps sasniegSanai bezvadu ad-hddos [8.1] [8.2] [8.3].
Pieaugums tiek pakts, nevis palielinot viena kala caurlaides spu, bet izmantojot
telpu vairk m vienlaicg m p rraid m. S pieeja liekasoti piem rota video prraidei,
kurai ir augstas prasas pret caurlaides gp, aizturi, k ar pakeSu zudumiem. Tom
iepriekSjie p tjumi [8.1] [8.3] ar parda, ja cd ir izv | ti nepareizi, paralas
pl smas rada savstajps traucjumus, un gaido pieaugumu var arnesasniegt.
T pat ir svargi nov rt t ceu caurlaides spu, jo, k nov rots [8.4], ptot video datu
p rraidi, ja apakSplsmu bitu trums prsniedz noteiktu slieksni, video kvalie
strauji krtas.

Trauc jumi, kas noved pie daturuma samazinuma, rodas galvenokt kan la
piek uves protokola nepilbu d . Bezvadu ad-hocklos tiek izmantots CSMA/CA
piekuves protokols. Tas blo vienlaicgu datu prraidi starp jebkuriem mezglu
p riem, ja tas vaitu radt savstarpjus traucjumus, bet atwj raidt, ja raidoSo mezglu
p ri atrodas ,dro$’ att lum viens no otra, t.i. nerada savstgus traucjumus. Sie
apstk i — konkurence uz katu un vienlaicga raidSana kan — ir divi galvenie
kan la caurlaides spas samazirsans c lo i. Papildus ietekmi atstsl ptie (hidden
un pakautie exposefimezgli.

P rraidot video pa vaikiem ceiem, mint s problmas vl vair k aktualiz jas -
par d s vair k vienlaicg datu prraid iesaistto mezglu pru, kopgie gala punkti
(sttjs, sa m js) rada grt bas izveidot nodrtus ceus, m in jumi ceus attlin t
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noved pie papildus mezglu iesasstnas un preji gaid tajam nedod ieguvumu,
intensvas datu plsmas klu piestina. Td viena no galvenamn problm m, ar
kuru j saskaras daudz-ece p rraid , ir ceu savstargie traucjumi. S p tjuma
m r is ir padziin ta analze par ietekmi, ko traugumi atstj uz daudzu ce p rraides
efektivit ti, k ar veidiem to mazinSanai.

lzvirzot par mr i trauc jumu ietekmes samaziganu, ir divas iesgas: cn ties ar
trauc jumu clo iem jau ceu izv les fz , vai mazint sekas pc tam. Vispirms,
izv loties optimlu ceu skaitu un tdus ceus, kas rada makus savstargos
trauc jJumus, var m in t sasniegt lielku agregto tkla caurlaides spu. Lai to veiktu,
ir j b t skaidram priekSstatam pakla un ceu raksturlielumiem, kuri var ietekrh
caurlaides sgu. K m s pardj m iepriekS) darb [8.5], tkla caurlaides spu
letekm oti daudzi savstarp saistti t kla parametri kombircij ar ceu izv les
algoritmu, padarot optimizijas uzdevumuoti sare tu. Ptjum tiks novrt ta ar
t kla struktru (mezglu skaits, izvietojums) un ageizv li saisttu raksturlielumu
ietekme uz starp-ce traucjumiem un attie@i caurlaides sgu. Tiks meklts
optim lais ceu skaits pie dadiem stt ja-sa m ja att lumiem, k ar p rbaudta
starp-ceu att luma (ceu noSirt bas) ietekme uz caurlaides gp kurai, k nov rots
[8.1] [8.3], ir noteicoSa loma.

Otra iespja ir pielietot pa mienus starp-mezglu un starpicetraucjumu
mazin Sanai jau izvl tiem ceiem. K viens no efekviem, bet, diem |, bezvadu ad-
hoc tklos sare ti realiz jamiem, ir virziendartba [8.6], realizta ar digitlo staru
k aform Sanu (BF). Sdas antenas virtli auj pavrst antenas diagrammas galveno
staru konkrt virzien, td | di mazinot traugumus uz citm (vai no citm)
vienlaicgi notiekoSm p rraid m. Papildus pielietojot nelamo virzienu nospieSanas
(zerro-forced BF pa mienus uztvr | , var tikt mazinti trauc jumi no nevlamiem
virzieniem. Darb tiks prbaudti da di ar virziendartbu saisti jaut jumi
(virziendarbbas arrier sense zerro forcedBF algoritimi) un to ietekme uz daudz-
ceu p rraides efektivitti.

Bezvadu ad-hoc kla darbbas imitSanai Saj darb tiks uzlabota andiska
metode [8.7], uz kuru balstoties izgtrts ar ad-hoc tkla modelis un MATLAB rks
t p tSanai. Tas tiks pielietots statistiskai sasniedzacaurlaides spas novrt Sanai
daudziem gaguma rakstura scenjiem. M su pienesums orin lajai metodei ir
precz kaPhysical Carrier senseneh nisma ievieSana un papildéana ar daudzae
p rraides iesg m gan ar virziendarbu, gan bez & (omni-directiona). Lai ar
metode balss uz idela p rraiu pl noSanas qcheduling) algoritma esanbu un
leg tais trums rel dzv ir nesasniedzams, tas katram scigaim aus iegt lab ko
sasniedzamo dt ju, uz kuru tiekties. lewkt statistisk inform cija sniegs atbildes
uz pamatjaujumiem, saistiem ar daudz-ce marSrutSanas efektiviti kopum , k
ar aus defint metrikasinterference-awareeu izv les algoritmiem.

Noda 8.2 tiks veikta literatras anake par citiem m in jumiem novrt t ad-hoc
t klu un daudzcei p rraides caurlaides spu. Noda 8.3 izkl st sim analtisko metodi,
uz kuru tiks balsti p t jumi. Noda 8.4 tiks apraksts izstrd tais MATLAB r ks, k
ar apstiprinta rezulttu pareizba, saldzinot ar specializu tklu model Sanas
programmu. Noda 8.5 metode tiks pielietota, lai nav tu caurlaides spu pie
da diem izvl to ceu parametriem. Rl j noda tiks pierdta virziendarkbas
efektivit te ad-hoc klos.
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8.2. Literat ras p rskats

Jau kopsS IEEE802.11 standarta gmSanas 90to gadu besgir bijusi daudzi
m in jumi izstr d t analtiskus modeus un metodes bezvadu ad-hddu caurlaides
sp jas novrt Sanai [8.3] [8.7] [8.8] [8.9]. Koma iezme Sm metodm, kas ts
idealiz , ir centrla koordinatora esatna, kas regul kan la piekuvi, k ar trafiku
pies irtaj laika slot. Neraugoties uz to, rezult var tikt izmantoti k lab kais
scenrijs uz kuru tiekties.

Viens no autoritaviem rakstiem [8.8] pied/ teor tiskos limitus bezvadu ad-hoc
t klu veiktsp jai. Tiek atseviSi noteikta sasniedzanctaurlaides spa:

protokola Imen, darbojoties gaguma piekuvei ar dro%as attlumu
kol ziju mazin Sanai (piemram, CS apgabals);

fiziskaj | men, kur traucjumu apstk os j nodroSina SNIR attieba,
liel ka par kdu slieksni, kas nepiecieSams veikgai p rraidei.

Protokola modelim tiek piedts, ka trums, ar kdu var sazinties divi mezgli
gadjuma rakstura kl (mezglu izvietojumus un trafika raksturs ir gaca), krtas

asimptotiski k = kur W ir mezglu prraides trums, n ir mezglu skaits.

ynlogn

Vislab kaj gadjum , kad mezglu novietojums, trafiks, radnas attums Kkatrai
p rraidei ir optimli izv | ts, tas nevar prsniegtn_i_. Interesanti, ka noteiks robe as
yn

paliek spk ar fizik lam modelim, kur uzst jums ir nodroSint SNIR Imeni virs
noteikta sliek3a. Atrasts sakaibas parda bezvadu ad-hodtu protokolu ,glob las”
probl mas un ierobe ojumus. At§ b no [8.8] t| k apskatie darbi [8.3] [8.7]
[8.9], k ar m su ptjums ir orientts nevis uz teotisk m tkla veiktsp jas robe m,
bet uz relu t kla topolo iju analzi, kuru veiktspja b s zem teottisk limita. Sajos
darbos tiek piedr metodoloijas caurlaides spas noteikSanai.

Darba [8.9] autori pieds visp r gu metodoloiju, balsttu uz konfliktu grafiem,
ar mr i maksimiz t datu pl smu starp vienu $t js-sa m js p ri, izmantojot vienu
vai vair kus ceus. Vienkrs kaj gadjum , ne emot vr traucjumus, problma tiek
formul ta k line ra programma, kur tiek maksimia pl sma no avota (zima k
max flow metode). Lai aprakst kanla konkurenci un traugumus, viendojumu
sist ma tiek papildinta ar nosagumiem no konfliktu grafa. Konfliktu grafs apraksta
vienlaicgi pie aujamos akvo mezglu prus (linkus) tkl . Grafs tiek zm ts t d j di,
ka grafa virsotnes ir linki, savuk t malas vai savienojumi apm vienlaicgi
neiespjamus linkus. Btb Sie grafi auj sastdt neatkamgus linku komplektus
(independent sets- t dus, kas var vienlaigi b t aktvi. Ar grafu paldzbu tiek
uzlikti papildus nosagumi max flowline rai programmai optinl s pl smas un tai
atbilstoS laikascheduleatraSanai.

Lai uzzm tu konfliktu grafus, ldz gi k [8.8] tiek atseviSi izdal ts protokola un
fizik lais modelis. Protokola modatienlaicgi ir j izpild s nosagumiem:

d:;;=R; (1)

Neviens cits mezglsyn kura attlumsd,; = R;, neraida.
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Trauc jumu ietekme starp diviem vienlagt raidoSiem mezglu piem fizik laj
model tiek nov rt ta:
B, :
pa _ Bj
Cu TR )
SINRy ‘'@

Re lit ir uztvert trauc jumu jauda pret piaujamo (nosaka SNIR slieksnis). Jo
maz ks b s w, jo liel ks b s iespjamais datu trums.

K atzst ar paSi autori, Sie mode neatbilst prezai IEEE802.11 darbai.
Pirmk rt, protokola modeltrauc jumi tiek nov rt ti tikai no uztvr ja puses, bet ne
raidt ja. Rel tkl gan CS memisms raidt | , gan SNIR slieksnis uztv |
noteiks, vai linki ir pieaujami aktvi vienlaicgi. S apstk a ignor $3ana neuj preczi
nov rt t Carrier Sense Threshol@CST) ietekmi uz caurlaides gp. Sav darb m s
cenSamies prer k implementt CSMA/CA mehnismu, veicot CS pbaudi tiesi
raidt ja pus. Tas auj novrt t ar CS sliekSa ietekmi uz caurlaides gp. Otrk rt,
papildus nepreciziti protokola model ienes apsklis, ka netiek emts vr
summrais traucjums, ko var rad divi vai vair k trauct ji. Trauc jumu apgabals
R, palielin sies, traugo3o mezglu skaitam augot. Sajjadjum nevar opert ar
att lumiem, bet ir jp riet uz uztverts jaudas slieksni.

Darb [8.9] tiek apskata ar ar skaitoSanu saista probl ma - atrast visus linku
komplektus, kas ir aktla ar m su darb. AtS ir b no m su darba, tai skaitar [8.3]
[8.8], autori apskata ascenrijus, kad mezgli nav noslogoti visu laikbrgsty traffig
—vid jais trafiks ir zemks par maksimo. Tiek atrasts, ka §§ gadjum vairs nav
sp k sakarbas [8.8], kur caurlaides g§a samazins, mezglu skaitam pieaugot.

[8.9] konfliktu grafu metode tiek pielietota un tk attstta [8.3], kurS velts tieSi
daudzceu p rraides pt Sanai. Darb [8.3] tiek meklta caurlaides spas atkara un
izv | to ceu noSirt bas (adio-disjointnesy un Idz ar to atSir b no [8.9] pard s
konkr tas ceu kombin cijas (komplekti). Tiek mekts ceu p ris, kur§ nodroSina
visaugstko pl smas trumu protokola un fiziklo trauc jumu apstk os. Pie tam,
atS ir b no citiem darbiem, tiekemti v r ar fona trafika (BTL) radie traucjumi.

Lai atrastu neatkagas pru kopas, tiek sad ti konfliktu grafi. Tas tiek veikts,
atrodotm.ﬁ’}.‘T (2) starp katriem diviem piem. Netiek vrt ti tie p ri, kur vienlaicgu

p rraidi nepieauj CS vai kogys mezgls, daji tas risina [8.9] probimu, kur konfliktu
grafs tiek sastts tikai no uztvr ja perspekvvas, neemot vr CS. Tomr
saglabjas otra problma, jo CS slieksni nosaka dttms, nevis jaudasrhenis. Par
trauc joSiem linkiem tiek uzskai t di, kur vienlaicgi p rraide prsniegs SNIR
slieksni (gadum w>1), un attieqi tie nevar atrasties vienlinku komplekt.
NetraucjoSi ir t di, kur ir pieaujama vienlaiga prraide - td j di tiek iegta
sasniedzamp rraides spja da diem ceu komplektiem. Metodes tiek gbaudtas ar
OPNET modelSanas patiz bu.

Tiek saldzin ta topoloija ar vienu cau un trs topoloijas ar diviem ceem -
piln b radio-disjoint da ji radio-disjoint un traucjoSi, un, k jau bija sagaidms,
vislab kos rezulttus uzrdja otr topoloija. Visas multi-path topolo ijas tika
p rbaudtas pie vienda ceu garuma, tikai mainoties alimam starp cé&em. Te
netika emts vr , ka rel dzv , lai ceus attlin tu, var bt nepiecieSams vaik
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| cienu, un attiegi - iesaistto mezglu. K m s t| k par d sim Saj darb, tad garki
cei var ar nedod gaido efektu, pasi, ja linki tiek maksimi noslogoti.

[8.7] ievie$ jdzienu tkla kapacittes reioni, kuri raksturo iesgam s caurlaides
sp ju kombin cijas visiem tkla linkiem, pie tam, darbojoties #ai p rraides
strat ijai, k , piemram, mainga truma prraide, viena Iciena vai daudz-tienu
marSrutSana, jaudas kontrole, interferences maana. Vienlaigi pieaujami
raidoSie mezglu pi tiek sadali p rraides shmas, kurm tiek vari ts aktvais laiks,
veidojot tkla kapacittes reionu. Metode ir pietiekami univer® un prraides
sh mas var tikt balstas gan uz protokola, gan fizik modeli, gan ar citiem
nosagumiem. Prraides shmu kopums ir analgja ar konfliktu grafu ieprieks
apskattajos darbos, savuk pati prraides shma ir independent setOptim | s
veiktsp jas raksturoSanai tiek pied ts j dziens —uniform capacity— kas raksturo
maksimlu trumu, vienmr gu pa visu klu, kuru var sasniegt, darbojotiesdam
kan la piekuves protokolam, pie optirta schedulingdatu prraid m. Vair k par So
metodi noda 8.3, jo t tiks izmantota par pamatul tkiem p t jumiem. Oriin |
metode tiks pielgota vairku ceu apstk iem k ar tiks papildinta ar CSMA/CA
protokola dartbas mehnismu un virziendarlbas iespju.

8.3. Anal tisk metode

Anal tisko tkla veiktspjas apr inu pamat ir ,veiktsp jas re ionu” metode, kuru
savos pt jumos pielietoToupisun Goldsmith[8.7]. M su pt jumos interes pielietot
S0 metodi, lai mektu 802.11 ad-hoc kla caurlaides spu, p rraidot datus pa
vair kiem paralliem ceiem vienlaicgi starp vienu gt ja un sa m ja p ri. lev cot
statistiskus datus par daudz gadjuma rakstura topolaj m, izptt da du
parametru ietekmi uz ae kvalit ti un attiecgi izstr d t krit rijus ceu izv lei.
Papildus t tika pielietota, lai nowt tu virziendarbbas efektivitti starpceu
trauc jumu mazinsSanai.

8.3.1. Teor tiskie pamati

Cea caurlaides spu nosaka atsevisl t linku caurlaides spa, darbojoties
konkurences apst os ar citiem linkiem0Otrumu, ar kdu var sazinties divi mezgli,
nosaka uztverSanas apgst un izmantot bezvadu tehnolaja. Liel ki trumi ir
sasniedzami ar ,saret k m” modul cij m, bet tdu pielietoSana uzliek augkas
prasbas ar kan la apstk iem. Lai saemtie dati btu atkod jami, k du skaits (BER)
nedrkst p rsniegt noteiktu meni.

UztverSanas apdti var tikt raksturoti ar sigrs-troksnis-attiebu (SNIR). Tas
tiek apr in ts k derg signla jauda pret trok& un traucjoSo raidt ju jaudu
summu.

PRx
SNIR=—5 (3
* Neo B+ 3P, (3
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Mezgli sazinsies ar tdu trumu, kuri pie SNIR uztw ja ieej sp s apmierint
BER prasbas. Tas tiek realits, izv loties vienkrs ku vai sare t ku nesja
modul cijas veidu.

8.3.1.1. SNIR apr ins

SNIR formula balsts uz to, ka ir zinma gan uztvertderg sign la jauda, gan
katra atseviSa trauct ja jauda. S jaudas var aprin t, izmantojot radio viu
izplat San s modeus. Brvai telpai:

P Tx er GRI *‘12

PRx(d}: (41)2d?

(4)

Kan la v jin jums (path los3 b tuizsakms k :

-

.11‘

C e ©

Visam tklam ir iespjams sastd t N x N kanla v jin juma matricu G, kuru veido
n mezglu savstarge v jin jumi:

G=[G;lkuri =1..n; j=1..n,

6
G =0kad i =j ©)

Attiec gi jauda, ko mezglguztver no raid jai:
P}- = Pz' . GE'}' . G:‘ . G}- (?j
Pie virziendartbasG; un G; b s raidt ju un uztvr ja antenu pastiprijuma

koeficienti virzien virzien vienam uz otruOmni-directionalgadjum &; = G; = 1.

8.3.1.2. Datu p rraides truma noteikSana
Zinot SNIR Imeni, var iegt p rraides trumu vair kos veidos:
a) p ¢ Shannon Theorem rraides truma limitu starp diviem mezgliem nosaka:
€= B-log,(1+SNIR) [biti/s] (8)
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b) empriski noteiktus prraides truma Ime us. Ptjumos izmantotas
NS2 802.11 fizikl modea v rt bas:

Modul cija SNIR Datu trums (20 MHz kan Is)
BPSK 2.5 6 Mbps

QPSK 5 12 Mbps

QAM16 15.8 24 Mbps

QAM64 100 54 Mbps

c) izmantojot konkrta uztvr ja BER Iknes. Sis pamiens tl k p tjum netiek
apskatts.

8.3.2. Metodet kla veiktsp jas nov rt Sanai

T kI konkr t laika moment notiekoSo aktivitti var raksturot ar praides shmu.
S shma atainos datu praides starp visiem tajbrdi aktvajiem (raidoSiem-
uztveroSiem) mezglu piem. T s b s visas vienlaig s p rraides, kuras piauj tkla
protokols, piemram, CSMA. Var sastlt galgu skaitu iesgamo p rraides shmu,
kuras veidos dadas pru kombincijas. Seqi p rejot no vienas simas pie
n kam s, var realizt pilno datu prraidi k d laika interv| . Tiek pie emts, ka katrai
datu paketei tikai viens konks m r is (navmulticast/broadcast

Apskatsim scenriju ar letriem mezgliem, kur nl a datus uz n4, bet n4 uz nl1 (8.1.
att.). T k paviduirkds § rslis tad tas tiek izpilds ar diviem Icieniem.

Figure 8.1 Scenrijs ar etriem mezgliem un § rsli

8.2.a. attl pirmais solis, kad vienlaigi ir aktvi divi mezglu pri. To var
aprakstt ar p rraides shmu:

nl — n_Z]
n4 —= n_3
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Ja pieem, ka mezgls vienlaigi nevar uztvert un raif tad citi aktvi p ri Saj
sh ma nav iesgami. N ko$ laika moment, kad pakete (dati) starp pirmajiem
p riemir prs tta, aktvib s nkamie divi (8.2.b att.), kurus apraksshma:

32

Figure 8.2 Divi p rraides soi

Konkr tajam tklam ir iespjamas ar citas shmas. No visa kopuma var tikt
atlastas tdas, kuras nodroSitu maksimlu veiktspju un efektivitti. P rraides
sh mu kopums ir analagja ar conflict graphun pati prraides shma irindependent
setscitos darbosKamal Jain, Kuladinith

T k apr inos tiek operts ar datu trumiem, tad no pgraides shm m notiek
p reja uz datu trumu matricm. Datu trumi tiek noteikti ar iepriekS apsktdjiem
pa mieniem, balstoties uz SNIR un radio i izplatSans modeiem. Ss matricas
sev ietvers ne tikai aktos mezglus untrumu, bet ar datu avotu un sam ju.
8.2.attla scenriju var raksturot ar g m datu truma matricm:

-8 8 0 0 [} 0 0 0
e _|0 0 00|, _|o —10 0 10
1100 0 0|™T|10 0 -10 0

00 8 - 0 0 0 0

Rinda raksturo mezglu, kur§ irte js, piemram, R1 pirm rinda — mezgls nl
s ta ar trumu 8 mbps, ceturtrinda mezglu n_2. Kolonnas raksturo mezglu, kurs i
datu avots un sam js, attiecgi avotu rakstot ar negau zmi, bet sa m ju ar
pozitvu. Reizinot datu trumu matricas ar svara koeficientiem, kas rakssironas
darbbas ilgumu k dau no kopj laika, un ts summjot, ieg st pilno prraides
trumu matricu:
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-8 & 0 0
3lo 0o o0 0
alo 0 0 0
0 0 8 -

Atlasot tdas datu truma matricas, kas nes pienesunilat veiktspjai, k ar
vari jot katras matricas dattas ilgumu no O ¢z 1, var iegt visas iespam s
caurlaides sgu v rt bas. Autori to sauc par veiktgps re ionu un matentiski to
aprakstaconvex hullvisam matricu kopumam. Praktiski tiek reatg risinot lineru
vien dojumu sistmu. M s interes t ds laika sadgums, kur$ nodroSina maksitua,
pa visu tklu vienm r gu trumu @niform capacity. Datu truma matricas p rveido
par kolonnu vektoriem, kuri k k tiks izmantoti, lai sastltu line ru vien dojumu

sist mu:

R1

R2

ni?2

n2

8

niz2

n3

ni?2

n4

n22

nl

n22

n3

n22

n4

10

n32

nl

10

n32

n2

n32

n4

n4?2

nl

n4?2

n2

n4?2

n3

T | k var sastd t vien dojumu sistmu un ts nosagumus:

' 8+t,:0=2C
ty-0+1t,-10=C
ty-0+t,-10=C
ty8+t,-0=C

max (f; +t5)

(9)
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0=ty tx=1

Htt; =1

Pak peniski samazinot C vt bu, tiek atrasts tIs skaitlis, kur$ s apmierint So
vien dojumu sistmu ar nosagumu, ka laiku tun & summa tiecas uz 1. Maksiin
iesp jamo vienmr gu caurlaides sju Cnax atrod:

(10)

C?‘J"I.EJ:’ =

(t; +1t2)

8.3.3. S kotn | s metodes piel goSana daudzuce u
p rraides p tjumiem

Ja oriin laj ptjum [8.7] autorus interega atrast pilngi visas prraides
sh mas starp visiem mezgliem, tad sninteress tikai tie mezgli , kuri veido praides
ceus. 8.3. atl divus ceus veido pieci mezgli - n15, n7, n8, n10, n4.18&s netiks
veidotas k visas kombincijas starp Siem mezgliem, betrpb s tikai tikai kaimi i,
kuri viens otru var sasniegt ardu noteiktu jaudasrheni. Dzv to noteiks uztwr ja
jut ba.

Sobrd pie emam, ka mardru$anas protokols ir atradis 2 @8 starp nl un né,
kurus veidoletri pri: n112 n2; 22 3; 32 6; 112 992 882 6. Citi
savienojumi So divu ce ietvar nav iespjami. Tas mumsauj izdart v | vienu
vienk rSojumu oriin lajai metodei — atteikties no dafarwarding un uzskat, ka
datu avots ir katrp r .

Figure 8.3 Divi p rraides cei
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Ja ms pie emam, ka kIl darbojas kda gaduma kanla piekuves sistma, kur
vien gais nosagums ir, ka mezgls vienlaigi nevar raid un uztvert, tad var sastt 5
iesp jam s p rraides shmas:

22 3 82 6 32 6 32 6 22 3
82 6 112 2 92 8 112 9 92 8
112 9 112 2

Netiek apskatas da jas shmas, kad, pienram, 22 3 raida un tanlaik citas
p rraides nenotiek. Ta situ cija pie neprtraukt m datu pl sm m nav paredzama, jo
gadjuma kanla piekuv p ris m in s tikt pie kanla, koldz tam bs ko st t.

Viens no pie mumiem tl kajiem ptjumiem ir - pietiek atrast tu laika
sadaljumu starp prraides shm m, pie kura visos linkos (astarp vairkiem ceiem)
ir vienm r ga caurlaides sja C. Vienlaicgi t b s katra cea maksiml caurlaides
sp ja. S dam pie mumam ir vairki iemesli:

tikai vienm r ga pl sma visos viena ca ietvaros nodrosina to, kads mezgls
multi-hopapstk os neraida vaik datu, k sa em no kaimia,

vienm r ga pl smas meklSana visos ces ir saprt ga, jo tas ir pietiekami
bie s scenrijs daudzu cei p rraid (piem ram, MDC video);

izmantotajai metodei ir ierobe ojumi, kas to aej pielietot, ja visos ces
pl sma nav viennr ga.

S da pieeja mumsauj kop ju visu ceu caurlaides sgu ieg tk :

Cagr=C Xroutes (11)

Sare jums rodas, ja kds no linkiem ir koplietots starp diviem eam. Td
gadjum $§ formula vairs nav sk . Lai to apietu, shmas tiek papildintas ar linka
piederbu ceam. Saj gadjum koplietotais links tiek sadas$ divos virtulos linkos,
kur mezgli ir vieni un tie pa3i, bet piedea ceam cita. Sda pieeja ir korekta, jo
katrai no konkurjoSajm pl sm m koplietotaj ce nepiecieSams laiks datu
p rraidei. Kamr tiks p rraid ta vienas plsmas paka, otras @mas pakai ir gaida.

S ds scenrijs ir att lots 8.4. attl un apak$ ir dotas iespam s shmas ar
pievienotu cea mar jumu iekavs.
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Figure 8.4 Divi p rraides cei ar koplietotu linku

52 10(2) |92 5(1) |32 24(1) |52 3(1) |92 5(2) |32 24(1)
32 24(1) |102 24(2)|92 5(1) |102 24(2)| 102 24(2)| 92 5(2)

P rejot uz datu trumu matricm, tiek iekautas papildus rindas katramam.

8.3.4. P rraides sh mu atraSana, balstoties uz
CSMA/CA protokola darb  bu

P rraides shmas tiks mekltas tikai protokola men. Tas nozm , ka viengais
ierobe ojums mezglu piem atrasties viensh m tiks balstts uz CS memismu
raidt j . Rezultt tiks pieautas visas praides, kurs nav ierobe ojis CS, pat ja SNIR
| menis2 0.

IEEE802.11 kanla piekuve tiek nodroSinta ar CSMA/CA protokolu. Tas
paredz, ka mezgli piekst kanlam nejaus veid , bet ar memismiem Kkolziju
iesp jam bas mazinSanai. Tas tiekstenots vispirms mezglam, kuram ir ko rgid
klausoties karlu. Ja uztvert jauda ir zemka par noteiktu slieksnid2y, tiek s kta
atskaite no kda gaduma skaita, kuru lielumu nosakaontention windowmin un
max Vv rt bas. Ja vaiki mezgli vienlaicgi konkur uz kanlu, tad pirmais pie ttiks
tas, kuram izvl tais gaduma skaitlis bs mazks. Kanla klausSans tiek veikta ar
m r i nov rst, ka uztvr j nonk 2 vai vairk vienlaicgi signli ar samrojamu
jaudas Imeni

Lai veiktspjas reionu metodes ietvaros vau realizt CSMA/CA darbbu ad-
hoc tkl , ir nepiecieSams izmantot& sliekS a v rt bu (RTS/CTS tiks pieemts k
izsl gts). Rst slieksnis noteiks, kuri mezglu p var atrasties vienp rraides shm
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— nodroSint vienlaicgas prraides. Papildus tiek iexots, ka mezgls nevar vienlait
s tt un saemt datus. Rraides shmas veidos visas iegam s mezglu kombircijas,
sastd tas t, ka traucjumu jauda Rs, ko | t katrs no shm ietvertajiem raid jiem,
ir maz ka par Rst, pie tam emot vr ar savu pastroksni.

PCS+ Ppaétroksni§ I:>CST (12)

Teirj emarv r, ja Baswoksnisb S liel ks par Rsr, S da situcijare!l tkl nav
pie aujama, jo mezgls nepraukti juts aiz emtu kanlu, un ldz ar to nekad netiks
pie raidSanas.

Pie tam katr shm ir j iek auj pilngi visi iespjamie pri, lai ar re laj dzv
sh ma var realizties ar nepilnga. Mums jr in s ar pasu slikko scenriju, kura
iesp jamba ir diezgan augsta,emot vr , ka datu plsmas video straur8anas
gadjum ir nep rtrauktas — ttad neblo tie mezgli nestv dkst v .

Figure 8.5Carrier Senseatt luma ietekme

8.5. attl pardts, k Pcstietekm p rraides shmas atraSanu. Ja izsak Pcst k
att lumu, kd nosadi tas var just traugumus no viena cita pa (zilais aplis), tad
iepriek$ Sim scemijam apskata p rraides shma [22 3; 82 6; 112 9] nebs
iesp jama. Prraide 22 3 rada pietiekami traupumu, lai mezgls 11 justu aiemta
kan la statusu un diz ar to atliktu prraidi.

8.3.5. Metodes ierobe ojumi

Apr int maksimli iesp jam vienmrg caurlaides spa ir iespjama tikai
teor tiski pie optim la laika sadajuma starp prraides shm m (scheduling, kuru var
nodroSint tikai centrli vad ms kanla piekuves protokols. CSMA/CA pielkve
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kan lam ir ar gaduma raksturu, kuru ietekmsavstarpj mezglu konkurence un
meh nismi kolziju nov rSanai backoff timg t dj di caurlaides spa var bt

zem ka. Neraugoties uz to, ka te ad-hoc kI schedulinghav optimls, metode dod
rezult tu, uz kuru tiekties. Salzinot sav starp da du izv | to ceu komplektu

caurlaides spu, sagaidms, ka labks teortiskais rezultts nords uz labku

rezulttuarrel tkl .

Tiek pie emts, kaschedulerpies irtaj laika slot mezgli raida neptraukti ar
vienm r g s pl smas trumu. Tas nom , tiem bufer vienm r ir dati, ko raidt, un tie
bez vilcin Sans prs tat| k. Tas nav pretrunar daudzu ce video prraidi, kur tiek
izmantota visa karma kapacitte, un plsmai vis ce ir j bt ar vienu trumu.
lerobe oti ir p t jumi situ cij s, kad vien ce pl sma ir ar zenku trumu k otr ,
vai ar par d s k dabackgroundrafika noslodze.

T | kaj s noda s tiks pierd ti gadjumi, kad metodi var pielietot 802.11 ad-hoc
tklu analzei, un kad ts sniegtie rezulti atSiras no NS2 klu stimulatora
rezult tiem.

8.3.6. Virziendarb bas izmantoSana ad-hoct Kkl

Virzienu darbbas izmantoSana ad-hoklbs tiek atzts k efektvs veids k
mazint mezglu savstarpos traucjumus [Ramanathah Pavisam maz ir veikti
p tjumi, kur virzienu darlba tiek apskata kontekst ar daudzu ce p rraidi.

Saj darb apskat metode ir pietiekami univerk, lai atrastu caurlaides gp
daudzu ceu p rraidei ar virziendarlbas anterm.

8.3.6.1. Virziendarb bas pamati

Virzienu darbba var tikt stenota ar antenu magm un digitl s signlapstr des
pa mieniem, apstrd jot no vairkiem antenas elementiem sato signlu. S da
pieeja tiek saukta arpar digital beamforming(DBF). T k antenas elementi ir
izvietoti telp ar intervliem d, tad zem le a 3 kr toSs signls katr no tiem nonks
da dos laikos (8.6.att.).

Figure 8.6 Kr toSs stars uz antenu masu
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4emot 1. elementu katskaites punktu, laika aizture uz n-to elementu b

_(n—1)-d-sin@

» (13)

Ty

kur c ir gaismastrums. Lineru antenas maau ar N elementiem var pieraksar
reakcijas vektoru:

1

E—_;l'd-sinﬂ.-"c

— % i !
Q(Ej — g—iZd einf,/c (14}
e—_;l'l:,'-.l'— 1)-d-sinf fc

Piem rojot svara koeficientus katram no elementiem, tii@r pan kta masva
st r Sana. Svara koeficienti var ietekingan fzi, gan amplitdu. Ja5 ir antenas
svara koeficientu vektors, tad sidu y(k) uztv r ja izej variegt:

y(k) =@" - x(k) (15)
x(k) = a(8) - s(k), (16)

kura™ = [w; @, - @x]svara koeficientu vektors, k3(- kr to3ais signls

Detaliz t ki DBF principi ir izskaidroti [8.10].

8.3.6.2. Antenas virzienu diagrammu ieg Sana
Ar sign lapstr des metodm tiek meklti svara koeficienti, lai iegu v lamo
antenas wsuma diagrammu. Ad-hokt beamformingvar stenot:
virtu li pav rSot antenas diagrammas maksimumu pregderirzienu;
vienlaicgi v rSot galven lapas virzienu pret dgyo signlu un nospie ot
nev lamos virzienuszero-forced beamforming
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8.3.6.3. ZF-BF

Figure 8.7 Uztvr jsun da diem virzieniem ien koSi sign li

Uztv rj no da diem virzieniem pierk dergais signls s(k) un traucjoS3ie
sign li #;(k),i2(k) ... (8.7.att). Pc [8.2] aprakst s ,Maksim la signls - trauct js
attiecba” metodes svara koeficientu atraSanai,, var gastien dojumu — deg
sign la jauda pret traugoSo signlu jaudu:

@ R
—_— .E

(17)

Ellw” - 1,17] " &

SR = - Gt ATl o7 Ruy &

kur x; ir derg signla vektorsx,ir trauc joS sign la vektorsji(k) troksnis antenas
ieej . K pardts iepriek$ (xx), reizinot Sos vektorus ar antessara koeficientiem,
tiek ieg ts dergais un traugo3ais signls izej . E[lw ¥ |*1ir signla vid j jauda

antenu masa izej. R.. un R, ir signla un trokSu korel cijas matricas, kas
veidojas, reizinot attiegi sign la un trokSa vektorus pasus ar sevi.

J atrod tdi antenas elementu svara koeficiemtilai signls-trauct js attiecba
b tu maksimli liela. T da ir iespjama tad, ja pret dago signlu b s v rsts antenas
diagrammas maksimums, bet pret trgogajiem nulles. Vierdojumu (xx) ar
nelieliem p rveidojumiem var prrakstt $ di:

Rl-R..-w=25IR-i (18)

gl

leg tais viendojums ir paSvektora vierdojums, kur SIR ir paSvrt bas.
Maksim Is SIR ir viends ar lielko padvrtbu matricaiR;*-R.. un@ b s tai
atbilstoSaispasvektors.

lerobe ojumi, izmantojot So metodi ad-hokilt :

mezglam ir jsp j noteikt virziens no kura tk dergais signls;

to, cik trauct jus ir iespjams ,nospiest”’, nosaka antenas elementu skaits
(brv bas pakpes). T k pie liel ka ceu skaita traud ju skaits palielins, tad
mazam antenu skaitam zf-bf vartimeefektvs.
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Papildus ir iesgams veikt traugumu slp Sanu tikai uz spg kajiem
(tuv kajiem) trauct jiem, t d j di nep rsniedzot b bas pakpes. Sds mehnisms
ar tiks apskats eksperimentaj da .

8.3.6.4. Uztvert sjaudas apr insvirziendarb bas
gad jum
Ja divi mezgli, kuri sazirs ar virzienu darlbu, zina viens otra atraSanvietu
(le 1), tad matemtiski var apr in tjaudu uztvr j :

By = Rgpy Ry G- Pry, ('19}

kur Ra..- uztv r ja pastiprinSanas koeficients virzienuz raidt ju, Rg..- raidt ja
pastiprin Sanas koeficients virzienuz uztvr ju, G — kanla v jin jums starp
uztv r ju un raidt ju, Ptx — raidSanas jauda.

L dzgi k dergajam signlam, ar uztvert trauc jumu jauda ir apr in mapc Ss
paSs formulas. Te ir jem vr, ka uztvr ja un trauct ja antenu vrsumu
diagrammas nels noskaotas vienam uz otru.

PIZREH'REtx'G'PtxJ (2{]}

Analiz jot omni-directionalscenrijus Rg,..,Rgy. =1.
Virzienu darbbas ietekme pad s divos etapos:

P rraides shmu atraSana CSMA/CA ap&tos. Saglagot CSMA/CA
protokola darkbu ar virziendarbbas apsk os, ] em vr , ka antenas diagramma
letekms kanla juSanu. Protokola efektivie Sdos apstk os tiks analizta
praktiskaj da .

Nosakot SNIR, lai atrastu daturpaides trumus katr no shmm. T k
SNIR ir atkargs no deg s un trauct ju jaudas, tad antenas pastipganas
koeficientiem var bt liela ietekme uz SNIR vt b m.

8.4. MATLAB r ks daudzu ce u caurlaides sp jas
noteikSanai

Balstoties uz iepriek$ aprakst metodi, ir izstrd ts Matlab rks, kas ietver sev
bezvadu ad-hoc Kla, daudzu cel marSrutSanas, CSMA/CA un datu paides
modeus, un auj noteikt caurlaides sju.

Izstr d tais rks auj p rbaudt lielu skaiturandomscenriju pie da diem ieejas
parametriem, dej di aujot statistiski nowot da das sakabas un izdat
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secinjumus par protokolu un metou efektivit N kamaj 8.8. attl rka
strukt rsh ma.
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Figure 8.8 Matlab r ka bloksh ma

Sh ma r da seqi izpild mus programmas blokus, ejot no augSas uz apaksu, ka
tiek veikti, lai noteiktu vairku ceu p rraides caurlaides sju, balstoties uz iepriek$
izkl stto metodi. Parali tiek veikta ar NS2 simulcija, lai p rbaudtu skaitlisko
rezult tu (tikaiomnigadjum ).

8.4.1. Bloku paskaidrojums

8.4.1.1. Tklaunp rraides parametru uzst d Sana
Simul cijas skum tiek uzstd ti galvenie parametri:
raid Sanas parametri - uztvja antenas paStroksnis, kas ietekmSNIR

apr inu, k ar nesja jusanu CSMA/CA protokola daftas simulcij , raidSanas
att lums,Physical carrier sensslieksnis (PCST);

t kla strukt ras parametri — laukums, mezglu skaits.

134



8.4.1.2. Mezgluunt kla objekta izveide

Tiek veidotas MATLAB struktras, kuras ietver visu nepiecieSamo infociju un
funkcionalit ti. Mezglu koordintes var tikt izvl tas, izvietojot tos regut re
randomvai vien | nij . Mezgli tiek izvietoti planri (2D). Mezgli ir nekusgi. P ¢
koordint m un izvlt radio vi u izplatS8ans modea tiek apr in ta tkla
VvV jin juma matrica G. Tiek izmantots vieaplink/downlinkkan Is.

8.4.1.3. MarSrut Sana

Tiek izvlts sttja un sa mja mezgls pc gadjuma principa, tonr
nodrosinot, ka tie atrodas ne tlwpar ieprieks noteiktu atumu.

Tiek veikta ceu mekl Sana starp Siem diviem mezgliem. Soudkrietni atvieglo
tas, ka ir zinmas visu mezglu atraSanvietas. Vispirms tiek noteikti katra mezgla
kaimi u mezgli. Lai arteor tiski minim lu trumu (piemram, ar BPSK modutiju)
var nodroSint liel k att lum , attlums, kd tiek veidoti savienojumi ar kaimi
mezgliem, tiek noteikts 250 m, kas nodroSina stalpilrraidi. Tiek meklti visi
iesp jamie cei starp stt juun sa m ju.

Analiz jot da das ceu kombin cijas, tiek izveidoti car komplekti, kas apmierina
iepriekS noteiktus kritrijus: ceu skaits, Icienu skaita at3r ba starp céem,
krustoSans vietu skaits, koplietoti linki.

Ja neizdodas atrast aenepiecieSamo routu skaitu, mezglu skaits tiekejpal ts
par 1.

8.4.1.4. Ce u komplektu raksturlielumu ieg Sana

Tiek noteikti interegoSie ceu komplektu raksturlielumi: vidais | cienu skaits,
starpceu att lums u.c., kas g tam vars tikt izmantoti, analizot pasbu ietekmi uz
caurlaides spu.

8.4.1.5. P rraides sh mu atraSana

Balstoties uz zitmo inform ciju par izvl to ceu komplektu, tiek mektas
p rraides shmas ceus saturoSajiem mezgliem. Tiek izmantots ieprigialesttais
CSMA/CA darbbas princips. Rraides shmu mekl Sana notiek pc $ da algoritma:

1. Tiek emts pc krtas viens raid js-uztvr js pris, kuru ievieto tuks
p rraides shm .

2. N kamais pris tiek nejausi izraudis no atlikuSajiem (diem, ar kuriem nav
kopgs mezgls). Ja abpys netiek prsniegts Cs enis, pris tiek pievienots
p rraides shmai.

3. Otrais punkts tiek atktots, Idz vairs neviens pis nevar tikt pievienots
shmai, d apstk a, ka traugumu jaudas summa @ no ieprieksS izvl to p ru
uztv r jiem p rsniedz Cs slieksni.
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4. Jaizveidot p rraides shma ir unik la (nesakit ar k du ieprieks izveidotu), t
tiek saglabta.
5. Process tiek atktots, vairkk rt izejot cauri visiem mezglu piem.

Liela mezglu skaita gagim , varb t ba galg laik atrast pilngi visas prraides
sh mas samazirs. Precizitti nosaka iterciju skaits.

8.4.1.6. Viem r gap rraides truma atrasSana

No p rraides shm m sastdot vien dojumu sistmu (9), kuru risinot tiek mekts
t ds laika sadglums starp sthm m, kas nodroSina maksiha vienm r gu p rraides
trumu visos linkos.

8.4.1.7. Antenas elementu svara koeficientu atraSan a

Papildus bloks, kurs darbojas koar ieprieksSjiem diviem. Tiek meklta antenas
diagramma katras praides shmas ietvaros. Tiek izmantots linge antenas mas
(vektors), mainot elementu skaitu no 1-64. Ja elgmeskaits ir N=1 @¢mni-
directional), tad bloks atgrie pastiprifuma koeficientu 1 visos virzienos.

ZF-BF metode tiek pielietota tikai uztvja pus.

8.4.1.8. Parametru konvert cija uz NS2 un simul cija

Tiek veikta, lai katru MATLAB scerriju p rbaudtu ar ar NS2 tkla stimulatoru,
un novrotu, vai saglabjas ts paSas tendences. Tiek izmantots NEBWEXt un
MACExtmodei, kas auj modelt IEEE 802.11g klus.

Caurlaides spa tiek vrt ta ar CBR trafiku, atrodot maksihh pie aujamo -
nerada kI sastrgumu €ongestiolf, kas noved pie pakeSu zudumiem.dphas tiek
pak peniski palielintas, nosakot pazau pakeSu (trafika) apjomu katisekund
p ¢ formulas:

ssnr(t} _pkrscisrsﬂ'(t}
pksmr(t}
CBR, a0 = Cllosses < 2%) (22)

&
losses(t) = P

(21)

Nosl dzoSaj posm tiek analizti no MATLAB un NS2 iegtie dati.

8.4.2.R ka valid cija sal dzinot rezult tus ar NS2
Lai nov rt tu analtisk s metodes un $§ MATLAB modeu pareizbu, rezultti
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tiek saldzin ti ar NS2 - viens un tas pats sces tiek p rbaudts gan anafiski
MATLAB, gan simulator. AtS ir ba bt pieaujama tikai absotajos caurlaides
sp jas skaitos, bet ne kop s tendencs. AtS ir bas var rad jau iepriek§ mintie
aspekti:

ir centr li vad ms - idels - schedulingkan la piekuvei;

tiek pielietotaShanorkapacittes limita formula linka caurlaides gpi, | dz ar
to netiek emts vr ar virst ri S protokol.

Att | 8.9 dots Matlab-NS2 sniegtont bu saldzin jums (korelcija). Analtisk s
caurlaides spas v rt bas visiem scemijam ir saSirotas no maz s uz liel ko, un
atliktas uz x ass (tumd kne), attiea@i katram scerrijam ir atlikta ar NS2 v rt ba
(gaiS | kne). Rezultti ir ieg ti atseviSi pie da d m pastrokSa un PCST sliek&
v rth m.

Figure 8.9 Matlab un NS2 rezult tu sal dzin jums

Vislab ko sakritbu varam nowot pie CS=500 un aug$ta troks a I me a, kuru
varam izvl ties par optimlajiem nosagumiem Sim modelim. &Atzm , ja CS
tieksies uz bezgddu, tad rel tkl p rraide nenotiks visp. T pat ar, ja CS tieksies
uz 0, jo SNIR bs zem SNIRthreshold veiksmgai p rraidei ar vismazo datu
trumu.

N kamaj grafik (8.10. att.) dots rezuliu saldzin jums, prbaudot stt ja-
sa m ja att luma ietekmi uz moda precizitti (CS=500, Roiss=4e-013).

137



Figure 8.10 Matlab un NS2 rezulttu sal dzin jums

Lai ar visos trs grafikos tendences irdk gas, labki rezultti, kad stt js-
sa mjs attlums ir liel ks. Liel atSirba pie maza starpmezglu &ftima
izskaidrojama ar sitwiju, kad katr p rraides shm ir tikai viens raidt js un tkls
darbojas ,beztraugumu” apstk os. Sis pats efekts bija nowjams iepriek§
grafik . No t varam secirt - Matlab model att lumam starp ¢t ju un sa m ju
mezgliem jb t krietni liel kam par CS, lai efekti izpaustosspatial reuse T d
turpm kajos pt jumos Sis atiums tiks izvl ts > CS apgabaladiuss.

8.5. Vair ku ce up rraides efektivit te

S nodaa pievrsas jautjumam par optimlo ceu skaitu daudzu ce p rraid
(neizmantojot virziendarbu). Tabul 8.1 doti modelSanas parametri.

Tabula 8.1 Model Sanas parametri

1 ceam 79
Analiz tie ceu 2 ceiem 74
komplekti 3 ceiem 71
4 ceiem 31
Laukuma izmrs 1000x1000m -2200x2200m
Mezglu skaits 45 - 248
P 0.1W
Ppcst 3.8e-011 W ("'500 m)
Ppaétroksnis 1.6e-13 W
Radio vi u modelis Brva telpa
uztversanas slieksnis 1.5171e-010 W (250 m)
Koplietoti linki 0
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8.5.1. Caurlaides sp jas atkar ba no ce u skaita
vienm rg mpl sm m

Grafik (8.11. att.) tiek attota kopj s (agregt s) caurlaides spas atkarba no
ceu skaita. Atsevis | knes piedadastt js-sa m js att luma.

Figure 8.11 Kop j s caurlaides spjas atkar ba no ceu skaita

K redzams, tad pieaugums ir neliels (30 % robepret vienu cel), neraugoties
uz to ka ceu skaits tiekletrk rSots. Tas nom , ka spcgi izpau as starpce
trauc jumi, pie kam, k m s sk k analizsim n kamaj noda , darbojasGupta-
Kumar modea sakaba, kur tkla caurlaides spas robe as atkagas no mezglu
skaita.

P rbaudot pie mumu, ka caurlaides gp var ietekmt ar stt ja-sa m ja
att lums, k bija sagaidms, tad lielku caurlaides spu sasniedzam, kad st js—
sa m jsirtuv k. Tas izskaidrojas ar maa mezglu un Icienu skaitu visos ces.

Caurlaides sgu nevienmr gu pl smu gadum 8.2. noda min t metode nauj
ptt situcij s, kad plsma abos ces nav vienmrga. Tas btu pretrun ar
pie mumu, ka mezgli savaika slot raida neprtraukti tiem viem r bufer ir dati,
ko raid t, un tie bez vilcin Sans prs ta t | k). Situcij , kad vien p rraides
sh m b tu mezglu pri no diviem ceiem, kur viens pris neraida pilnu atv to laiku,
model nav iespjama.

S du scenriju  va p rbaudt NS2 model3anas programma. Rezuit8.12. attl .
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Figure 8.12 Scenriju bie ums

Ar F apzm ta pilna pl sma, ar H - 50% no pilnas, pieram, HHFF nozn , ka 4
ceu gadjum divos ceos ir bijusi nepilna plsma, bet divos pilna. Grafiki pata, cik
procentos gagumu katrs plsmu sadajums ir bijis vispiemrot kais. Nevienmr ga
pl sma tika uzskata par labku, ja ts agregt caurlaides spa bija vismaz par 5%
augstka, nek vienm r gai. Redzams, ka 2 un 3 gegadjum nevienmr ga pl sma
reti dod efektu. Tikai 4 ca gadjum ir v rts apskat S du iespju.

8.5.2. Ce u raksturlielumi un to ietekme uz caurlaides
sp ju
Rakst [8.5] ms piedv j m shmu, kura raksturo dadas tkla parametru
savstarp] s atkarbas. K viens no noteicoSajiem faktoriem tikai izviz ceu izv le.

Izstr d tais modelis auj da ji stenot shmas savstarpo atkarbas, lai noskaidrotu
caurlaides sgu un t s atkarbu no ceu izv les krit rijiem (8.13. att.).

Ar dzeltenu ir iekrsoti bloki, kuri ir realizti Matlab rk . Tiek emti vr tklu
letekmjosi faktori:

Protocols deployedCSMA/CA prieks kanla piekuves;

Radio Channelpastroksnis, radio viu izplatSans modelis, uztw ja jut ba;

Network structure laukuma izmrs, mezglu skaits, $t ja un sa m ja
atrasans vieta.
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Figure 8.13 Tkla raksturlielumu atkar bu sh ma

T kla raksturlielumi, kuri tiek ieteknti, ir kan la konkurence, linka caurlaides
Sp ja, savstargie trauc jumi, ceu noSirt ba, | cienu skaits. IzVoties da dus ceu
komplektus Path selectiop tiek noteikta tocaurlaides spja. Tomr j atceras, ka
min t caurlaides spa tiek mr ta pie idelas p rrai u pl noSanas.

K viens no ietekmes faktoriem, kas komlailn ar ceu izv li tiks analiz ts Saj
darb, ir tkla struktra. Rakstos [8.1] [8.2] [8.3] ir izteikta hipae - liel ku
caurlaides sgu var sasniegt, iz\oties noSirtus (radio-disjoint) ceus. Parasti tas ir
saistts ar lielku starp-ceu attlumu. TI k Saj noda tiks p rbaudts, cik Sdi
apgalvojumi ir pamatoti.

Pirm probl ma, kura jatrisina — k nov rt t starp-ceu att lumu. Saj darb par
starpceu att luma raksturojumu tiks izmantots laukums, kuru amn ceu komplekts.
Tas b s laukums, kuru iegst, savienojot ar hij m visus r jos mezglus. Matentiski
tas irconvex hullno mezglu koordirt m. 8.14. attl pardti divi da di starpceu
att lumi.

Diem | § pieeja neatrisina jayumu par attlumu starp iek§iem ceiem.
S kotn jie p tjumi tiks veikti tikai pie divu ceu scenrijiem, jo tie visprecz k var
tikt aprakstti ar convex-hullaukumu.

Model Sanas parametri apkopoti tab@l.2.

141



Figure 8.14 Starpceu att lumi izteikti k convex hull

Tabula 8.2 Model Sanas parametri

Field size 1000x1000m -
2500x2500m
Number of scenarios 3168
Number of nodes in 45 — 301
network
Pux 0.1W
Ppcst 3.8e-011 W ("'500 m)
Phoise 1.6e-13 W
Radio propagation Free space
model
Transmission distance 250 m
Carrier frequency 2.45 Ghz

Att | 8.15 ir pardts, k main s caurlaides spa atkarb no starp-ces att luma
(izteikts k ceu ietvertais apgabalsConvex-hulllaukums ir atkags ar no attluma
starp gala punktiem (bultu nogrieznis 8.14. attd, atseviSi dota vid] veiktsp ja
pie da da sttjs-sa m js attluma diapazona. Lai novilktu Knes, atbilstoSas
izklied tajiem datiem (punkti grafik, tika pielietota liner regresija. Katrs punkts
ataino veiktspju k dam scernrijam. Papildus rezultu droSbas intervls ir dots katrai
| knei (raust s I nijas).

S eksperimenta galvenais segims - nav izteikta caurlaides $@s pieauguma,
palielinoties attlumam starp céem, kas ir pretrun ar skotn ji izvirz tajiem
apgalvojumiem. Tikai pie liela starpmezglu aitma ir novrojams caurlaides sfas
pieaugums, kas vau tikt skaidrots ar efekt ku telpas izmantoSansgatial reusg
Viena no hipotz m niecgajam pieaugumam ir da, ka, lai nodroSiriu liel ku
starpceu att lumu, ir j izmanto vairk mezgli, kas savukt nozm caurlaides spas
kritumu. Darb [8.8] piedv taj model jau tika pierdts, ka caurlaides sja
asimptotiski seko sakdyai Y _ Lai to p rbaudtu uz Siem paSiem rezultem,

Inlog

4

8.16.att. ir pardta vienmr gas veiktspjas atkaiba no iesaisto mezglu skaita.
Papildus tiek pielikta teotisk | kne (neprtraukta Inija) no Gupta-Kumarmodea
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. Redzams, ka punkti diezgan pe@tk rto sakarbu. Tas vireiz apstiprina, ka

8.8]

oti svargs faktors ir mezglu skaits un, ja likk starpces attlums prasa lieku

mezglu skaitu, tadaurlaides spju veidos abu kombin cija.
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To apstiprina arn kamais attls (8.17.att), kur atsevigapskatta caurlaides spa
atkarb no starpcas attluma pie ldzga mezglu skaita. Novojams izteiktks
pieaugums. Tpat k 8.15 attl , saskatma tendence trumam samaziries,
palielinoties starpca att lumam.

Figure 8.17 Starpceu att luma ietekme pie Idz ga mezglu skaita

8.6. Virziendarb bas antenu efektivit te

leg to rezulttu sakritba ar NS2mni-directionalantenu gagum (Noda 8.4.2)
auj pie emt, ka metode var tikt pielietota arrziendarbbas pt Sanai.

Saj noda tiks p rbaudtas virzienu darbas antenas kveids traucjumu
mazin Sanai daudzu ce p rraid . Lai nov rt tu efektivit ti, agregt caurlaides spa
var tikt izteikta procentdi:

_ C_agr
28m% ¢ max(1 path — omni)

C

un rda, kds btu uzlabojums, izmantojot daudzaep rraidi ar virziendarkbu
trauc jumu mazinSanai, sallzin jum pret prraidi idelos apstk os (bez
trauc jumiem) pa vienu ce.

Vispirms tiks prbaudta CSMA/CA mehnisma efektivitte pie virzienu darlbas
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(8.18. att.) ar nr i noteikt ts izmantoSanas lietdeu. Papildus tas tiks pts
kombin cij ar ZF-BF (Nodaa 8.3.6) trs veidos (3 grafiki):

bez ZF-BF,;

ZF-BF, slp jot trauc jumus pret visiem mezgliem;

ZF-BF (close ZF-BF, sl p jot traucjumus tikai pret tuvkajiem (N-1)
mezgliem; j em vr , Sis variants prasa papildus inforiju par trauct ju sign la
stiprumu (attlumu).

Katr no grafikiem tiek piedv ti tr s CSMA/CA re mi:

bez CS;
CS tiek veikts ar virzienudairtu;
CS tiek veikts klasiski awmni-dierectional bet prraide irdirectional

Figure 8.18 CSMA/CA meh nisma efektivit te pie virzienu darb bas

CS izmantoSana (abiomni un directional uzr da krietni labkus rezultus pie
maza antenas elementu skai@mni-directional CS gadjum tas skaidrojams ar
iesp ju nov rst sl ptos mezglus. Pie liela elementu skaita (>8) ¢pa piestin jums
d nevajadzi pakautiem mezgliem. Tneauj izpausties vienai no virzienddoas
priekSrocb m — sl p t trauc jumus pie daudziem vienlagi raidoSiem mezgliem.

Ar vertik lu I niju - vid jais trauct ju skaits katram mezglam, pret kuriem ir
nepiecieSams vst diagrammas minimumu ZF-BF gadn . Bez CS gagum tas ir
visliel kais, jo prraides shmas satur maksinu skatu mezglu pus. Lai efekii
var tu sl p t visus trauct jus ar ZF-BF metodi, antenas elementu skaitantj
liel kam par traud ju skaitu. To var nowot ar grafik p c straujkas caurlaides
sp jas uzlabojuma, psniedzot 5o robe u asi izteikti pie ZF-BF).
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N kamaj grafik (8.19.att.) tiek satlizin ta daudzu ce p rraides efektivitte pie
da da antenas elementu skaita, atsaviddalot ar un bez ZF-BF, kar att lumu
starp stt jaun sa m ja mezglu.

Figure 8.19 Daudzu ceai p rraides efektivit te pie da da antenas elementu skaita

Galvenie novrojumi, uz kuriem jv r$ uzmarba:

ZF-BF re m pie N=4 un N=8 nowojams caurlaides sfas kritums,
palielinot ceu skaitu. Izskaidrojums: traucju skaits k st liel ks k antenas bv bas
pak pes. Pie liela antenu skaitad$ kritums nav nowojams, bet pie maza N
trauc t ju skaits visu laiku prsniegs biv bas pakpes un ZF-BF nels efektvs;

Pie maza attuma starp stt ju un sa m ju tiek sasniegti latki r dt ji
caurlaides spai. Skaidrojams ar maku iesaisto mezglu skaitu, iz ar to vieglk
nospiest traugumus;

Virziendarbba var ievrojami palielint caurlaides spu, p rraidot datus pa
vair kiem paralliem ceiem, jo veiksmgi auj izvairties no traugumiem. Tas
nov rojams gan ar, gan bez ZF-BF;

Izmantojot CS, izpau as virzienu-dabas slpt s stacijas probma, kura ir
min ta ar [8.6]. §asi t ir nov rojama N=2 gagum , kad caurlaides sfas ieguvums
ir niecgs, vai pat nowojams kritums saflzin jum ar N=1. lzskaidrojams ar
specifisko antenas diagrammas formu, kur galtapa v rsta uz abm pusm.

S| ptas stacijas prohina ir attlota 8.20. attl . Mezgls nl, apkots ar divu
elementu antenu, las skt p rraidi uz n_4. Tiek veiktsarrier sensinglai p rbaudtu
vai k ds nerada traujumus n_4. Diem | tas, ka n_2 raida n_4 virziennav
dzirdams, un praide tiek atuta. Divu antenas elementu gath antenas
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diagrammas galves lapas ir vrstas abos virzienosdz ar to slpt s stacijas risks
palielin s, jo kolzija notiks, n2 raidot gan n3, gan n5. So prohl da ji atrisin tu
RTS/CTS handshak@ min taj situ cija n_4 neatbildtu ar clear-to-sendmezglam
nl.

Figure 8.20 Virziendarb bas sl pt s stacijas probl ma

8.7. Secin jumi

Uzlabota anatisk metode daudz-ce p rraides caurlaides sjs novrt Sanai,
darbojoties CSMA/CA protokolam. Neraugoties uz daudsare tu procesu
vienk rSotiem modeem (idealiz ciju), t ir pielietojama, lai gtu pamatpriekSstatus
par optimlu ceu izv li.

Intensvu datu plsmu gadum , daudzceu p rraide nesniedz ltisku caurlaides
Sp jas pieaugumu, neizmantojot panienus traugumu mazinsanai.

Caurlaides spa veidojas k mezglu skaita un starp-ceatt luma kombincija.
Palielinot starp-ce att lumu, gandiz automtiski palielin s ar iesaistto mezglu
skaits. Uzlabojums ir novojams, ja palielinot starp-ae att lumu, mezglu skaits
main s neliel s robe s.

Virziendarbba ievrojami palielina caurlaides sjp daudzu ces p rraid un
strauj$ uzlabojums ir pakams, palielinot antenas elementu skaitu N vir&R2BF
sniedz papildus pieaugumu, tomefektivit te saista ar antenas mas spju
nospiest traugosos virzienus, kas, palielinoties mezglu skaitamkomplic ti pie
neliela antenas elementu skaita. CS klasigild jum pie virzienu darlbas nav
efektvs - liela N gadum mezgli tiek nevajadgi pakauti.

NepiecieSami # ki p tjumi ar citiem radio vi u izplatSans modeiem, k ar
2D antenu masiem. Papildus @ jumi par optimlas ceu izv les kombinSanu ar
trauc jumu mazinSanas pa mieniem.
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